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Automatic Lens Design for Space Applications 
 

Project No: 8788005ISRODKSH 

 
INVESTIGATORS 

(a) From lIT      : Dr. D K Sharma 

(b) Cou_te,"part from ISRO    : Dr. T K Alex 

 

STAFF      : Mr. B Vcerabhadra Rao - SPO,GR-II 

 

Mr. V Govindraj - Project Asso. 

 

VALUE      : Rs.8.39 lakhs 

 

STARTING DATE     : 01-03-1988 

 

CLOSING DATE     : 28-02-1994 

 

0 BJ ECfIVES      : To develop software for the study of the effect of  
I (a) Temperature variations 

:                  (b) Temperature Gradient on the performance of the 

             optical systems.    

  

II  To develop software for the tolerance analysis                              

            of  optical  systems    

             

                                III  To devc!op so!'twarc for stress analysis of     

       optical  Components           

WORK CARRIED OUT: 

 

I. THERMAL ANALYSIS PROGRAM 

 

A program TAOS ( Thermal Analysis or Optical Systems), Version 1 suitable for carrying out analysis of 

optical systems with upto 50 surfaces has been handed over to ISRO. Bangalore and is undergoing user's 

trials. This version is capable of analyzing systems subjected to uniform heating or a temperature profile. The 

progrmpcan also trace through systems comprising of spherical/aspheric surfaces and made of isotropic or 

grain media. It can also handle hybrid combinations of both. The differential temperature profile generates a 

grain refractive index profile in the media with assumed radial symmetry as well as transforms spherical 

boundary surfaces into aspherical profiles. It also takes into account the thickne_ses and refractive index 

change of the surrounding air. 
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The program has been written as "user' friendly" and interactive. Suitable support in terms of 

"Instructions Manual" and, the "Theoretical Analysis" has been provided. 

 

II. TOLERANCING OF OPTICAL SYSTEMS 

 

The optical performance of an actually manufactured lens does not, generally, match the ideal 

performance of the lens due to deviations in the constructional parameters from the nominal. 

 

The objective of a tolerancing scheme is to determine the range of acceptable errors in manufacturing 

and assembly while meeting the performance requirements. 

 

The present status of the software developed is brieny described as under. 

 

The program written is user friendly to a large extent. It provides the user with various options which 

exist as separate modules (the schematic diagram shown in the next page) such as  
 
(i) Loading/entering a new system data or editing an already existing systems data to suit the present 

requirements. . 

 

(ii) Calculation of sensitivities of various constructional parameters with respect to the aberrations. 

 

(iii) Statistical analysis of the manufacturing tolerances, 

 

(iv) Monte (:arlo simulation _f a specified number of systems with specitied manufacturing tolerances 

and with assumed distribution proliles of the errors on the constructional parameters and 

 

(v) Calculation of success rate for a given 'set of tolerances based .on MTF calculations of the 

simulated systems. 
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Application of artificial neural    networks 

in remote sensing 

 

Project No: 9192CSEO13ISROBYEG 
 

INVESTIGA TORS 
 

(a) From IIT      : Prof. B Yegnanarayana Mr. R Sunder 

  Mr. C Chandrasekhar Department of C.S.E. 

 

(b) Counterpart from ISRO    : Prof. B L Deekshatulu 

Dr. J airam Hebbar 

N R S A Hyderabad 

 

STAFF      : Mr. P Raghu. SP_ Gr.II   

       Ms. R Poongodi. Proj. Asso. 

VALUE      : Rs.5.84 lakhs 

 

 STARTING DATE     : 01-06-1991 

 

CLODING DATE     : 31-05-1994 

 

Objectives  

 

The objective of the study is to explore the possibility of using models based on artificial neural 

networks for solving some problems in the processing, analysis and interpretation of remotely sensed data. 

 

WORK CARRIED OUT: 

 

i. Problem formulation: 

The problems identified are the following: Texture analysis. drainage pattern classification and 

change analysis. At present, the texture analysis problem is being studied and the use of neural network 

models are being examined for solving this problem. 

 

ii Data collection from NRSA 

 
iii Performance analysis of multilaye perceptron for image classification 

  The performance of a two-layer back propagation network was studied for the intensity-based 

classification of the 3-band imagery' which contains eight different land cover types. 
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iv. Study on different techniques for texture analysis 

 

v. Preliminary experiments on textured images 

vi. Texture classification using Gabor transform and multilayer perception 

 

vii. Study of neural networks as feature extractors 

 

viii. Study on the multiresolution texture analysis 

 

ix. Combination ,of different neural network models 

 

x. Technical Reports: 

.P P Raghu. R Sundar and B Yegnanarayana. "A Preliminary Study on Image Processing 

Techniques in Remote Sensing", Technical Report No.1, August 1992. 

 
P P Raghu. R Sundar and B Yegn_\I1arayana, "Artificial Neural Networks Models for Image 

Processing and Classification". Tcchnical Report No.2, August 1992. 

 

P P Raghu, R Sundar and B Yegllanarayana, "Development of a Multilayer Neural Network Model 

for Image Data Classification", Technical Report No.3, August 1992. 

 

P P Raghu; R Poongodi and B Yegna,narayana. "Performance analysis of multilayer neural networks 

for Image classification", Technical Report No.4, March 1993. 

 

P P Raghu. H M Chouhan and B Yegnanarayana. "Neural networks for texture classification, 

segmentation and change d_tection", Technical Report No.5, March 1993. 

 

P P Raghu, H M Chouhan ,and B Yegnanarayana. " Texture image classification using neural 

networks", Technical No.6, March 1993. . 

 

           P P Raghu. R Poongodi and B Ycgnanarayana, "Multireso!ution Texture Analysis in Remote Sensing      
       A Review", Technical Report No.7. November 1993.  

 

P P Raghu. R Poongodi and B Yegnanarayana. "Texture Classification Using a Two-stage Neural 

Network Appproach". Technical Report No.8. November 1993. 

 

R Poongodi. P P Raghu ami i3 Yegnanarayana. "Image Classification Using Counterpropagation 

Network", Technical Report 'No. 9, November 1993. 

 

 

REMARKS: 

 
Neural Network models appear to be very promising for classification of Remotely Sensed Data.  

Since most of the Remotely Sensed Data is of textured type. it is necessary to go into details of 

categorizing different textures and develop prep1,"ocessing and classification of texture types in each 

category. 
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Development of Expert System for Indian Space Program 

(Expert system for Range Safety) 

 

Project No: 8889009ISROHNMA 

 
INVESTIGATORS 

 

(a) From lIT     : Prof. H N Mahabala 

            Sri Raviparakash G 

 

(b) Counterpart from ISRO   : Sri. Narayanan 
Sri Shanakaran (MARS,SHAR) 

 Sri Krishnamurthy (MARS,SHAR) 

: Mr. V V Managoli (From Jan'92 to June'92). 

    VALUE                                : Rs.5.7 Lakhs                              

STARTING DATE    : 01-12-88 

CLOSING DATE    :: 31-12-94 

 

OBJECfIVES: 
To design & implement a Knowledge Based Expert System to advise the Range Safety Officer 

during the satellite launch vehicle range safety operation. 

 

WORK CARRIED OUT: 

Prototype expert system is implemented with following features, 

I. Real Time Expert System: 

1.       Simulated Realtime data acquisition through RS232C port and extraction of data: 

          Range Safety Advisor(RSA) expert system, provides the user with various options like selection 

           of port no. band rate through dialogs. The system recieves data in interrupt mode. This module 

                extracts only the real time relevant parameters as the input data is not in the exact representation in 

which         the knowldlge base/inference engine asks for. 

 

2.        Real time inference: 

         The knowledge acquired from the experts is represented in the from of rules which was       

later converted into decision tables. An inference engine was developed which, based on the data that 

comes on the communication line, will act on them using the compiled knowledge to give. the 

inference. The inference is in terms of the status of the vehicle and the recommendation whether the 

flight is safe or 'to be aborted. 

 

 

3. Graphical display of the inferenced decisions: 

A graphic oriented, icon based user interface to give comprehensive picture of the status of the 

vehicle is developed. The system uses icons to indicate the status of the signal sources, the 

status of vehicle in flight at that point. The vehicle deviation display is to confirm the vehicle 

trajectory, i.e. Normal. LefL/Right deviation (Low, high, abort) is displayed. Time display is in 
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seconds. In case of abnormal performance of the !light,audio alarm is also given along with

 video alarm. . 

 

 

 

 

INVESTIGATOR(S)           

     Project No.8889CSEO09ISROHNMA 

 

(a) From lIT      Mr. G Ravi Prakash 

- Prof. H N Mahabala 

 

(b) Counterpart from ISRO    Mr. S Sankar, SHAR, Sriharikota 

Mr. V Krishnamurthy,SHAR, Sriharikota 

 

STAFF      Ms. Jayanthi Bhaskar 

 

VALUE      Rs.5.07 Lakhs 

 

STARTING DATE               01-12-88 

 

CLOSING DATE     30-06-95 

 

OBJECTIVES: 

 

The proto-version of the expert system for mission monitoring and to function as 

Range Safety Advisor developed jointly by SHAR-IITM was successfully demonstrated 

during PSLV-D2 mission on 15th October 94. The teams have identified five major 

tasks/improvements to be carried out in order to make the software a fully operational 

version and are presented below. In order to complete the tasks, the teams have met on 

11-1-95 and worked out a time schedule which extends up to end of June 95 

 

Activities planned for augmentation of the expert system for range safety advisor 

 

1. Correlation of TM and tracking data in the decision making logic. 

2. Identification of erroneous source in comparison with other correct sources. 

3. Assigning weight age to each source data and overall confidence factor on the 

decision made. 

4. Inclusion of debris pattern in .the flight safety critieria generation. 

5. Documentation and detailed review by experts panel for including the expert 

system as a regular  package for every mission. 

 

To design and implement an Expert System to avise the Range Safety Officer 

during the satellite launch range safety operation. 
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WORK CARRIED OUT:  
 
\............ 

(a) Range Safety Advisor 

 

 

The Satellite launch vehicle performance is monitored in real-time by the Range 

Safety Officer (RSO) to minimise, the damage likely to he caused in case of its failure. 

The RSO is responsible for deciding about the safety of the launch vehicle mission and 

has to destroy the vehicle if it deviates and is likely to fall in populated areas. He also 

has to correlate the interpretations from the tracking and the telemetry sources by 

looking into various displays. The prototype knowledge based system, Range Safety 

Advisor (RSA), attempts to synthesise the interpretations from both the tracking and the 

telemetry sources, and displays the correlated decision. The system developed was tested 

successfully during the PSLV-D2 launch in October 1994. 

 

(b) Satellite Monitoring System: 

 

A prototype expert system is being developed to monitor telemetry data from Geostationary 

satellites to ascertain its proper functioning during station keeping 

manoeuvring. This expert system is used for quick detection and analysis of anomalous 

conditions during manoeuvring. 
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Computation of Supersonic Turbulent BSIC FLOWS 
 

Project number : ICSR/ISRO-IIT(m)/12/AE’90-91/EGT 

 

INVESTIGATOR(S)    

    a) From Lit                            :         Prof. E G Tulapurkara, IIT(M) 

 

       (b) Counterpart from ISRO                          :       Mr. Debasis Chakraborthy, VSSC 

                   Trivandrum, (From Dec. 1991). 

 

:       Dr. S K Saxena. VSSc. Trivandrum (Till June 

         1991)         

       :        Mr. R Raghavan (Proj_. Associate) 

    STAFF VALUE                      :        Rs4..50 Lakhs 

   STARTING DATE                :        17.10.1990    

   CLOSE DATE                 :        30-04-1994 
 

    OBJECTIVES: 

 

In many cases the rear end of the fuselage of an airplane or the body of a space vehicle does not taper 

down to a pointed end but terminates in a cross-section of sizable area. This area is called base area. In most 

of the cases the exhaust from the engine comes out of this area. The interaction of supersonic exhaust with 

supersonic free stream constitutes a complex base !low field characterized by expansion fan, recirculation 

region. mixing layers and recompression shocks. A knowledge of base flow characteristics is essential for (i) 

estimation of the vehicle performance (ii) design of base thermal protection system (iii) analysis of the forces 

and moments during stage separation (iv) determination of time interval between separation of lower stage 

and ignition of upper stage and (v) design of upper stage control system. 

 

Experimental data on base now is available in few cases. Initially, the theoretical analysis was done, 

treating the flow as in viscid. Later attempts were made to compute the now using Euler equations. However, 

the phenomenon is viscous in nature. Hence one of the investigators (SKS) developed a code treating now _s 

laminar. But in actual practice the base !low is turbulent and the objective of the project is to compute 

supersonic base !low using model(s) of turbulence. 

 

WORK CARRIED OUT: 

(a) Procurement of IBM 486 computer. printer & UPS: 

The turbulent !low computations to be done for the project require large memory and fast 

computational speed. Hence a dedicated computer, EISA based 486 machine with clock speed of 33 MHz, 8  
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MB RAM and 128 KB external cache, was selected and commissioned in July 1991 along with a 132 

column TVSE printer has also been purchased around the same time and an Unterrupted Power Supply 

(UPS). 

 

(b) Literature Survey: 

 

After the commissioning of the computer it was planned to run the laminar base flow code available 

with Dr.Saxena. But he left VSSC in July 1991. Subsequently, Mr. Debasis Chakraborthy was nominated as 

the new coordinator from VSSC side in December 1991. In the mean time, the project officer did considerable 

literature survey. 

 

(c) Bringing code to IIT Madras and Trials: 

 

During the last week of December 1991 the coordinator and the project officer spent a week at VSSC 

and got formalized with the laminar flow code developed by Dr.Saxena. this code was later loaded on the 

IBM 486 computer. After several trials the program could be executed and results obtained at VSSC in one 

particular case could be reproduced. Equations for turbulent flow using Baldwin-Lomax model of turbulence 

have been formulated and the modified code is being tried out. 

 

(d) Boundary Layer Code: 

 

The base flow calculations begin with the prescribed boundary layer profile at the rear end of the 

body. This boundary layer profile was calculated by Dr.Saxena using a code available with Mr. R 

Swaminathan of VSSc. This code 'was understood and made operational at lIT Madras. This code uses mixing 

length model of turbulence. However, we intend to use k- EPY model of turbulence for calculations. Hence 

the boundary layer c()de has been modified to incorporate k-E model. 

 

 

 

INVESTIGATOR(S):    

                       

(a) From lIT     : Prof. E G Tulapurkara 

 

(b) Counterpart from ISRO   : Dr. S K Saxena 

(VSSC, Trivandrum, till June 1991) 

Dr. Debasish Chakrborty 

(VSSC Trivandrum, from June 1991) 

 

STAFF     : One Project Associate 

 

VALUE    :  Rs.4.9 Lakhs 
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STARTING DATE   : 17-10-91 

 

CLOSING DATE    : 31-03-95 

 

OBJ ECTIVES: 

In many cases the rear end of a space vehicle does not taper down to a pointed end 

but terminates in a cross-section of sizeable area. This area is called base area. The . 

 .. 

knowledge of base pressure is essential f'6rest'imation of vehicle performance and for 

design of base thermal protection system. VSSC has a code which can compute laminar base flow. 

However, the flow is turbulent and the objective of the project is to modify the code to compute the 

flow using models of turbulence. 

 

WORK CARRIED OUT: 

 

The work was carried out in the following steps. 

 

a. A computer, PC AT 486 was procured and installed along with UPS. 

 

b. The laminar base flow code was obtained from VSSC. 

 

C The code for calculating boundary layers using Cebeci Smith model was procured 

            from VSSC. . 

 

d. The boundary layer code uses mixing length model. Algorithm has been written to 

implement K-e model in this code. Certain difficulties were encountered and work is going 

on to obtain converged results. Scientists from VSSC are also interested in this work and are 

actively involved. 

 

e. The base flow code was made operational on the PC AT 486. Laminar flow has been 

computed in many benchmark cases. The comparison reveals interesting features of the flow 

but differences between experiment and computed values are also noticed. To compute 

viscosity using Baldwin-Lomax model of turbulence, the model needs modification in the 

base flow region. This is being attempted 
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Study on Optical Methods of Thermal 

Distortion Measurement. . 

 

Project No:9192PHYO14ISRORSSI 

 
INVESTIGATORS      

 

(a) From lIT      : Prof'. R S Sirohi 

  Prof. M P Kolhival 

  Applied Optics Laboratory 

  Department of Physics 

 

(b) Counterpart from ISRO    : Dr. P SNair 

  Dr. R Samuel  

  Structures Division ISAC Bangalore 

 

STAFF      : Mr.T Santhanakrishnan 

  Mr. A Subramanian 

 
VALUE         Rs.9.05 Lakhs 

 

STARTING DATE     : 01-01-1992 

 

CLOSING DATE     : 31-12-1994 

 OBJECTIVES: 

 
i) To study various Optical techniquc and establish suitability of a technique for distortion 
    measurement. 

  

ii) To develop necessary instrumentation. with the help of ISRO coordinators. for the technique 

    of interest. 

 

WORK CARRIED OUT: 

 

Interactive work 

A Joint wdrk was done at Applied Optics Laboratory. lIT. Madras with ISRO co ordinators using 

ESPI and holographic interkro metry on a fucl lank to locate !laws in the body. A frame grabber card used by 

ISRO co-ordinators has been checked at Applied Optics Laboratory for its suitability for ESPI work at ISAc. 

Bangaloret It was found that it could be used in ESPI for static measurement, as it is extremely slow; it take_ 

about 2 min. for subtraction and display of fringes. 
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Work done at lIT, Madras 

 

Experiments have been cal'ried out on two Honeycomb panels of sizes 195 x 270 x 25 mmJ and 250 

x 360 x 15 mmJ supplied by ISAC, Bangalore using ESPI and Optical position sensors (UDT Model 531). 

For this purpose a thermall()ading system is fabricated using infra-red Philips 250 W lamps (4 nos.). Use of 

heaters (mica wound) in direct contact with panels was found to be quite unsatisfactory. Two calibrated 

thermocouples have been used to monitor the temperatures at the front and back side of panel. 

 

Out-of-planc displacement (w-component) and in-plane displacement (u and v components) on 195 x 270 x 

25 mm' panel for various temperatures arc measured using ESPI technique. Strain distribution for various 

temperatures has been calculated. Due to limitations in ESPI setup, the full panel was studied part by part. 

 

A new ESPI configuration is developed to study the full panel. Using this configuration the out-or-

plane displacement has been measured for various temperatures for both the panels. 

 

The out-of-plane deflection at different heights on the panel of size 195 x 270 x 25 mm3 using UDT 

Optical Position Sensor (Model 531) is measured, and the results are compared with those obtained by ESP!. 

(Figure 1.) There is a reasonable agreement between two sets of data ob,ained by different methods. The 

data were acquired when the temperature change on the same side of the panel is aT=2SOC This corresponds 

to a change or OSC between the two sides, as obtained from the temperature variation obtained using the 

thermocoup1cs at opposite faces. 

 

 

INVESTIGATOR(S)      

 

(a) From Lit      Prof. R S Sirohi 

Prof. M P Kothiyal Applied Optics Laboratory   

Physics Department 

(b) Counterpart from ISRO Dr. P SNair Dr. R Samuel Structures Division 

ISAC Bangalore 

 

Page No.. 9 

 
STAFF      Mr. T Santhanakrishnan  

SRF ( 11.3.93 - 31.12.94) 
 

Ms. Shanti Bhattacharya   

 JRF ( 1.9.93 - 31.12.94) 

 

Mr. A Subramanian Senior Project Officer - I 
(26.10.93 - 25.10.94) 
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VALUE      Rs.9.05 Lakhs 

 

STARTING DATE     01-01792 

 

CLOSED ON      31-12-94 

 

 

 

 

OBJECTIVES      :The objectives of the project were 

 

i) to study various optical techniques and   

establish suitability of a technique for distortion 

measurement. 

 

ii)to develop necessary instrumentation, with the 

help of ISRO coordinators, for the technique of 

interest. 
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Theoretical Studies in Composite 

Airbreathing Propulsion for Space Applications 

 

Project No:9192ASE015ISROSSGO 

 
INVESTIGATORS 

 

(a) From lIT      : Dr. S S Gokhale 

          Department of Aerospace 

 

VALUE       : Rs.4.95 Lakhs 

 

STARTING DATE     : 01-04-1992 

 

CLOSING DATE     : 31-03-1994 

 

 

Report on the Progress Made: 

 

i) All the hardware proc.ured is functioning satisfactorily. Services of project staff appointed for this 

purpose are being continued. 

 

ii) One day meeting took place on September S. 1993 at lIT Madras between scientists of ABPP, 

VSSC Trivandrum headed hy Project Director Mr. JDA Suhramanyam and Dr. SS Gokhale and Mr. P Mohan. 

Project A..sociate. Results of preliminary work on quasi one dimensional analysis with chemical reaction 

were presented along with cycle analysis of various engines. As desired by the ABPP group concentrated 

efforts were undertaken to simulate ERJ with a possibility of multiple fuels. This work is nearing completion. 

Simultaneously two dimensional l1uid mechanics model without combustion chemistry has also heen 

undertaken. Few problems associated with grid generation for complex flow geometries are being currently 

investigated. The approach earlier envisaged for utilizing existing programs such as VNAP2 with suitable 

moditication proved to he unsuccessful and we are developing our own codes with suitable graphical viewing 

facilities. Processor speed currently available is found to be inadequate and an upgradatiol1 to 66 MHz from 

existing :n Mhz is requested. 

 

iii) Detailed report with documentation will he provided in near future. Cycle analysis programs are 

for DOS machine_ requiring hare minimum system configuration and as such installation of them on site 

would be no problem. Help from lIT Bomhay in connection with grid generation software is sought and 

would be available. This would be necessary for more detailed analysis from fluid mechanics point of view. 
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INVESTIGATOR(S)      

 

(a) From lIT      Dr. S S Gokhale 

 

(b) Counterpart from ISRO    Mr. J D A Subramanyam 

 

STAFF      One Senior Project Officer II 

 

VALUE      Rs.4.95 Lakhs 
Page No..1O 

 

STARTING DATE     :01-01-92 

 
CLOSED ON      31-03-94 

 

O BJECTIVES 

 

Detailed Thermodynamic Cycle analysis for various composite engines for the space 

application. Detailed analysis pertaining to a particular engine which would be indicated by   

VSSc. 

 

WORK CARRIED OUT 

 

Interim Technical report was submitted in June 1994 to Mr. JDA Subramanyam for his 

appraisal. This included the preliminal analysis for four engines Turbo Rocket, Ram Rocket, Turbo 

Air Augmented Rocket, and Ejector Ramjet. These cycles were chosen based on the existing 

capabilities the country possesses in the area of rocket and turbo machinery technologies. Other 

cycles such as LACE etc. are of not immediate consequence for Indian Space Programme. After 

evaluating this work, it was indicated by Mr. JDA Subramanyam in July 94 that VSSC is interested 

in the detailed analysis of Ejector Ramjet in the near future. Thus this work was further expanded 

and a report was presented to ABPP, VSSC Trivandrum. It is learnt that ABPP found these additions 

quite satisfactory. Part of this work was presented at NCABE – 9 in Trivandrum in December 94. 

 

Thermodynamic cycle calculations are performed on a rubber engine and the analysis 

yields trend pattern for thrust, specific impulse and other key panuneters. It fails for off 

design conditions. For this detailed performance analysis, one must have some idea 

about engine sizing which in turn would depend upon the vehicle configuration and the 

trajectory path. . 

 

As the first step towards these performance analysis calculations, internal flow analysis 

programs have been developed using CFD tools. These programs use explicit finite difference 

algorithms with variable grid size which are essential for boundary layer and shock capturing. These 

are validated against experimental data which has been generated in Aerospace Engineering for two 

dimensional and axi symmetric nozzles. This work is in addition to VNAP and VNAP2 code 

implementation on PCs. 
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Interference and Turbulence. erects in 

 Spray  Com bustion 

 

Project NO:9192MEE016ISRORNAT 
 
 
INVESTIGATORS 

 

 

(a) From lIT      : Prof. R Natarajan - Principal Investigator  

  Dr. K N Seetharamu 

  Dr. B H L Gowda 

  Dr. D K Sharma 

  Dr.V Ramanujachari(IA T-Pune) 

 

(b) From ISRO     : Dr. K Ramamurthi 

           Dr. K Nandakumar 

 

STAFF:      : Mr, S Stephen 

          Mr. V Sreedharan 

VALUE      : Rs.7.41 Lakhs 

 

STARTING DATE     : 01-04-1992 

 

CLOSING DATE     : 30-04-1995 

 

OBJECTIVES 

I. INTERFERENCE EFFECTS IN SI)RA Y COMBUSTION 

A. EXPERIMENTAL INVESTIGATIONS 

. Porous Sphere Experiments 

Determination of: 

. mass burning rate 

. interaction coC!Ticient 

. critical separation distances 

. nnme geometry 

. extinction velocity 

As a function of : 

. sphere dinmeter 

. relative drop size 

. inter-sphere separation 

. ambient air velocity 

. fuel type 

ambient air now direction 
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Over the following experill1l:ntal conditions: 

. side-by-side and tandem arrangel11ent of spheres 

. envelope and wake names 

*Smoke-Wire Experiments 

Flow visualization in the wakes of arrays of spheres to investigate the effects of : 

*Moire-Defectometer Studies 

 

Investigation of the interference effects of burning drops simulated by porous spheres in terms of the fringe 

patterns. as a function  if: 

. sphere sizes 

. geometrical arrangement 

. inter-sphere spacing.  
 

B. NUMERICAL INVESTIGATIONS 

 

Extension of the present FEA methodology and solution procedure will be undertaken to include the 

following features: 

      . free and forced conversion, 

        . effect of ambient pressure 

       . 3-D mono-disperse arrays 

     . poly-disperse arrays 

    . correlation with group combustion models. 

 

II. TURBULENCE EFFECTS IN SPRAY COMBUSTION 

 

Both LEF and SSF formulations will he employed to investigate the transport phenomena in turbulent 

suspensions. first for non- vaporizing particles. and next for vaporizing particles. The solution procedure will 

be validated against the detailed experimental results obtained by Faeth and co-workers. The following 

important effects will be investigated: 

. effect of particle loading  

. effect of Stokes number 

 

III. ASSESSMENT OF THE D_OPLET VAPORIZATION AND COMBUSTION MODELS 

APPLICABLE IN TURBULENT SPRAY COMBUSTION 

The major simplifications and assumptions implicit in the formulation of the governing droplet 

transport processes will first be identified and then  analysed for their role and significance. through 

a sensitivity analysis. involving the relevant parameters. over a realistic range of their variation. This will 

enable the specification of a hierarchy of the different phenomena. and their prioritization according to their 

relative importance. 

 

 

 

 

 



18 

 

 

 

WORK CARRIED OUT: 

 I. INTERFERENCE EFFECTS IN SPRAY COMBUSTION 

A. EXPERIMENTAL INVESTGATIONS 

 

* Porous Sphere Experiments 

 

Determination of : 

 
0 mass burning ,rate 

0 interaction coefficicient 

0 critical separation distances 0 name geometry 

0 extinction velocity 

 

for binary sphere systems. as a function of: 

 
0 sphere diameter (8. to. 12. 16 mm) 

 0 relative drop size 

0 inter-sphere separation 

0 ambient air velocity 

0 fuel: n-hexane 

0 ambient airflow direction: upward 

 

over the following experimental conditions: 
0 side-by-side arrangement 0 envelope and" wake names 

Three-sphere systems. under the tandem arrangement. are under investigation. 

*Moire Deflecto meter Studies 

 

0 The optical arrangement is being set up. Experiments are expected to commence soon. 

 

B. NUMERICAL INVESTIGATIONS 

The FEA methodology is being employed to determine the interference effects in the following 

systems: 
0 2D analysis in different triangular arrangements of cylinders. 

0 Axisy metric analysis of two and three sphere systems in the presence of forced convection. 

 

II. TURBULENCE EFFECTS IN SPRAY COMBUSTION 

 
The LHF and SSF formulations are being employed to investigate the transport phenomena in 

turbulent suspensions for non-vaporizing particles. and are being validated against experimental results. 

 

III. ASSESSMENT OF THE DROPLET VAPORIZATION AND COMBUSTION MODELS 

APPLICABLE IN TURBULENT' SPRAY COMBUSTION 
The major simplifications and assumptions implicit in the formulation of the governing droplet 

transport processes are being identified. The role of droplet models in different spray combustion analyses is 

being investigated. 
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INVESTIGATOR(S) 

 

(a) From lIT      Prof. R Natarajan  

Prof. B H L Gowda  

Prof. K N Seetharamu 

 Dr. D K Sharma 

 

(b) Counterpart from ISRO    Dr. K Ramamurthi  

VSSC, Trivandrum 

 

STAFF      Mr. S Stephen, Project Associate  

Mr. V Govindaraj, Project Asso. 
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OBJECTIVES 

 

I. INTERFERENCE EFFECTS IN SPRAY COMBUSTION 

 

A. EXPERIMENTAL INVESTIGATIONS 

 

* Porous Sphere Experiments 

 

Determination of : 

 

. mass burning rate 

. interaction coefficient 

. critical separation distances  

. flame geometry 

. extinction velocity as a function of: 

. sphere diameter 

. relative drop size 

. inter-sphere separation 

. ambient air velocity 

. fuel type 

. ambient air flow direction 

over the following experimental conditions: 

 

. side-by-side and tandem arrangement of 

 Spheres 
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. envelop and wake flames. 

 

* Moire-deflectometer Studies 

 

Investigation of the interference effects of burning drops simulated by porous spheres in terms of the 

fringe patterns, as a function of : 

 

.sphere sizes 

  . relative sphere size 

 . geometrical arrangement inter-sphere spacing 

 

B. NUMERICAL INVESTIGATIONS 

 

Extension of the present FEA methodology and solution procedure will be undertaken to include the 

following features: 

 

 . free and forced convection 

 . 3-D mono-disperse arrays 

 . poly-disperse arrays 

 . correlation with group combustion models. 

 

II. TURBULENCE EFFECTS IN SPRAY COMBUSTION 

 

Both LHF and SSF formulations will be employed to investigate the transport phenomena in 

turbulent suspensions, first for non-vaporizing particles, and next for vaporizing particles. The 

solution procedure will be validated against the detailed experimental results obtained by Faeth and 

co-workers. The following important effects will be investigated: 

 

. effect of particle loading  

. two-way coupling 

. turbulence modulation 

. effects of Stokes number 

 

III. ASSESSMENT OF THE DROPLET VAPORIZATION AND COMBUSTION MODELS 

APPLICABLE IN TURBULENT SPRAY COMBUSTION 

 

The major simplifications and assumptions implicit in the formulation of the governing droplet 

transport processes will first be identified and then analysed for their role and significance, through a 

sensitivity analysis, involving the relevant parameters, over a realistic range of their variation. This 

will enable the specification of a hierarchy of the different phenomena, and their prioritization 

according to their relative importance. 
 

PROGRESS ACHIEVED AND WORK TO BE DONE 

 

I. INTERFERENCE EFFECTS IN SPRAY COMBUSTION 
 , 
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A. EXPERIMENTAL INVESTIGATIONS. 

 

* Porous sphere Experiments 

 

Determination of : 

 

. mass burning rate 

. critical separation distances . flame geometry 

. extinction velocity 

 

for binary sphere systems, as a function of: 

 

. sphere diameter ( 8, 10, 12, 16mm) 

. relative drop size 

. inter-sphere separation 

. ambient air velocity 

. fuel: n-hexane 

. ambient airflow direction: upward over the following experimental conditions: 

. side-by-side arrangement 

. envelope and wake flames 

 Three-sphere systems, under the tandem arrangement, are under investigation. The  

following configurations have been investigated: 

. equal spheres 

. unequal spheres: SBB, BSB, BBS, BSS, 

SBS, SSE ( S:Small; B:Big) 

Moire Deflect ometer Studies 

 

. The optical arrangement has been set up. Experiments are in progress. Temperature profiles for 

single sphere and for two spheres in side-by-side configuration are being completed. 

 

B. NUMERICAL INVESTIGATIONS 

 

1. Numerical study of interference effects for two unequal spheres in forced convection: 

 

The complete Navier-Stokes equation and energy equations have been solved for laminar 

incompressible flow past an array of two unequal spheres, employing a general-purpose finite 

element code. Streamlines, isotherms, local azimuthal Nusselt number profiles and local interaction 

coefficient profiles have been determined over a range of inter-sphere separation. The interference 

effects are found to be negligible for the upstream sphere, while for the downstream sphere the 

effects are substantial at small separation, but decrease with increasing separation.   

   

2. Transient analysis of interference effects in three-sphere systems during forced convection: 

 

The complete Navier-Stokes equation and the energy equation are solved-using a general purpose 

finite - element code for unsteady laminar incompressible, axi-symmetric flow past a linear array of 

three spheres, under forced convection. The code has been verified with reference to standard data 
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for solitary spheres. Three values of Re, viz., 10,25 and 100, and two-inter-sphere distances, 2d and 

3d, have been investigated. Results have azimuthal variation of the local Nusselt number, and 

isotherms. 

 

3. The effect of blowing on the farced convection. heat transfer c!lancteristics for a 

single sphere . 

 

In the present work, an axi-symmetric finites_ element code is employed to solve the Navier-Stokes 

and energy equations over a single sphere incorporating uniform or no uniform blowing. The 

momentum and energy equations are solved in an uncoupled manner, since the present work 

concerns with incompressible forced convection. The finite element code is first validated with 

reference to well-established Nusselt number Reynolds number correlation for single sphere. 

 

The governing equations are solved after making standard assumptions such as incompressible 

Newton ion fluid with thermo-physical properties, and axi-symmetric flow and boundary conditions. 

The unsteady momentum equations are solved starting from zero time until the steady state is 

reached, employing the Eulerian velocity correction . method. These steady-state velocities are 

used to compute the temperature field from the steady-state energy equation. 

 

The evaporation process is simulated by incorporating a radial blowing velocity in the boundary 

condition; both uniform blowing and variable blowing have been investigated. The variable blowing 

velocity is considered to follow the azimuthal  Nusselt number distribution, and is solved iteratively; 

the number of iterations increases with both Re and the blowing velocity. The investigations have 

been performed for a constant Pr of 0.7, for Re of 10, 25, 50, and 100, and for blowing velocities of 

0.05 and 0.1. 

 

II ASSESSMENT OF THE DROPLET VAPORIZATION AND COMBUSTION MODELS 

APPLICABLE IN TURBULENT SPRAY COMBUSTION 

 

The major simplifications and assumptions implicit in the formulation of the governing droplet 

transport processes are being identified. The role of droplet models in different spray combustion 

analysis is being investigated 

 

III REPORT 

 

A literature survey entitled" INTERFERENCE EFFECTS DURING TRANSPORT PHENOMENA 

IN MULTI-CYLINDER AND MULTI-SPHERE SYSTEMS" has been completed and brought out. 

 
 
IV WORK TO BE DONE 

 

A THEORETICAL WORK 

 

1. Interference effects in the side-by-side 

 

configuration 

 

         . Two spheres (equal and unequal) 
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           . Three spheres ( equal and unequal) 

 

Involves 3d formulation, mesh-generation and solution. 

 

2. Theoretical investigation of interference effects including combustion. 

 

B. EXPERIMENTAL WORK 

 

 . the remaining  

configurations are being investigated for interference effects. 
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 OBJECTIVES: 

 

I. INTERFERENCE EFFECTS IN SPRAY COMBUSTION 

 

A. EXPERIMENTAL INVESTIGATIONS 

 

** POROUS SPHERE EXPERIMENTS 

 

Determination of: 

* mass burning rate 

* of interaction coefficient 

* of critical separation distances * of flame geometry 

* of extinction velocity 

 

As a function of : 

* sphere diameter 

* of relative drop size 

* of inter-sphere separation  

* of ambient air velocity 

* of fuel type 
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* of ambient air flow direction 

 

Over the following experimental conditions: 

* side-by-side and tandem arrangement of spheres  

* envelop and wake flames 

 

**MOIRE DEFLECTOMETER STUDIES 

Investigation of interference effects of burning drops simulated by porous spheres in terms of the fringe 

patterns, as a function of: 

* sphere sizes 

* relative sphere size 

* geometrical arrangement 

 * inter-sphere spacing 

 

B. NUMERICAL INVESTIGA nONS 

 

Extension of the present FEA methodology and solution procedure will be undertaken to include the 

following features: . 

 

* free and forced convection 

* 3-D mono-disperse arrays 

* poly-disperse arrays 

* correlation with group combustion models 

 

 

II. TURBULENCE EFFECTS IN SPRA Y COMBUSTION 

 

Both LHF and SSF formulations will be employed to investigate the transport phenomena in turbulent 

suspensions, first for non-vaporizing particles, and next for vaporizing particles. The solution procedure will 

be validated against the detailed experimental results by Faeth and co-workers. The following important 

effects will be investigated: 

 effect of particle loading 

 two-way coupling 

 turbulence modulation 

 effects of Stokes number 

III. ASSESSMENT OF THE DROPLET VAPORIZATION AND COMBUSTION MODELS 

APPLICABLE IN TURBULENT SPRA Y COMBUSTION 

 

The major simplifications and assumptions implicit in the fonnulation of the droplet transport 

processes will first-be identified and then analyzed for their role and significance, through a 

sensitivity analysis, involving the relevant parameter, over a realistic range of their variation. This 

will enable the specification of a hierarchy of the different phenomena, and their priority 

specification according to their relative importance. 

 

8. WORKCARR.IED OUT: 
PROGRESS ACHIEVED AND WORK TO BE DONE: 

I. INTERFERENCE EFFECTS IN SPRAY COMBtlSTION 

A. EXPERIMENTAL INVESTIGATIONS 
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* Porous sphere experimentsDetermination of: 

* mass burning rate 

* critical separation distances  

* flame geometry 

* extinction velocity 

 

for binary sphere systems, as a function of: 

* sphere diameter (8,10,12,14,16 mm)  

* relative drop size 

* inter-sphere separation 

* ambient air velocity 

* fuel n-hexane, methanol 

* ambient air flow direction: upward 

 

over the following experimental, conditions: 

* side-by-side and tandem arrangement of spheres  

* envelope and wake flames " 

three sphere systems, under the tandem "arrangement, are under investigation. The following 

configurations have been investigated. 

 

 equal spheres 

unequal spheres SBB,BSB,BBS,BSS,SBS,SSB (S:Small;B:Big) 
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Augmentation of vortex formation during discharge  
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 OBJECTIVES 

 

1. To investigate the influence of the various dimensions involved (container diameter D, port 

diameter d, height of liquid column H) on the formation of the vertical flow and the air core. Visualisation and 

quantitative measurements of discharge, pressure etc. will be made. 

 

2. To study the influence of disturbances on the phenomenon. An attempt to quantify the disturbances 

will be made. 

 

3. The influence of vessel shape on the vortex formation will be investigated. 

 

4. The liquid filled containers in (1) will be subjected to vibration in the vertical and the horizontal 

plane. Both the frequency and the amplitude or vibration will he varied. The influence of these on the height 

of the air core formed and other flow field characteristics will be determined. 

 

5. An attempt will be made to theoretically model the phenomenon. 
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WORK CARRIED OUT: 

 

The experiment set up was designed to carry out experiments varying some of the important 

parameters. Some preliminary experiments have been carried out. An arrangement for vibrating the liquid 

filled vessel in the vertical plane is designed and fabricated. 

 

The experimental set up for controlled vibration of the draining tank is fabricated. An acrylic tank of 

92mm inside diameter and 460mm height with provisions for interchangeable drain holes is connected to the 

vibrating table of the exciter. The acrylic tank is mounted on the vibrating table with four mild steel rods. The 

electrodynamics shaker will be operated by a control system. The accelerometers are connected to 

transducers which are fixed on the acrylic tank. The container motion will be measured by the accelerometers 

and they will he monitored using a FFT analyzer. A frequency counter is connected to a servo-controlled 

stabilizer will he utilised for measuring the frequency of vibration. 

 

Experiments with Stationary Container: 

 

When liquid drains from a circular tank through an ax symmetrically placed circular orifice (drain) a 

'dip' develops on the free surface of the liquid as the surface level reaches a certain critical height Hc. The 

height of the dip or air core is called the vortex height. Whenever vortex forms in a draining tank, it decreases 

flow rate by reducing the effective cross- sectional area of the drain outlet. 

 

Experiments were performed to study the inl1uenee or the initial height of the liquid (Hi) and the DId 

ratio ( D is the diameter of the container; d is the diameter of the drain port) on the formation of the dip on the 

free surface of a initially stationary liquid draining from a cylindrical tank. An acrylic tank of 92mm inside 

diameter and 460mm height with provisions for interchangeable drain holes of diameters 6mm and 10mm 

were used. The liquid used in the experiments was water. The critical height (He) was measured by H scale 

attached to the tank. 

 

Results were obtained with initially stationary liquid which was allowed to drain from the tank from 

different initial heights (Hi). It is found that the critical heights for 6mm and 10mm diameters of draining port 

arc 6fl1m and 8 mm respectively. It is seen that the critical height (He) for free draining of liquid from a 

container is independent of the initial height of the liquid for Hi/d > 1.0. 

 

 

INVESTIGATOR(S) 
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STAFF      Mr. P J J oshy 

 

VALUE      Rs.2.88 Lakhs 

 

STARTING DATE     24-08-92 

 

CLOSING DATE     23-08-95 

 

OBJECTIVES 

 

1. To investigate the influence of the various dimensions involved (container diameter 0, port 

diameter d, height of liquid column H) on the formation of the 

 

2.  To study the influence of disturbances on the phenomenon. An attempt to 

quantify the disturbances will be made. 

3.  The influence of vessel shape on the vortex formation will be investigated. 

4.  The liquid filled containers in (l) will be subjected to vibration in the-vertical and 

horizontal plane. Both the frequency and the amplitude of vibration will be 

varied. The influence of these on the height of the air core formed and other 

flow field characteristics will be determined. 

5. An attempt will be made to theoretically model the phenomenon. 

 

WORK CARRIED OUT 

Set up designed to carry out experiments varying the important parameters. An 

arrangement for vibrating the liquid filled vessel in the vertical plane is designed and 

fabricated. 

Results were obtained with initially stationary liquid which was allowed to drain from 

different initial heights (Hi). It is found that the critical heights for 6mm and lOmm 

diameters of draining port are 6mm and 8mm respectively. It is seen that the critical 

height (Hc) for free dl'aining of liquid from a container is independent of the initial 

height of the liquid for Hild > 1.0. 

Preliminary experiments showed the disturbances mainly in the form of rotational 

components influence considerably the vortex formation. The critical height (Hc) 

increases manyfolds compared to the case when the liquid is initially stationary. An 

attempt is made to quantify the initial rotation. This is done by controlled stirring of the 

liquid in the container, by using varying number of revolutions of the stirrer over a 

constant period of time. Experiments are conducted for two values of Did ratio (92/6 

and 921100. It is found that the critical height with rotation can be as high as 60 times 

that for the case without rotation. The period of draining increases by a factor of 2 to 

3, depending on the Did ration. 

The environmental disturbances in practical situation could be in the form of 

vibration of the liquid propellant rank. One of the objectives of the study is to 

investigate the influence of vibration in the vertical plane and in the horizontal plane to 

understand the influence on the vortex augmentation. The required experimental set up 

is designed and fabricated for controlled vibration in the vertical plane., Experiments 

are carried out to study the influence of the vibration in the vertical plane when 

frequency and amplitude are varied in a systematic way. It is found that the vortex is 

suppressed due to the vibration in the vertical plane. The detailed influence of the 
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frequency and amplitude on this phenomenon is investigated. 
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VALUE     Rs. 2.88 lakhs 

 

 STARTING DATE    24.08.1992 

 

 CLOSING DATE    31.03.1996 

 

 OBJECTIVES: 

 

I. To investigate the influence of the various dimensions involved (container diameter 0, port 

diameter d, height of liquid colwnn H) on the formation of the vertical flow and the air core. 

Visualisation and quantitative measurements of discharge, pressure etc. will be made. 

 
2. To study the influence of disturbances on the phenomenon. An attempt to qualify the disturbances 

will be made. 

3. The influence of vessel shape on the vortex formation will be investigated. 

 

4. The liquid filled containers in (I) will be subjected to vibration in the vertical and the horizontal 

plane. Both the frequency and amplitude of vibration will be varied. The influence of these on the height of 

the air core formed and other flow field characteristics will be determined. 

 

5. An attempt will be made to theoretically model the phenomenon. 

  

STAFF      One Project Associate 

 

 WORK CARRIED OUT: 

I. Experiments with stationary container 

An acrylic tank of 92mm inside diameter and 460mm height with provisions for interchangeable drain 

holes of diameters 6mm and IOmm is designed and fabricated. Results were 

obtained with initially stationary liquid which was allowed to drain from different initial heights (H;). It is 

found that the critical heights for 6mm and 10mm diameters of draining port are 6mm and 8mm respectively. 

It is seen that the critical height (He) for free draining of liquid from a container is independent of the initial 

height of the liquid. 
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Preliminary experiments showed that disturbances mainly in the form of rotational components 

influence considerably the vortex formation. The critical height (He) increase manyfolds compared to the case 

when the liquid is initially stationary. An attempt is made to quantify the initial rotation. This is done by 

controlled stirring of the liquid in the container, by using varying number of revolutions of the- stirrer over a 

constant period of t_me. Experiments are conducted for two values of Old  ratio (92/6 and 92/1 0). It is found  

 

that the critical height with rotation can be as high as 40 times that for the case without rotatIOn. The 

period of draining increases by a factor of 2 to 3, depending on the Old ratio. 

 

2. Experiments with vertical vibration set up 

 

The required experimental set up is designed and fabricated for controlled vibration in the vertical 

plane. Experiments are carried out to study the influence of the vibration in the vertical plane when frequency 

and amplitude are varied in a systematic way. It is found that the vortex is suppressed due to the vibration in 

the vertical plane. The detailed influence of the frequency and amplitude on this phenomenon is investigated. 

 

3. Experiments with horizontal vibration set up 

 

The experimental set up for controlled horizontal vibration of the draining tank is designed and 

fabricated. Experiments are carried out to study the influence of the vibration in the horizontal plane when 

frequency and amplitude are varied in a systematic way. It is fou:1d that when a cylindrical tank partially 

filled with liquid is subjected to vibration in the horizontal plane, it has been observed that vortex form in the 

fuel feed systems in spacecrafts and rockets. The detailed influence of the frequency and amplitude on this 

phenomenon is investigated. 

 

As described in the previous section, initial rotation has considerable influence on the vortex 

formation and also on the time of emptying; both increase manyfolds. Hence, the influence of vibration in the 

horizontal plane is investigated when rotation exists. The motivation was to find out whether the vibration 

augments or suppresses the phenomena. With this in mind, experiments are conducted at two typical values of 

stirrer rpm i.e. 94 and !43. A Old ratio equal to 92/6 was utilised for this purpose. 
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STARTING DATE               24-08-92 
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OBJECTIVES 

 

To study the vibrational relaxation effects in gasdynamics. 

 

WORK CARRIED OUT 

 

Thermodynamic properties for diatomic molecules are computed and the effect 

of vibrational relaxation is assessed for specific cases like isentropic expansion in nozzle, 

state behind the normal shock, etc. Shock tube method for determ,ination of vibrational 

relaxation time was used 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 

 

 

 

Synthesis of copolymers of  TPB an 

polyaikenalllers by anchored metal catalysts 

 

Project No:9293CHYO19ISROGSUN 

 
INVESTIGATORS 
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OBJECTIVES 

 
Il is the intended to investigate into the possibility of anchoring transition metal catalysts onto 

the hydroxyl ends of HTPB and employ the anchored metal atoms for polymerization of alkynes and 

strained cyclic olelll1s by metathesis reaction. It is .envisaged that such a reaction would lead to 

formation of tailback copolymers with improved process ability. burning rate and possible inter 

penetrating polymer network. 

 

WORK CARRIED OUT 

 
a. Synthesis of m()del compounds Hydrogenated HTPB anchored metallic salts scum to function as 

better catalysts than its HTPB counterpart. towards polymerization of ethylene to polyethylene (and 

possibly other Ziegler-Nell processes). Since application 

of these catalysts for metaphorical polymerization of alkynes and strained cyclic olc1ins has not been 

studied we decided to start with model compounds on HTPB and its analogs. The simplest 

representation of HTPB is 2-bllten-l,4-diol and that of hydrogenated HTPB is l,4-blltanediol. 

 

 

 

 

As 2-butyne-l,4-diol is commercially’ available. we attempted both partial and complete reduction 

of this material. The product from redact(on of Landler catalyst appeared to be cis-2-butene-l,4-diol 

as emceed from IR spc'ctral data. Us of Pd Oil carbon yielded completely saturated butane-1,4-diol. 

 

b. Hydrogenation of HTPB 
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Reduction of HTPB was also attempted and after many all empts with varying conditions of the 

reaction complete reduction or HTPB was achieved, as deduced by NMR data. Due to highly polar 

nature of HTPB and its hydrogenated version, separation was not cays by simple column 

chromatography. For this reason fictionalization of hydroxyls of HTPB was all empted. 

 

 
Functionalisation orend-hvdroxyls of HTPB 

The end-hydroxyl groups in HTPB backbone offers tremendous scope for functionalisation. 

Attempts were made to convert the hydroxyls into good leaving group hy tosylation. 

Reaction with tosyl 

chloride yielded a white solid with a d,iITerent IR spectra. This product is to be further 

reacted with 

phosphines to make HTPB -anchored .phosphine-ligated catalysts. 

 

HO_OH 
 n 

TosCI  

py 

TS_OTS . 

 n 

 

PPht" - f'=\ . 

- Ph2P_ '-t-PPh2] 
n 
 

Anchoring metallic salls onto HTPB f()r use as polYl11erisation catalyst . . 

HTPB and hydrogc;nated HTPB as well as the model compounds of HTPB reacted rapidly with TiCI. 

at room temperature to give a gummy material which dissolved rapidly upon addition of a cocatalyst like 

bis{trimethyltin). Attempts to employ this anchored catalyst for polymerisation of phenylacetylene yielded an 

yellow powder which was insoluble in most solvents, however, the IR spectrum of the solid in KBr. indicated 

the presence of both HTPB as well as poly-phenylacetylene. 

 

HO_OH 
 n 
 

TiCI. r===\ . 
 - CI3TiO-+, ,+OTiCI3 
 n 
 

2y Ph-C-C-H  .. 

(TiJ-O_O-(TiJ_ 

y 

Attempts are under way to optimise _he conditions of the reactions mentioned above. 

 

Facilities created: 

 

i. Instruments Procured 

 

3. 4. ii. 1. 2. 
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Buchi Rotavapor model # RE 111 (Lah(Hatory Rotary Solvent evaporator) 

A T-486 Personal Computer ffJr data analysis from GPC and a Panasonic KX-P2624 - 24 Pin 

Dot-matrix printer for .hardcopy output. . 

GPC Dual Channel data analysis software for calibration and interpretation of data output. Minor 

laboratory equiments inlcuding oven. vacuum pump. glassware and chemicals etc. Instruments Commissioned 

Haake Rotovisvo R V 20 viscometer: 'serviced and functioning. 

Varian 5000 Liquid Chromatograph serviced 

 

 

INVESTIGATOR(S)    

(a) From lIT      Dr. G Sundararajan 

 

Page No.. 18 
b) Counterpart from ISRO    Dr. Audisesha Reddy  
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Sriharikotta 

 

STAFF      Mr. V Vasudevan 

 

VALUE      Rs.8.12 Lakhs 

 

STARTING DATE     - 24-08-92 

 

CLOSING DATE     23-08-95 

 

OBJECTIVES 

It is the intention to investigate into the possibility of anchoring transition metal 

catalysts onto the hydroxyl ends of HTPB and employ the anchored metal atoms for 

poly- merisation of alkynes and strained cyclic olefins by metathesis reaction. It is 

envisaged that such a reaction would lead to foundation of triblock copolymers with 

improved process ability, burning rate and possible inter-penetrating polymer network. 

 

WORK CARRIED OUT 

 

The salient points of the results obtained so far were presented in the form of a 

poster at the recently-held" International symposium, on Macromolecules', held at 

Vikram Sarabhai Space Centre, Thiruvanathapuram, between January 11-13,1995. The 

paper was also published as proceedings of the symposium entitled, Macromolecules, 

Current Trends edited by S. Venkatachalam, v.c. Joseph, R. Ramaswamy, & V N 

Krishnamurthy, Allied Publishers, Bombay, 1994, p.119-124 

. 

It is clear from the paper that we have been able to demonstrate unequivocally the 

formation of triblock copolymers from metathetical polymerization of alkynes and 

strained cyclic olefins from HTPB anchored metallic salts obtained by simple 

stoichiometric mixing of HTPB and TiCl4 or WC16. Since the submission of the paper 

some additional work has been completed and the following table offers a 
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comprehensive list along with the density of the individual polymer samples.  

 

 

The samples were pressed in a Shimadzu press at a pressure of 4 tons for 10 seconds and the 

densities were measured for the pellets. As can be seen, in general, the triblock 

copolymer of HTPB with polynorbornene is denser that the corresponding triblock 

copolymer of HTPB with polyphenylacetylene, for the same catalyst system. Moreover, 

the density also increases with th~ yield of the corresponding triblock copolymer 

indicating probably the chain length. It was also found that all polymer samples 

invariably charred above 220 C and when burnt they left behind no residual resinous 

material 

As per the comments made by Dr. S K Athithan, General Manager ,SPROB during the Meeting at 

SPROB on 24th April, 1994, the data requested by him has been obtainedfor the specificpolymers 

which he had inspected..                                                                                                                                                 

                                                                                                                                                                                                        

___________________________________________________________ 

 

 

No   Reaction Profile    code        Density  

 

_________________________________________________________________ 

 

 

Item-1      HTPB/Buli/TiC14            AN         5.45 

Item-2   HTPB/Byli/TiC14/Ph.C =C.H  AP         4.94 

Item-3      HTPB/TIC14/NBE             BN         5.24 

Item-4  HTPB/TIC14/ph.c =C.H       BP         4.89 

 

 

 

These polymer samples also charred when heated to above 220 C. 
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7. OBJECTIVES: 

 

 

It is the intention to investigate into the possibility of anchoring transition metal catalysts onto the 

hydroxyl ends ofHTPB and employ the anchored metal atoms for polymerisation of alkynes and strained 

cyclic olefins by metathesis reaction. It is envisaged that such a reaction would lead to formation of triblock 

copolymers with improved processability, burning rate and possible inter-penetrating polymer network. 

 

8. WORK CARRIED OUT: 

 
Synthesis and Characterisation of block copolymers of poly-phenyl acetylene - HTPB and 

polynorbornene - HTPB were given. Optimisation of reaction conditions, reaction mechanism were 

also discussed. 

 

Work done during the period under review (Jan-Dec.95) 

 

Trace amounts of water present in the hydroxyl terminated polybutadiene (HTPB) was removed by 

azeotropic distillation using benzene. An.choring of metal salts on HTPB was done by treating HTPB 

dissolved in CC 14, chlorobenzene with 2: 1 molar ratio of metal to polymer. The solution was stirred for ten 

minutes, the monomers like norbornadiene (NBDE) and cyclooctadiene were injected into it. After 

polymerization the reaction mixture is deactivated by adding CH]OH. The precipitate was then dissolved in 

CC 14 and re-precipitated by methanol to get pure polymer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

 

Ignition studies on Solid Propellants 

 

Project No:9293MEE0201SROKABH 
 

INVESTIGATORS 

 

 

(a) From lIT      : Prof. K A Bhaskaran Depl. 

 olMechanical Engg.  

Dr. Job Kurian. Depl. of Aerosp_ce Engg. 

 

(b) From ISRO      : Dr. B C Pillai Head. P.H.C YSSC. Trivandrum 

 

STAFF: Project Associate    : Mr. Arava Rao Ramesh Kumar 

 

VALUE      : Rs.4.495 Lakhs 

 

STARTING DATE     : 01-01-1993 

 

CLOSING DATE     : 31-12-1995 

 

OBjECTIVES: 

 

The main objective of the project is to obtain experimental data using shock tube on the ignition process of 

Solid Propellants of relevance to ISRO. when subjected to convective heating. Further, in the second phase it 

aims at examining the various theories on solid propellants ignition and come up with a plausible modc1that 

can explain the results obtaincd from shock tubc experiments. 

 

WORK CARRIED OUT: 

 

A test section for the convective heating of the propellant sample is designed and fabricated. This new section 

has provision for fixing two pressure transducers. and a photomultiplier window. A holder for the propellant 

sample which can also acc()mmodate a thermocouple bead to measure the propellant surface temperature is 

also incorporated in the test section. An existing dump chamber after suitable modification is gelling ready for 

cqnnectin&. to the test section end. 

 

Piezo electric type pressure transducers along with their power supply has already been procured. Purchase 

order has be<;n placed for one electronic timcr/counter. 

 

Literature survey on the various aspects of ignition and combustion of metallized solid propellants is under 

way now. 
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INVESTIGATOR(S)  

    

(a) From lIT      Prof. K A Bhaskaran 

 

Dr. Job Kurian 

 

(b) Counterpart from ISRO    Dr. B C Pillai 

Head P H C, YSSC, Trivandrum 

 

STAFF      Mr. P B Umashankar 

Project Associate 

 

VALUE ,.      Rs.4.49 Lakhs 

 

STARTING DATE     01-01-93 

 

CLOSING DATE     31-12-95 

 

OBJECTIVES 

The Main Objective of the project is to obtain experimental data using shock tube 

on ignition process of solid propellant of relevance to ISRO (HTPB-AP-AL), when 

subjected to convective heating. The data of interest to VSSC is in particular variation 

of ignition delay with temperature (Heat Flux) and convective ,,:elocity. The programme 
 

therefore envisages heat flux and ignition energy measurements as functions of 

temperature and flow velocity 

. 

WORK CARRIED OUT 

 

 

The Project started about 2 years ago. During the first year, the existing 

experimental set-up was modified to suit the project requirements. This involved 

fabrication of an experimental section with provision for fixing the propellant sample, 

heat flux- gauge and pressure transducer TS.- A photomultiplier tube for sensing the 

ignition was also positioned at a suitable point. A dump chamber was attached to the 

end of the experimental section to absorb the incident shock wave. Orifices of different 

cross section to provide varying convective velocities were fabricated. The shock tube 

was calibrated and the data necessary for obtaining different temperatures, pressures and 

flow velocity were tabulated. During the second year actual experiments on the ignition 

of HTPB-AP-AL propellant supplied by ISRO were started. Ignition delay data 

acquisition for a wide range of temperatures, pressures and flow velocities are currently 

under progress. In order to measure the heat flux gauge developed. Calibration of the 

heat flux gauge is under progress. At the end of current phase of experiments, it is 

hoped that the ignition characteristics of HTPB-AP-AL propellant as a function of 

temperature, pressure and flow velocity can be precisely predicted. 
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INVESTIGA TOR(S) 

 

a) From lIT       Dr. K.A. Bhaskaran, Professor 

 Mechanical Engg 

Dr. Job Kurian, Aerospace Engg 

 

b) Counterpart from ISRO     Dr. B.c. Pillai 

 Head P.H.c. 

 VSSC, Trivandrum 

 

3. STAFF       One Project Associate 

 

4. VALUE       Rs. 4.495 lakhs 

 

5. STARTING DATE      01.01.1993 

 

6. CLOSING DATE      February 1996 

 

7. OBJECTIVES: 

 

The Main Objective of the project is to obtain experimental data using shock tube on ignition process of 

solid propellant of relevance to ISRO (HTPB-AP-AL), when subjected to convective heating. The data of 

interest to VSSC is in particular yariation of ignition delay with temperature (Heat Flux) and convective 

velocity. The programme therefore envisages heat flux and ignition energy measurements as functions of 

temperature and flow velocity. 

 

8. WORK CARRIED OUT: 

 

The experimental investigations on the ignition of metallised propellant has been carried out in a 

3111/5111 shock tube of 7 I mm inside diameter. A test section has been fabricated and used with the shock 

tube so that the ignition of the propellant can be achieved by convective flow of hot gas over the propellant 

kept flush with the interior of jhe test section. The arrival of hot gas at the propellant was detected by a PCB 

pressure transducer fixed close to the propellant in the test section. The ignition was detected by sending the 

light emission on a photomultiplier. The time difference between them was reckoned as ignition delay. 

 

Heat flux to the propellant was measured by heat flux gauges kept in place of the propellant for identical 

test conditions. Thin film platinum gauges were used for the experiment. Attempts to measure the heat flux 

with a ribbon thermocouple is also in progress. 

 
The investigations on the minimum ignition temperature of the propellant under the test conditions 

have been carried out. To investigate ignition temperature Chromel- Alumel thermocouple was 

made use of in such a way that the bead of the thermocouple was embedded just below the propellant surface. 

The ignition temperature can be evaluated from the temperature history recorded by a CRO. The preliminary 

experiments show that the propellant ignites at about 700K. 
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Burning rate prediction in ap/htpb 

propellants with burning rate modifiers 

 

Project No:92-93/021/ASE/ISRO/SKRI 

 

 
INVESTIGATOR(S)    : Dr S KRISHNAN 

  

STAFF     : Rajeshwar Dayal Swami(SPO Gr II)   

P Anbandan (Sr Project Tech) 

 

VALUE     : Rs.4.29 lakhs 

 

STARTING DATE    : 24-0R-92 

 

CLOSING DATE    : 23-08-95 

 

OBJECfIVES : 

 

A priori ability to predict burning rate of composite propellant depends on our knowledge of 

combustion mechanism which is far fr_)(11 complete. The present investigation on ammonium 

perchlorate(AP)/hydrox}' terminated poly-buladine(HTPB) propellant combustion aims at enhancing this 

knowledge level by a systematic study (?n the effect of the following: catalyst particle size, chemical 

composition of copper chromite catalyst, propellant mixing procedurc( e.g. oxidizer-catalyst- binder Vs 

binder-catalyst-oxidiz), and aging. The measurements of burning rate of. paniclc sizc distributions of catalyst 

and oxidizer, and burning surface temperature: and thc results of scanning electron microphotographs of 

extinguished propellants, and chemical thermal and x-ray diffraction analyses of propellant ingrcdicnts arc 

going to be the inputs to the new knowledge. In this study, copper chromite, ferric oxide, lithium fluoridc and 

calcium carbonate are the catalysts to be considered. : The result of the proposed study will improvc our 

ability to reduce the variation in batch to batch ballistic properties of same composition and make us more 

eonfident to answer the question: What is going to be the burning rate of this composit solid propellant 

composition'? 

 

At Catalyst particle size 

 

Fincr catalyst particIs are 'cxpected to get more evenly dispersed in the bindcr matric and to render 

higher catalytic effcctivcndss. No quantitative experimental analysis of this aspect is availabe. A systematic 

study on the effect bf catalyst particl sizc will hclp liS in drawing our specification the catalyst particle size to 

be used in our propellant development. 
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A2 Copper Chromite catalyst (CC) chemical composition 

 

Like Fep_, Copper Chromite catalyst is a very important burning rate enhancer used in the 

propellant industry and.this is not CulCrp_. This catalyst has composition of different oxides o(Cu 

and Cr. and is always characterized by the fraction of Cu and Cr present in the catalyst. These 

two fractions vary from soIJrce to source, and process to process. Two different batches of 

commercially available Copper_Chromite catalyst.J'rom the same source and also satisfying the 

s_ecified fractions of Cu and Cr are fo\jnd to offer different burning rate modilications. Detailed 

study is required to understand this behaviour. 

 

A3 Propellant m'ixing procedure 

 

Presently. the propellant industry f_)lIows binder-catalyst- oxidizer mixing procedure and many a 

times it is questioned What will happen to propellant ballistic properties if a different mixing procedure is 

adopted'! - say catalyst mixed with oxidizer powder for beller now properties and this mix added to the 

binder. No information avairablc on this aspect. 

 

A4 Aging 

 

Aging study on composite propellants is important to characterize the performance of the 

motor at a later date. 

 

WORK CARRIED OUT: 

 

B.l Copper chromite analysis 

 

Three copper ctuomite samples of different batches from same source namc\y sample 1, sample 2 and 

sample 3 were received from SHAR centre reporting different burning rates when added at same 

concentration levels to identify thc most important specification of the CC catalyst so that by more carefully 

controlling that specification the quality of propellant of given composition. The present task is to identify the 

most important sp_cifica_ion of the CC catalyst so that by more carefully controlling; that specification the 

quality of prppellarll on the point of view of its ballistic performance can be improved. Following 

analyses are carried out to chareterise the CC catalyst. 

 

a) Copper and Chromium content through standard analytical procedure, 

 

b) Copper and Chromium content through inductively coupled plasma emission spectroscope, 

 

c) Catalyst partkle size distribution through Laser particle size analyzer, 

 

 

 



43 

 

d) Thermal analyses of catalyst through thermogravimetric analysis (TOA), differential thermal analysis 

(DTAL and differential scanning calorimetry (DSC). 

 

e) The burning rate of the propellants prepared using diITerent CC samples are measured in the low 

pressure (less than} bar) and high pressure (to-60 bar) regimes. 

 

B.2 Preparation of extra coarse ammonium perchlorate propellant 

 

To have a belleI' understanding of the action location of catalyst extra coarse ammonium perchlorate 

(AP of particle size between 500um-1O00um) propellant is prepared. This extra coarse AP propellant when 

extinguished at different pressures and seen through SEM arc expected to give better insight to the 

combustion mechanism. Experiments are yet to be conducted. 

 

B.3 Surface temperatu_e measurement set up 

 

To measure surface temper.lture of the burning propellant line thermocouple technique is to be used. 

Low pressure temperature measurement set up using fine thermo-couple of 50um is made functional and trial 

temperature measurements arc carried out. 

 

 
INVESTIGATOR(S) 

 

(a) From IIT     Prof. S Krishnan 

 

(b) Counterpart from ISRO   Propellant Engineering Division,VSSC 

 

STAFF     a) One Senior Project Officer-II 

b) One Senior Project Technician 

 

VALUE     .Rs.5.19 Lakhs 

 

STARTING DATE    24-08-92 

 

CLOSING DATE    23-08-95 

 

 

OBJECTIVES 

 

In AP/HTPB composite propellants effects of the following on combustion 

characteristics are to be studied. 

 

i)  chemical composition of copper chromite (CC) catalyst 

ii)  propellant mixing procedure, and, 

ii) aging 
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WORK CARRIED OUT 

Following works have been carried out during the current period: 

.i)  copper chromite catalyst analysis 

ii) effect of processing on the burning rate characteristics of CC catalyzed AP/HTPB 

propellants 

iii) mid web anomaly studies of a large SRM grain 

iv) preparation of extra coarse ammonium per chlorate and surface feature studies 

at 20 bars 

v) effect of catalyst on surface temperature of composite solid propellant. 

 

 

INVESTIGA TOR(S) 

 

a) From lIT       DL S. Krishnan Professor 

Dept of Aerospace Engg 

 

b) Counterpart from ISRO     Propellant Engineering 

 Division, VSSc. 

 

VALUE       Rs.5.19Iakhs 

 

STARTING DATE      24.08. I 992 

 

CLOSING DATE      31.03.1996 

 

OBJECTIVES: 

 

In APIHTPB propellants _ftccts of the following on combustion characteristics are to be studied: 

 

i) Chemical composition of copper chromite (CC) catalyst 

 

ii) propellant mixing procedure, and, 

 

iii) ageing 

 

STAFF       One Sr. Project Officer GrII 

 One Sr. Project Technician 

VORK CARRIED OUT: 

 

I. Copper Chromite Catalyst Analysis 
2. Effect of Processing on the Burning Rate Characteristics ofCC catalyzed AP/HTPB  Propellant 

3. Mid Web Anamoly Studies of a Large SRM Grain 

4. Preparation of Extra Coarse Ammonium Perchlorate and surface feature studies at 20 bars 

5. Effect of catalyst on surface temperature of composite solid propellant 

6. Aging studies of catalyzed AP/HTPB propellants 
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Stability or Thin Liquid Sheets 

Formed by Swirl Injectors 

 

Project No. :9394/O22/APMIISOR/MBAL 

 
INVESTIGATORS 

 

(a) From lIT       : Dr. M. Balakrishnan 

 

(b) From ISRO      : Dr; K. Ramamurthy 

 

STAFF       : Mr. Lakshm'an Babu 
 I 

         (Project Ac;sociate) 

 

STARTING DATE      : 20-04-1993 

 

CLOSING DATE      : 19-04-1995 

 

OBJECfIVBES: 

 

Conical and tulip shaped sheets arc formed in the coaxial injectors used for earth storable and 

cryogenic propellent rocket motors. The liquid sheets break up into droplets and the design of the 

nozZles needs to ensure a homogeneous distribution of droplets in the combustion chamber. 

 

The atomization processes. is preceded by wave motion on the liquid sheet. and the instability wave 

motion causes the break-up dnd the subsequent formation or droplets. 

 

The present study is aimed "tthe understan_ing of the mechanism or instability so that one 

can easily control the process of droplets formation to advantnge. The study involves both thoretical 

and experimental investigations. 

 

WORK CARRIED OUT: 

 

1) Experimetal: The expcriamcntal,set-up consists of storing a liquid (water) under pressure and injecting it 

through a swirl nozzle. The liquid shect so produced has to be studied photographically using micro-sec()nd 

nash. 

 

a) The design of the pressure vessel has been complctcd and order has been placed for its fabrication. 

b) Purchases of equipmentsuch as stroboscope. 35mm SLR Camera are in progress. 

c) The injector nozzle design has .been linalised Hnd the design is being tHken up. 
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Theoretical Work' 

 

Literature survey has been completed. 

The problem has been formulated along two lines: 

 

(i) The energy Method 

 

In this mcthod, Ralqigh - Ritz procedure is being used to analyse the wave motion on thc liquid sheet and 

bring our the !:ritcrion for instability. 

 

(ii) The Navier - Stokes equations method 

In this method the unsteady Navier- Stokes equations are used. To begin with viscosity has been neglected 

and thc.unsteady wave motion is analysed for a simple flat liquid external aerodynamic and surface tension 

forces. This problem is being programmed. 

 

 

 

INVESTIGATOR(S): 

 

a) From IIT      Dr. M Balakrishnan 

 

b) Counterpart from ISRO    Dr. K Ramamurthi 

Head, PRS Group 

LPSC Valiamala 

. 

STAFF      Mr. K Sivakumar 

 

Project Associate 

 

VALUE      Rs.5.5 Lakhs 

 

STARTING DATE     20-04-93 

 

CLOSING DATE     19-04-95 

 

OBJECTIVES 

Conical and Tulip shaped liquid sheets are formed in the coaxial injectorss used 

for earth storable and cryogenic propellant rocket motors. The liquid sheets breakup 

into droplets and the design of the nozzles needs to ensure a homogeneous distribution 

of droplets in the combustion chamber. 

The atomization processes is preceded by wave motion on the liquid sheet and 

the instability of wave motion causes the break-up and the subsequent formation of 

droplets. 

The present study is aimed at the understanding of the mechanism of instability 

so that one can easily control the process of droplet formation to advantage. The study 

involves both theoretical and experimental investigations. 
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WORK CARRIED OUT: 

The study of instability of liquid’ sheets consists of two parts, namely experimental 

and theoretical. 

In the experimental investigation thin liquid sheets are produced by means of 

swirl spray nozzles and the instability is studied using microsecond-flash photography. 

The experimental arrangement is shown in Fig (1) schematically. The set up consists of 

(a) spray nozzle for the production of liquid sheets, (b) pressure vessel for storing and 

prepessurising the liquid, (c) a pump for feeding the liquid into the pressure vessel, (d) 

high pressure compressor for pressurising the liquid, (e) a camera for photographing the 
 

liquid sheet using micro-second flash equipment (Stroboscope). 

 

A number of designs have been made for the spray nozzle. Two of these designs 

have been fabricated and are being currently used for the study. 

 

The pressure vessel has been fabricated with a capacity of 500 liters and is being 

used currently. 

 

The liquid sheet produced results in the formation of a cloud of droplets because 

of which close range photography could not be used. Therefore a camera with a zoom 

lens is needed for photographing the liquid sheets from a distance. A camera with zoom 

lens has been imported for this purpose. 

 

The Stroboscope forms an important component for the investigation of the 

instability of a liquid sheet which is essentially a high speed phenomenon. Enquiries 

have been made for procuring a stroboscope suitable for this purpose and it was found 

that the cost ranges from Rs.9 lakhs to Rs.44 lakhs. In view of this it was suggested in 

the earlier review meeting to fabricate the stroboflash unit locally. For this purpose a 

number of organisations were approached and it was decided to fabricate the unit with 

the help of expertise available in the Electrical Engineering Department of this 

Institute. In this connection Mr. N Achuthan, Technical officer, Electrical Engineering 

Department has come forward to associate himself in this project to design and fabricate 

one unit of stroboscope, and all the electronic components have been procured. The 

flash tube which forms the main part of the stroboscope has to be imported. Action has 

been taken for procuring two strobo lamps. 

 

The study also requires measurements of viscosity and surface tension of the 

liquid used for the spray. For this purpose setups have been designed and fabricated. 

The experimental work has been taken in a small measure using available strobo unit 

with a flash duration of a few milli seconds. The liquid sheets formed for different inlet 

pressures have been photographed for observing wave motions on them 

. 

THEORETICAL INVESTIGATIONS 
The theoretical investigations are being made using two methods of approach. 

(1) The perturbation method and 

(2) The Vortex panel method. 
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In both the methods it has been assumed that the liquid sheet is surrounded by 

another medium like air and that the liquid and air are assumed to be non-viscous and 

incompressible. In the perturbation method it is assumed initially that the liquid sheet is 

flat and initial disturbances are created in the form of progressive waves. The growth 

of the progressive waves in the course of time leads to instability of the liquid sheet. 

These methods have been investigated earlier. 

 

In our present attempt the same method has been extended also to conical liquid 

sheets issuing from swirl spray nozzles. In this investigation the perturbation of the liquid sheets are 

expressed in the form of a series of stream functions which depend on time and position. When 

finding the appropriate stream functions satisfying the boundary conditions that the flow is following 

the wave motions and that there is balance of forces at the interface leads to set of equations which 

express the growth of amplitude with respect to time. 

 

The perturbation method of investigation cannot be extended for large amplitude waves. In 

view of this a second approach is simultaneously being considered using vortex panel method. 

 

In the vortex panel method the interface between the liquid and the air is represented as a 

discontinuity surface and it is modeled using a vortex sheet. The vortex sheet is then approximated 

by discrete vortices distributed over the liquid surface. The investigation proceeds by investigating 

the evaluation of vortex sheet in the course of time when the effect of surface tension is also present. 

This method has been formulated and analysis is under progress. 

 

 

INVESTIGATOR(S) 

 

a) From liT       Dr. M. Balakrishnan 

Dept. of Applied Mechanics 

 

b) From ISRO       Dr. K. Ramamurthy 

 Head, PRS Group, 

 LPSC, Valiamala 

 

3. STAFF       One Project Associate 

 

4. VALUE       Rs. 5.5 lakhs 

 

5. STARTING DATE      20.04.1993 

 

6. CLOSING DATE      19.04. 1995 

 

7. OBJECTIVES: 

 

Conical and Tulip shaped liquid sheets are fonned in the coaxial injectors used for earth storable and 

cryogenic propellant rocket motors. The liquid sheets breakup into droplets and the design of the nozzles 

needs to ensure a homogeneous distribution of droplets in the combustion chamber. 
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The atomization process-is preceded by wave motion on the liquid sheet and the instability of wave 

motion causes the break-up and the subsequent formation of droplets. 

 

The present study is aimed at the understanding of the mechanism of instability so that one can easily 

control the process of droplet formation to advantage. The study involves both theoretical and experimental 

investigations. ' 

 

8. WOIU( CARRIED OUT: 

 

The study of instability of liquid sheets consists of two parts, namely experimental and 

theoretical. The investigations are presented separately in the Report. 

 

8.1 Experimental Investigations 

 

In the experimental investigation thin liquid sheets are produced by means of swirl spray nozzles and 

the instability is studied using microsecond-flash photography. The experimental set up consists of (a) spray 

nozzle for the production of liquid sheets, (b) pressure vessel for storing and pressurising the liquid, (c) a 

pump for feeding the liquid into the pressure vessel, (d) high pressure compressor for pressurising the liquid, 

(e) a camera for photographing the liquid sheet using microsecond flash equipment (stroboscope). 

 

A number of designs have been made for the spray nozzle. Two of these designs have been fabricated 

and are being currently used in the study. The pressure vessel has been fabricated with a capacity of 500 litres 

and is being used currently. 

 

The liquid sheet produced results in the formation of a cloud of droplets because of which close range 

photography could not be used. Therefore a camera with a zoom lens has been imported and is being used in 

the photographic study of the liquid sheets. 

 

The Stroboscope forms an important component for the investigation of the instability of a liquid sheet 

which is essentially a high speed phenomenon. Since the cost of this equipment cannot be accommodated 

within the project funds it was decided to fabricate a unit locally. The flash tube however has to be imported 

and steps are being taken to obtain the same. In the mean time an ordinary camera flash has been modified 

and the photographic work is under way. The experimental results are also presented in the Report. 

 

Theoretical Investigations: 

The theoretical investigations are being made using two methods of approach: 

 

(1) The perturbation method and (2) The Vortex panel method 

 

In both the methods it has been assumed that the liquid sheet is surrounded by another medium like air 

and that the liquid and air are assumed to be non-viscous and incompressible. 

In the perturbation method it is assumed ,initially that the liquid sheet is flat and initial disturbances are 

created in the form of progressive wave motions. The growth of the progressive waves in the course of time 

leads to instability of the liquid sheet. These methods have been investigated earlier. In our present attempt 
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the same method have been extended also to conical liquid 

sheets issuing from swirl spray nozzles. In this investigation the perturbation of the liquid sheets are 

expressed in the form of a series of streamfunctions which depend on item and position. When finding the 

appropriate stream functions satisfYing the boundary conditions the flow is following the wave motions and 

that there is balance of forces at the interface leads to a set of equations which express the growth of 

amplitude with respect to time. 

 

The perturbation method of investigation cannot be extended for large amplitude waves. In view of this 

a second approach is simultaneously being pursued using vortex panel method. 

 

In the vortex panel method the interface between the liquid and the air is represented as a 

discontinuity surface and it is modelled using a vortex sheet. The vortex sheet is then approximated by 

discrete vortices distributed over the liquid surface. The investigation proceeds by investigating the evaluation 

of vortex sheet in the course of time when the effect of surface tension is also present. This method has been 

formulated and analysis is under progress. 

 
------------------------------------------------------------------------------------------------------------------------- 
 
.    INVESTIGATORS 

  

       a) From IIT     :       Prof M Balakrishnan 

 

       b) From ISRO                                 :      Dr K Ramamurthi  

                                                                      Head, PRS Group  

                                                                      LPSC, Valiamala 

 

STAFF                              :      Ms Geetha Devi, Proj .Associate 

 

VALUE             :      Rs.5.5 lakhs 

 

STARTING DATE                         :     11.04.1993 

 

CLOSING DATE                          :      31.03.1997 

 

OBJECTIVES                                :     Conical and Tulip Shaped liquid sheets are formed 

                                                                     in the coaxial injectors used for earth storable and         

                                                                     cryogenic propellant rocket motors. The liquid sheets     

                                                                     breakup into droplets and the design of the nozzles  

                                                                     needs to ensure a homogeneous distribution of 

                                                                     droplets in the combustion chamber. 

 

               The atomization process is preceded by wave motion  

                                                                      on the liquid sheet and the instability of wave motion                              

                                                                      issues the break-up and the subsequent formation                           
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                                                                      of droplets. 

 

                                                                The present study is aimed at the understanding of the 

                                                                     mechanism of instability so that one can easily control 

                                                                                    the process of droplet formation to advantage. The 
                                                                     study involves both theoretical and experimental 

                                                                     investigations. 

 

 

WORK CARRIED OUT: 

 

The study of instability of liquid sheets consists of two parts namely, experimental and 

theoretical. 

 

 

Experimental Investigations: 

 

In the experimental investigation thin liquid sheets are produced by means of swirl spray nozzles 

and the instability is studied using micro-flash photography. The experimental arrangement is shown 

schematically in Fig. (1). 

 
 

 

The set up consists of (a) spray nozzle for the production of liquid sheets, (b) pressure vessel for 

storing and pressurising the liquid, (c) a pump for feeding the liquid into the pressure vessel, (d) high 

pressure compressor for pressurising the liquid, (e) camera for photographing the liquid sheets using 

microsecond flash equipment (Stroboscope). 
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The liquid sheets produced for different nozzle injection pressures and for each injection 

pressure the liquid sheet is photographed for different frequencies of the stroboscope by varying the 

frequency systematically for observing wave motions on them. The experiments have to be repeated 

by varying the controlling parameters such as Weber number (surface tension) and Reynollds 

number (viscosity). This is being done by (a) varying the injection pressure, (b) by varying the 

surface tension and (c) by varying the viscosity of the liquid. The surface tension and viscosity are 

varied by adding additives to the water which is used as the liquid for atomisation. 

 

During the flash photography the predominant wave leading to instability of the liquid sheet is 

obtained from which the wave length and frequency of the dominant wave is obtained. The results 

are compared with theoretical predictions. 

 

THEORETICAL INVESTIGATIONS: 

          The theoretical investigations are being made using two methods of approach: 

 

         (1) The control volume method  

         (2) The Vortex panel method. 

 

In both the methods it has been assumed that the liquid sheet is a plane sheet  (2 - dimensional in 

nature) to begin with and is surrounded by another medium like air and that the liquid and air are 

assumed to be non-viscous and incompressible. 

 

In the control volume method an element of the liquid sheet is considered surrounded by a 

control volume. The basic laws of continuity, momentum and energy are then applied to this control 

volume and the governing equations are then obtained. These result in a set of simultaneous 

differential equations for the properties of the liquid sheet. These equations are solved by assuming 

an initial small disturbance on the liquid sheet in the form of a progressive wave motion. The 

solution is then investigated for the wave which will lead to the instability of the liquid sheet when 

the wave number and frequency are varied systematically. The predominant wave obtained in this 

manner is then compared with experimental results. 

 

This method of analysis is also extended to conical liquid sheets. This investigation is under 

progress. 

 

In the vortex panel method the interface between the liquid and the air is represented as a 

discontinuity surface and it is modeled using a vortex sheet. The vortex sheet is then approximated 

by discrete vortices distributed over the liquid surface. The investigation proceeds by investigating 

the evaluation of vortex sheet in the course of time when the effect of surface tension is also present. 

This method has been formulated and analysis is under progress. 
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.    INVESTIGATORS 

 

       From IIT                                    :           Dr. M. Balakrishnan 

                                                                      Department of Applied Mechanics 

 

       From ISRO                                :           Dr. K. Ramamurthi   

                                                                      LPSC, Valiamala. 

 

 VALUE                                      :           Rs. 5.5 Lakhs 

 

STARTING DATE                   :           11-04-1993 

 

CLOSING DATE                     :            30-06-1998 

 

OBJECTIVES                           : 

 

      Conical and Tulip shaped liquid sheets are formed in the coaxial injectors used for earth storable 

and cryogenic propellant rocket motors. The liquid sheets breakup into droplets and the design of the 

nozzles needs to ensure a homogeneous distribution of droplets in the combustion chamber. 

 

The atomization processes is preceded by wave motion on the liquid sheet and the instability of 

wave motion causes the break-up and the subsequent formation of droplets. 

 

The present study is aimed at the understanding of the mechanism of instability so that one can 

easily control the process of droplet formation to advantage. The study involves both theoretical and 

experimental investigation. 

 

STAFF IN POSITION              :         None 

 

WORK CARRIED OUT SO FAR : 

      The study of the instability of the liquid sheet consists of two parts namely, experimental and 

theoretical. 

 

a)  Experimental Investigations 

In the experimental investigation thin sheets are produced by means of swirl spray nozzles and 

the instability is studied using micro-flash photography. The experimental arrangements is shown 

schematically in Fig(1). The set up consists of 

(i) Spray nozzles for the production of liquid sheets,  

(ii) Pressure vessel for storing and pressurizing the liquid,  

                                                                                                                                                  ..............6 

(iii) a pump for feeding the liquid into the pressure vessel,  

(iv) high pressure compressor for pressurizing the liquid, 

(v) camera for photographing the liquid sheets using micro second flash equipment 

     (stroboscope). 
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The liquid sheets produced for different nozzle injection pressures and for each injection 

pressure the liquid sheet is photographed for different frequencies of the stroboscope by varying the 

frequency systematically for observing wave motions on them. The experiments have to be repeated 

by varying the controlling parameters such as weber number (surface tension) and Reynolds number 

(viscosity). This is being done by (i) varying the injection pressure, (ii) by varying the surface 

tension and (iii) by varying the viscosity of the liquid. The surface tension and viscosity are varied 

by adding additives to the water which is used as the liquid for the present study. 

 

During the flash photography the predominant wave leading to instability of the liquid sheet is 

obtained from which the wave length and frequency of the dominant wave is obtained. The 

photographic results are being analyzed and compared with the theoretical predictions. 

 

b)   Theoretical Investigations 

       The theoretical investigations are being made using the control volume approach. 

 

 In this method it has been assumed that the liquid sheet is a plane sheet (2-dimensional in 

nature) to begin with and is surrounded by another medium like air and that they are assumed to be 

non-viscous and incompressible. 

 

In the control volume approach an element of the liquid sheet is considered surrounded by a 

control volume. The basic laws of continuity, momentum and energy are then applied to this control 

volume and the governing equations are then obtained. These result in a set of simultaneous 

differential equations for the properties of the liquid sheet. These equations are solved in two steps: 

 

      (i)   First by assuming the disturbance on the liquid sheet is small in the form of a progressive wave       

             motion and linearising the equation and solving the resulting equation. This solution forms the    

             basis for compassion of the numerical solution to be obtained in the next stage. 

     (ii)  The solution for the general case is then obtained by numerical method. The set of simultaneous    

            equations are then rendered in finite difference form and the resulting simultaneous equations are    

            solved at finite time intervals. 

 

 The above method of investigation is extended for the wave motion on the liquid sheet with 

different frequencies and wave numbers and the wave which will lead to the instability of the liquid 

sheet is then obtained by considering the wave with the highest growth rate. This investigation is 

nearing completion. The effects of air friction, liquid viscosity and variation in liquid sheet thickness 

has been included in the formulation and the effects of these parameters are also being investigated. 

 

This method of analysis is also extended to conical liquid sheets. The governing equations of 

motion have been formulated and the numerical method of solution is under investigation. 

 

Details of the above work and experimental results can be seen in the 'Review Progress Report submitted 

in February 1995'. The following works are in progress: 

I. Surface feature studies of large particle AP propellant extinguished at different above atmospheric 

pressure 

 

2. Effect of catalyst and burning pressure on surface temperature of composite solid propellant. 
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Analysis of now through an Air-Augmented Rocket 
 

Project No:9394ASE023ISROMRAM 

 

 
INVESTIGATORS 

 

(a) From lIT    : Dr. M Ramakrishna 

 

(b) From ISRO   : Mr. J.D.A Suhramanyam 

 

STAFF:    : One'Proj.A'\sodate 

 

VALUE    : Rs.4.40 Lakhs 

 

STARTING DATE   : 20-04-19<J3 

 

CLOSING DATE   : 19-04-1996 

 

 

OBJECTIVES: 

 

One encounters the mixing of two high speed streams in the combustion chamber of an air-augmented 

rocket The primary ,objective of this project is to study now through a petal nozzle and the flow in a mixing 

chamber into which the petal nozzle exhausts. These objectives are tp be met in the following stages. 

 

a) A Navier - Stokes solver to he developed for the now in the petal nozzc1 b) An Euler solver for the mixing 

chamber with a conical nozzle 

c) An Euler solver for the mixing chamber with a petal nozzle 

d) Stage b) with hot now from the nozzle 

e) Stage c) with hot now from the nozzle 

f) Stage e) with heat release in the mixing chamber 

 

The codes are to be validated I.\gainstthe data availahle from the experiments that have already been 

performed 

 

WORK CARRIED OUT 

 

The Navier-Stokes solver for Stage a) is to be developed in two parts. The formulation for the Euler 

solver which comprises the first p,art is complete. The preliminary coding has also been 

completed. The code i_ to be debugged and "exercised" before the viscous terms are added as the 

second part. 
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Using the inherent symmetries in the petal nozzle only a tweIrth of the nozzle is required for the 

computation. This _s converted using an algebraic grid into the 30" segment of a cylinder. The governing 

equations are represented in "polar"coordinates. 

-t--- 
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INVESTIGATOR(S) 

 

(a) From lIT           : Dr. M Ramakrishna 

 

(b) Counterpart from ISRO          :    Dr. J DA Subramanian 

    Project Director . 

ABPP, Dept. of Space, YSSC, Trivandrum 

 

STAFF     Ms. K Kanaka Durga 

 Project Associate 

 

VALUE     Rs. 4.40 lakhs 

 

STARTING DATE    .20-04-93 

 

CLOSING DATE    19-04-96 
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OBJECTIVES 

 

One encounters the mixing of two high speed streams in the combustion chamber on an air-

augmented rocket. The primal objective of this project is to study the flow through a petal nozzle and 

the flow in a mixing chamber into which the petal nozzle exhausts. These objectives are to be met in 

the following stages: 

 

 

". a) A Navier-Stokes solver to be developed to solve the flow in the petal nozzle b) An Euler solver for 

the mixing chamber with a conical nozzle 

c) An Euler solver-for the mixing chamber with a petal nozzle. 

d) Stage b) .with hot flow from the nozzle 

e) Stage c) with hot flow from the nozzle 

f) Stage e) with heat release in the mixing chamber. 

 

The codes ate to be validated against the data avahale from the experiments that have already been 

performed. 

 

WORK CARRIED OUT 

 

The Navier-stokes solver for Stage a is to be developed in two parts. The formulation for the Euler 

solver which comprises the first part is complete. The preliminary coding has also been completed. 

The results of the code are being compared with experimental data. The viscous terms are added as 

the second part. 

 

Using the inherent symmetries in the petal nozzle only a twelfth of the nozzle is required 

for the computation. This is converted using an algebraic grid into the 300 segment of the cylinder. 

The governing equations are represented in polar coordinates. Flow in the mixing chamber has been 

computed for a coarse grid and the axial vortices, predicted to explain experimental data, have been 

captured. 

 

Scoop intake studies have been carried out using a finite volume Runge-Kutta code for the Euler 

equations. 

 

OBERVATIONS 

 

Two codes have been developed and tested. One 3-d Euler code using an implicit finite 

difference scheme and a 2-D Euler code using a finite volume Runge-Kutta scheme have been 

developed. Both of these are to be converted to Navier-Stokes code. The finite volume code also is 

to be converted to a three dimensional code. 
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INVESTIGA TOR(S) 

 

(a) From IIT      M. Ramakrishna 

 Assistant Professor. 

 Dept. of Aerospace Engg 

 I.I.T., Madras 

 

(b) Counterpart from ISRO    J.D.A. Subrahmanyam  

Project Director 

ABPP, Dept. of Space, VSSC  

Trivandrum 

 

STAFF      One Project Associate 

 

VALUE      Rs.4.40 lakhs 

 

STARTING DATE     April 20, 1993 

 

CLOSING DATE     April 19, 1996 

 

OBJECTIVES: 

 

One encounters the mixing of two high speed streams in the combustion chamber of an air-

augmented rocket. . Experimental studies at LI.T. Madras have shown a petal nozzle-mixing chamber 

combination to be very effective in "mixing". It was theorised that the effective mixing was due to large scale 

axial vortices formed in the mixing chamber. The primary objective of this project is to study the flow 

through a petal nozzle and the flow in a mixing chamber into which the petal nozzle exhausts. Flow through 

scoop intakes is also being computed. These objectives are to be met in the following stages: 

 

a) An Euler solver to be developed to solve the flow in the petal nozzle 

 

b) An Euler solver for the mixing chamber with a petal nozzle 

 

c) Flow through a scoop intake generic geometry 

 

d) Flow through a scoop intake with geometry specified by ISRO. 

 

. WORK CARRIED OUT: 

 
The flow in the mixing chamber is analysed in two steps. At first, the flow through the n07.zle is 

computed and then the mixing of this flow with a secondary stream is computed. A three 

dimensional Euler solver is developed using a time split MacCormack method. The code is tested for 

a conical nozzle and then the flow through a petal nozzle is computed. 
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Using the inherent symmetries in the petal nozzle, a twelfth of the nozzle is considered for 

corr..putation. This is converted into a thirty degree segment of a cylinder using an algebraic grid. 

The governing equations are solved in the transformed "polar" co-ordinate system. 

 

The preliminary computations on the mixing chamber are performed with a three dimensional 

Euler solver using an implicit LO approximate factorization scheme [ ref I]. The experimental 

studies on the mixing chamber and petal nozzle' conjectured that the enhancement in mixing is due 

to axial present in the flow. These vortices are captured using the Euler solver. The grid size used 

here is 6X6X7. This encouraging result led to the development of explicit schemes that could handle 

larger number of grids on the computational equipment available for the study. 

 

The flow in the mixing chamber is computed using the three dimensional Euler equations 

employing the time-split MacCormack scheme. On the basis of the available experimental date, the 

ratio ofIength to diameter of the mixing chamber is assumed to be 4.5. The code is run for various 

grid sizes IOXIOXIO, 20X20X20 and 30X30X30. The strength of the vorticity at any axial location 

is calculated using Green's Theorem and a comparison is made for all the above three cases. There is 

very little difference between the solution of the finest grid (30X30X30) and its immediate coarse 

grid (20X20X20). It is found that, the finer the grid, the lesser the vorticity strength variation. From 

the error plots, it can be seen that the convergence rate for the 30X30X30 grid is very slow. 

Therefore, a grid size of20X20X20 is sufficient for any further computations requiring an estimate 

on the strength of the vorticity. . 

 

The effect of number of lobes on the mixing is also studied based on the vorticity strength. The 

mixing chamber computations are performed with petal nozzles having different number of lobes. 

Nozzles with four, six and eight number of lobes are considered for this purpose. A comparison of 

vorticity strength and total pressure losses reveals that nozzles with six number of lobes gives 

mixing better than four and eight lobed nozzles with minimum total pressure losses. 

 

The air augmented rocket has a scoop intake leading into the mixing chamber. This is analysed 

using a two dimensional Euler solver based on a finite volume scheme with Runge-Kutta integration 

in the time direction [ref2]. Validation runs are made on an intake geometry that is given by ISRO. 

 

Some figures are included in the appendix.. 

9. Work to be carried out: The code developed has to be documented and given to the ISRO. 

 

10. References: 

 

1.  T.Mahidhar, Development of a Three Dimensional Euler Solver for Flow Through a Mixing 

Chamber, B.Tech. Project Report, Department of Aerospace Engineering, 1.I.T, Madras, May. 1994. 

 

2) V.Srinivasa Raghavan, Finite Volume Solution of the Two-Dimensional Euler Equations on an 

Unstructured Triangular Grid, M.Tech. Project Report, Department of Aerospace Engg.  

I.I.T.Madras, January, 1994. 

 

3) K.K.Durga, Computational Analysis of Mixing of Two High Spees Streams, M.S.Thesis,   December. 1995 
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Nozzle flow with Secondary injection ( Phase II) 
 

Project No:9394ASE024ISROTKBO 
 
 

INVESTIGATOR(S) 

 

a) From lIT     Dr. T K Bose 

 

b) Counterpart from ISRO   Dr. B C Pillai/Dr. R Balu 

HTCR Section, YSSC, Trivandrum 

JSTAFF      Mr. R Dhinagaran, Senior Project Officer II 

 

VALUE      Rs.5.00 Lakhs 

 

STARTING DATE     20-04-93 

 

CLOSING DATE     19-04-94 

 

OBJECTIVES: 

 

To study the flow and heat transfer in a rocket nozzle with secondary fluid injection. The 

work has been carried out in two phases. 

 

WORK CARRIED OUT: 

 

Phase I 

 

Development of a 2D/3D Navier-Stokes code with an algebraic model for turbulence and its 

extensive validation. 

 

Phase II 

 

Development of a 2D code for the analysis of liquid injection into a supersonic nozzle, using 

an Euclidian approach. 
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Testing of Ramjet Combustors 

 

Project No:9394ASE025ISROJOBK 

 
(a) From liT     : Dr. Job Kurian 

Dept. of Aerospace Engg. 

 Prof. V Srceramulu 

Dept. of Mechanical Engg. 

 

(b) From ISRO    : Mr. J.D.A Subramanyam Project Dircctor 

ABPP. YSSC. Trivandrum 

 

STAFF     : Project Technician 

 

: Ms. Soma Mecnakshi 

VALUE STARTING DATE   : Rs.1.55 Lakhs 

 

:. 15-04-1993 

STARTING DATE 
 

CLOSING DATE     : 14-04-1994 

 

OBJECfIVES 

 
 

'" 

The main objective of the project is to test and develop a combustion chambcr for the Ramjet 

 engin_ to be developed by VSSc. 

 

WORK CARRIED OUT: 

 

The design details of annular 'Combustor is finalized and its fabrication is being carried out by VSSC 

now. 

The combustion tcst facility in Gas Dynamics Lab is being modified to s_it the combustor. A holder 

[or temperature probes is designed and fabricated. The holder has facility for accommodating eight probes at 

different annular locations. 
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INVESTIGA TORS 

 

a) From lIT      Dr. Job Kurian  

Prof. Y Sriramulu 

 

b) Counterpart from ISRO    Mr. JDA Subramanyam  

Project Director 

ABPP, YSSC, Trivandrum 

 

STAFF      Mr. Ramesh Kumar 

 Project Associate 

 

VALUE      Rs.l.55 Lakhs 

 
 

 

age No..27 

 

STARTING DATE     01-04-93 

 

CLOSING DATE     31-03-95 

 

OBJECTIVES 

 

The main objective of the project is to test and develop a combustion chamber for the 

Ramjet_e!1visaged to be developed by YSSC. 

 

WORK CARRIED OUT 

 

Two combustors supplied by ISRO were tested. Experiments were conducted to determine 

combustion efficiency, pressure drop and flame stability limits of the combustor for inlet mach 

numbers up to 0.2. combustion efficiency was found to be about 90% and pressure drop less then 

10% of inlet pressure. 
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Development of a software for 

spacecraft thermal analysis using 

the   finite element method 
 
 

PR OJECT N0 :9394 MEEO26ISR 0 KNSE 

 

 
INVESTIGATOR(S) 

 

(a) From lIT       Prof. K N Seetharamu 

Dr. T  Sundararajan 

Prof. P A Aswatha Narayana 

 

(b) Counterpart from ISRO     Mr. H Narayana Murthy  

 Dr. K Badrinarayana 

 

STAFE                                                                                    Shri K Y Prashanth Project Associate  

 Mrs.Godha Project Technician 

 

VALUE       Rs.4.92 Lakhs 

 

STARTING DATE      01-04-94 

 

CLOSING DATE      31-03-97 

 

OBJECTIVES 

 
 

The objective of the present project is to develop the conduction radiation code for thermal 

analysis of spacecrafts based on finite element method. 

 

WORK CARRIED OUT 

 

During the first phase of _he Project Prof. K N Seetharamu, Principal Investigator, lIT 

Madras deliver_d a series of lectyres to Engineers of TSG covering the- fundamentals of EFM 

technique for heat transfer analysis for conduction and radiation. The two dimensional conduction 

code is ready for use. 

 

 

 

 

 

 

 

 



65 

 

 

 

. INVESTIGATORS 

 

(a) From IIT     Prof K N Seetharamu 

Prof l' Sundararajan 

Prof P A Aswatha Narayana 

 

(b) Counterpart from (ISRO)   Mr H Narayana Murthy 

 Dr K Badrinarayana 

 Mr S Ganesan 

Mr S Gomathi Thai 

 

VALUE     Rs. 4.92 laksh 

 

. STARTING DATE    1.4.1994 

 

CLOSING DATE    31.3.1997 

 

OBJECTIVES 

 

The objective of the present project is to develop the conduction radiation code for thermal analysis of 

spacecraft based on finite element method. 

 

STAFF IN POSITION   One Project Officer 

                                      One Project Technician  

WORK CARRIED OUT SO FAR: 

 

During the first phase of the project ProfK N Seetharamu Principal Investigator, Ill' Madras delivered 

a series of lectures to Engineers of TSG covering the fundamentals of FEM technique for heat transfer 

analysis for conduction and radiation. The two dimensional conduction code is modified 

to take into account the variable thickness so that it can be used to optimize the thickness of the participating 

plates. The conduction code has been tested for several cases as indicated in the report. The radiation model in 

the two dimensional enclosure is ready and has to be clubbed with the conduction. 

 
 

 
INVESTIGATORS  

 

       a) From IIT :     Prof K N Seetharamu  

                                                                  Prof T Sundararajan  

                                                                  Prof P A Aswatha Narayana 

 

      b) From ISRO :   Mr H Narayana Murthy  

                                                                  Dr K Badrinarayana  

                                                                  Mr S Ganesan 

                                                                  Ms S Gomathi Thai 
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.  STAFF                                           :    B S V P Patnaik, PAO 

 

VALUE                                            :       Rs.4.92 lakhs 

 

STARTING DATE                        :        01.04.1994 

 

CLOSING  DATE                         :        31.03.1997 

 

OBJECTIVES                                :       The objective of the present project is to develop the                 

                                                                          conduction radiation code for thermal analysis of   

                                                                          spacecraft based on finite element method 

 

WORK CARRIED OUT SO FAR 

 
The conduction problems with radiative boundary condition is of great importance in systems such 

as a spacecraft, where very high temperatures are encountered. The traditional methods available 

have certain drawbacks of becoming inaccurate or inefficient for such large systems. Hence there is 

a need to develop efficient algorithms for both specular and diffuse surfaces. An outline of various 

conduction - radiation interaction problems is given in Kuppurao and Derby(1) 

 

The governing equation for radiation is an integral equation relating the heat flux and temperature 

(2). Various solution methods have been adopted for the radiative integral equation. The simplest is 

the isothermal constant heat flux method proposed by Sparrow and Cess (2). However, the literature 

has not received much attention for the cases of specularly diffuse surfaces. In the present work, 

efficient methods are developed for the case of specular-diffuse surfaces without any non-

convergence problems experienced by others. Different numerical schemes are compared in the case 

of 2-d enclosures. An attempt to extend the same for three dimensions is under progress. 

 

The solution of radiative integral equation is obtained for the problem of a triangular enclosure by 

five methods viz. isothermal constant heat flux method. constant heat flux method, sub domain 

method, linear finite element method and by a Swartz- Wendroff approximation procedure. In this 

problem, one of the surfaces is specular, having both specular and diffuse components of reflectivity. 

 

The integration in ζj is carried out by an adaptive step Runge-Kutta method. This is due to the fact that 

smaller steps are required close to an edge. As a result, methods like Simpson rule are inefficient and 

inaccurate. Quadrature methods are also inaccurate as the function is not analytic. One method of resolving 

this would be to make a transformation from ζj  to dθ where θ is the angle made by the line joining the points 

corresponding to ζi and ζj  with the normal at ζi . This approach has been adopted by Kuppurao and Derby [1] 

for 3-D enclosure. Where the angle becomes a solid angle. This method of integrating in θ domain for the 

case of specular surfaces poses difficulties. While the integration along length is much simpler. After 

integrating ζj  in the resulting function can be easily integrated in ζj  using the Gaussian quadrature method. 

This combination is the most accurate and the most efficient of all the methods. The normalized view factors 

Fij / Lj is presented in the following Table. The exact normalized view factor is calculated in Hotel's Cross 

string method. The view factors presented correspond to a severe case, where the two surfaces form an edge. 

It can be seen that the numerical view factors are accurate to eight digits. 
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      VIEW FACTOR (PRESENT)                   VIEW FACTOR (CROSS STRING METHOD) 

       2.88442114901504265                                                    2.88442111582575222      

       2.24698645256174290                                                    2.24698649015794771 

       2.02040507684094672                                                    2.02040507197404695 

                                                                                               

 

 

INVESTIGATORS 

 

     From IIT                                     :     Dr. K.N. Seetharamu 

                                                               Department of Mechanical Engineering 

 

                                                               Dr. T. Sundararajan 

                                                               Department of Mechanical Engineering 

 

                                                               Dr. P.A. Aswatha Narayana  

                                                               Department of Applied Mechanics 

 

     From ISRO                                  :    Mr. H. Narayana Murthy  

                                                               Dr. K. Badrinarayana  

                                                               Mr. S. Ganesan 

                                                               Ms. S. Gomathi Thai 

 

VALUE                                         :   Rs. 4.92 lakhs 

 

  

STARTING DATE                      :    01-04-1994 

 

CLOSING DATE                        :    31-03-1998 

 

OBJECTIVES                             :    The Objective of the project is  

                                                                  to develop a conduction radiation code  

                                                                  for the thermal analysis of a spacecraft  

                                                                  based on finite element method. 

 

STAFF IN POSITION                :    Mr. BSVP Patnaik  

                                                                  Project Associate 

 

WORK CARRIED OUT SO FOR 

       In the present work, efficient methods have been developed for the case of specular diffuse 

surfaces with good convergence properties. Different numerical schemes have been developed and 

compared in the case of 2-d enclosures. The solution of radiative integral equation has been obtained 

for the problem of a triangular and square enclosure by five methods viz. isothermal constant heat 

flux method, constant heat flux method, sub domain method, linear finite element method and by a 

Swartz-Wendroff approximation procedure.  



68 

 

 

 

 

In this problem, one of the surfaces is partially specular, having both specular and diffuse 

components of reflectivity. 

 

In order to perform heat balance between the radiating surfaces in an enclosure, it is necessary to 

obtain the view factors between the various surfaces. For two dimensional geometries, the most 

efficient method to calculate view factor is the Hottels cross string method. However, this method 

can not be generalized to 3-D configurations. In order to develop a generalized scheme and code, 

view factor calculation procedure based on Gaussian quadrature has been attempted. 

 

The normalized view factors Fij/Lj for the 2-D triangular enclosure with a specular surface, show 

excellent agreement with the exact normalized view factors calculated by the Hottel's cross string 

method. The corresponding heat flux calculations by the five different methods outlined above, 

indicate that the finite element method is the most convenient and accurate procedure for such 

radiative heat transfer problems. The radiative heat transfer calculations inside the enclosure has 

been further extended to include heat conduction through solid for I-D geometries. 

 

      A procedure to calculate the geometric view factors has been developed for any two 3-D surface. 

Two independent triangular meshes are generated for both surfaces. The configuration factor is 

calculated for each element of surface 1 with respect to every other element of surface. 
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Preliminary Design Study of a Hypersonic 

Airbreathing Flying Test Bed 
 

PR OJECTN 0 :9394ASE028ISR OSKRI 

 
INVESTIGATOR(S)                                 Head of the Department and all Faculty Members of the                          

                Department 

 

STAFF     None ( Only part time employed B. Tech. Students) 

 

VALUE     Rs.3.8 Lakhs 

 

STARTING DATE    01-04-94 

 

CLOSING DATE    31-03-95 

 

OBJ ECTIVES 

 

The present project is the phase Zero of a long term project for the Development of a 

Resuable Air Breathing Hypersonic Flying Test Bed. 

The Objective of the Phase Zero are:         

 

i)      Preliminary weight estimation 

 

ii) Selection of the vehicle configuration including power plant integration 

 

 

iii) Preliminary vehicle and power plant sizing 

 

iv) Preliminary performance and trajectory ca1cul_tions 

 

v) Sensitivity analysis of major design parameters 

 

vi) Identification of software package and development! acquisition methodology 

 

vii) Documentation and review 

 

WORK CARRIED OUT 

 

Following preliminary studies were carried out: 

 

i) After considering a few cases, a possible trajectory has been identified for fu ther 

optimization 
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ii) Weights of fuel and engine have been estimated for 

 

(a) the prescribed pay load (150 kg) and its density (500 kglm3) 

 

(b) a possible trajectory, and 

 

(c) tentative combined cycle engine (Rocket-ramjet) 

 

iii) For the liquid propellant rocket and subsonic combustion ram-jet the sizing of the engine has 

been carried out. This study also included arriving under body shape to give desired shock 

pattern. 

 

iv) Engine is located tentatively under the rear fuselage. 

 

v) Rubber engine analysis for ram-jet has been carried out which has given input to item (ii) 

above. 
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Hydrogen combustion in supersonic flows 

 

PROJECTNO: 9394MEEO29ISROUSPS 

 
INVESTIGATORS 

 

a)From lIT        Prof. U S P Shet   

         Dr. T Sundararajan 

b) Counterpart from ISRO  Mr. J D A Subramanyam Project 

Director, ABPP YSSC- 

Trivandrum 

STAFE 

Mr. B Subramanian Senior   

ProjectOfficer - II 
VALUE        Rs.5.60 Lakhs 

 

STARTING DATE       01-04-94 

 

CLOSING DATE       31-03-96 

 

OBJECTIVES 

 

The aim of the project is to study hydrogen combustion in supersonic flows. The first part of 

the study deals with hydrogen-jet combustion initially in low Mach number air stream and then at 

supersonic flows. The other major component of the study is to develop image processing technique 

as a diagnostic tool to assess quality of hydrogen combustion in supersonic flows. 

 

WORK CARRIED OUT 

 

1.  A burner facility has been developed in the Laboratory for the study of flame stabilization of 

hydrogen jet ( 2mm diameter) at low speeds. 

2.  A schlieren optical bench is arranged for the study of GH2 air combustion using the optical 

components ( schlieren mirrors, mountings etc.,) from the project funds 

 

3.  TiCI4 tracer-gas-injection facility required for image processing studies is being designed 

 

4.  The Image-Processing equipment ( Benchmark Model) is being commissioned 

 

5.  Extensive literature survey on the state-of-the-art topics viz., jet-mixing, flamestabilization 

and hydrogen combustion in supersonic flows is being carried out. 

 

6. .  The technique of image-processing as a diagnostic tool for assessing the quality of hydrogen 

combustion is being tested in low speed flows. 
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INVESTIGA TOR(S) 

 

a) From Ill'      Dr. V.S.P. Shet, Professor  

Dr. T. Sundararajan, Professor 

 Dept. of Mechanical Engg. 

 

b) Counter part from ISRO    Mr. J.D.A. Subramanyam  

Project Director, ABPP  

VSSC- Trivandrurn 

 

VALUE      Rs. 5.6611akhs + Rs. 81,000/ 

 

STARTING DATE     01.04.1994 

 

CLOSING DATE     31.03.1996 

 

. OBJECTIVES: 

 

The overall aim of the project is to investigate fuel injection, mixing and combustion of GH2 

in supersonic air stream. The study includes: 

 

a) simulation of fuel-injection using helium in place of hydrogen in supersonic air stream over a backward - 

facing-step for obtaining data on the mixing characteristics of fuel air strearns. 

 

b) hydrogen-jet combustion in subsonic air-stream. 

 

c) use of TiCI4 as an aid to flame visualization and application of image processing technique as a 

diagnostic tool to assess quality of hydrogen combustion. 

 

STAFF      One Sr.Project Officer-Gr.lI 

 

'WORK CARRIED OUT: 

 

I. A burner facility has been developed in the Laboratory for the studies of GH_-jet flames in co-

flowing subsonic air streams. The diffusion jet flames have been visualized by schlieren technique as well as 

by CCO camera. 

 

2: The Image-Processing equipment (Benchmark Model) has been tested for automatic 

image-capturing and analysis.  

 

3. TiCI4 tracer-gas-injection facility required for quantification of hydrogen - air combustion is under 

fabrication. ' 

 

4. A supersonic test facility for th_ study of helium injection/mixing is under fabrication. This facility 

will be utilized for the visualization of jet-mixing characteristics using Image Processing technique. 
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.     INVESTIGATORS 

 

        a) From IIT                                :        Prof U S P Shet  

                                                                    Prof T Sundararajan 

 

        b) From ISRO :       Dr J D A Subramanyam  

                                                                    Project Director, ABPP  

                                                                    VSSC - Trivandrum . 

 

 3.    STAFF                                        :      Mr B Subramanian, SPO II 

 

 4.   VALUE                                        :      Rs.6.94Iakhs 

 

 5.   STARTING DATE                     :      01.04.1994 

 

 6.   CLOSING DATE                        :     31.03.1997 

 

 7.    OBJECTIVES                            : 

 

        The aim of the project is to study hydrogen combustion in supersonic flows. The first part of the 

study deals with hydrogen-jet combustion initially in a low Mach number air stream. The project 

also focusses attention on the mixing characteristics of hydrogen in supersonic flow in the two 

conventional modes, viz; parallel and transverse injection. Towards this end, the major thrust is on 

the fabrication of 2-D supersonic test facility for flow-visualization and the use of an image-

processing equipment as a diagnostic tool. 

 

The progress of hydrogen fuel jet-mixing in the midst of complex shock-flow pattern is 

visualized by a schlieren optical bench. A CCD camera is used to capture the flow field information 

(density gradients) for further analysis by the image-processor. 

 

The above visualization technique is also proposed to be extended for assessing the quality of 

hydrogen combustion in supersonic flows. 

 

8. WORK CARRIED OUT SO FAR 

1.       The hydrogen jet flame obtained in sub-sonic flow was captured directly by the CCD camera. 

The image-processing technique was employed to demarcate the flame boundaries clearly for 

combustion in diffusion mode. Figure 1 shows the Image-Processing equipment (Benchmark Model) 

employed in the present work. 

 
FIG. I.  IMAGE   PROCESSING  EQUIPMENT 
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2.      The work on TiCl4 tracer-gas-injection as an aid to flow visualization was discontinued after 

some preliminary experiments. This technique needs a more sophisticated and expensive handling 

system, the chemical being highly toxic which reacts violently with water-vapour. 

 

3.       The major fabrication work of the Supersonic Air-Flow facility, see Fig.2 has been completed. 

The 2D test-section, with strut-injection configuration is shown in Fig.3. Experimental work on flow 

visualization with parallel/and transverse fuel injection in the 2D channel at M=1.8 are being carried 

out. 

 

  
 
4.     The results viz., flow-field visualization data obtained in jet-mixing studies with the CCD 

camera and the corresponding data analysis by the image-processing equipment will be presented in 

the closure report. 
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Development of Solid Fuel and Combustion 

Chamber Systems for Hybrid Rocket Motor 

 
Project No.9495ASE030ISROSKRI 

 
. INVESTIGATOR(S) 

 

a) From lIT      Dr. S. Krishnan' Professor, 

Dept. of Aerospace Engg 

 

b) Counterpart from ISRO    Smt. Lalitha Ramachandran  

Scientist SG, LPSC 

 Valiamala, Trivandrum. 

 

. VALUE      Rs. 5.70 lakhs 

 

STARTING DATE     02.01.1995 

 

CLOSING DATE     31.12.1997 

 

OBJECTIVES: 

 
I. Develop a suitable HTPB/PS based solid fuel for hybrid rocket propulsion; possibility of 

adding metal powder to this fuel (aluminium, magnesium, or magnalium) is to be looked into. 

 
 

2. Choosing gaseous oxygen as the oxidizer and varying fuel oxidizer ratio, and combustion chamber 

length and pressure, conduct combustion experiments in a suitably designed hybrid rocket motor; by the 

measurement of oxidizer mass flow rate, pressures, combustion chamber temperature, and thrust and evaluate 

engine characteristic parameters and combustion efficiency; arrive at optimum combustion chamber 

configuration and associated design data. 

 

. STAFF     One Sr. Project Officer Gr.Il and one Sr. Project  

Technician 

 

WORK CARRIED OUT: 

 

A hybrid rocket motor experimental test facility was designed, Fig.l and fabrication will be completed by 

the end of December 1995. Four subsqlle hybrid rocket motors were fabricated, Fig.2 and they were handed 

over to PED, VSSC Trivandrurn to fill with insulator and fuel grain. The grain dimensions are: 

 

i) Length = 250mm, id = 12mm and od = 48mm and 

 ii) Length = 400mm, id = 20mm and od = 48mm. 
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The pyrogen type igniter was designed by the Igniter and Pyrotechnic Division (IPD), VSSC and it will be 

ready by the end of December. The igniter specifications are given below. 

 

L Mass flow rate   = 6.5 g/s 

 

2. Igniter Propellant bum rate  - 3.5. mm/s at 40 ksc 

 

3. Flame temperature   = 2050 K 

 

4. Igniter maximum pressure  = 80 ksc 

 

5. Operating time   , = 4 s 

 

As the zero phase, four uninstrumented tests will be conducted, two with 12mm port and other two with 

20mm port. After proving the system, 18 tests will be carried out to study the effect of oxidizer mass flux, 

oxidizer-fuel ratio, and port diameter on regression rate. 

 

A code was developed to predict the int_mal ballistic performance of hybrid test motor. This code 

calculates the oxidizer mass flux, equivalence ratio, chamber pressure, and thrust Vs time for a given burning 

rate law and motor dimensions. In order to calculate the instantaneous regression rate from experimental data 

a second code was also developed. The inputs for this code are the measured oxidizer mass flux, chamber 

pressure, and thrust respect to time; and grain dimensions before and after the experiment. 

 
------------------------------------------------------------------------------------------------------------------------- 
 
 
INVESTIGATORS 

 

        a) From Lit                                   :           Prof S Krishnan 

 

        b) From ISRO                              :            Smt Lalitha Ramachandran  

                                                                          Dy. Division Head  

                                                                          Cryogenic Division  

                                                                           LPSC, Valiamala  

                                                                           Trivandrum 

 

STAFF                                          :            a) Mr Philmon George, SPO.II  

                                                                           b) Mr G Hari Babu, PTN 

 

VALUE                                          :           Rs.5.70 lakhs 

 

STARTING DATE                        :          02.01.1995 

 

CLOSING DATE                           :          01.01.1998 
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OBJECTIVES                                 : 

 

i)    Develop a suitable hydroxy terminated polybutadiene (HTPB) based solid fuel for hybrid rocket 

propulsion; possibility of adding a metal powder (aluminium) to this fuel is to be looked into. 

 

ii) Choosing gaseous oxygen as the oxidizer and varying the fuel-oxidizer ratio, the 

combustion chamber length, and the pressure conduct combustion experiments in a 

suitably designed hybrid rocket motor. By the measurement of oxidizer mass flow rate, 

pressures, and thrust evaluate engine characteristic parameters and combustion 

efficiency. Thus arrive at an optimum combustion chamber configuration and associated 

design data. 

 

WORK CARRIED OUT SO FAR 

 

  Rocket propulsion system in which one of the two propellants (oxidizer or fuel) is in liquid phase 

and the other is in solid phase is called hybrid rocket, motor. However, the combination of a fuel in 

solid phase and an oxidizer in liquid phase is the most common one. Despite the various advantages 

of the hybrid rocket motor - safety and reliability, stop-start capability, environmental friendly, and 

thrust modulation capability - the low regression rate of solid fuel is the basic disadvantage in its 

application. Considering this and also to aid in the development of large scale hybrid motor, an 

experimental research has been initiated at the Indian Institute of Technology (Chennai). The 

objectives are 1) to enhance our understanding of the boundary layer combustion processes in hybrid 

motors and 2) to develop solid fuel grains with enhanced regression rate. For this research, a high-

pressure hybrid-motor test facility has been designed and successfully operated. The ability to carry 

out test under high oxidizer mass fluxes ( 600 kg/m
2
s) and high chamber pressures ( 40 bar).are 

the specialties of this facility. The adopted fuel and oxidizer are hydroxyl terminated polybutadiene 

(HTPB) and gaseous oxygen. Sixteen tests have been carried out so far with grains of two different 

port diameters (12 & 20 mm) and two different compositions (HTPB with 7.5% ammonium 

perchlorate (AP) and HTPB alone). Test results indicate that the fuel regression rate can be enhanced 

up to 40% by the addition of AP into the grain composition and by reducing the grain port diameter. 

With a view to further enhance the fuel regression rate, additional tests are planned to investigate the 

effect of port length, combustion pressure, and aluminium powder and catalyst addition. Many 

already existing laboratory-facilities are being used for the present project. 

 

 

INVESTIGATORS  

          

      From IIT                                         :         Dr. S. Krishnan 

                                                                        Dept. of Aerospace Engineering. 

 

      From ISRO                                     :         Mr. P.M. Varkey  

                                                                        VSSC, Trivandrum 

 

. VALUE                                            :        Rs. 7.25 lakhs 

 

STARTING DATE                         :        02-01-1995 
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CLOSING DATE                           :        30-06-1998 

 

OBJECTIVES 

 

      (i)  Develop a suitable hydroxyl terminated polybutadiene (HTPB) based solid fuel for hybrid rocket    

            propulsion; possibility of adding a metal powder (aluminium) to this fuel is to be looked into. 

 

     (ii)  Choosing gaseous oxygen as the oxidizer and varying the fuel oxidizer ratio, the combustion 

chamber length and the pressure, conduct combustion experiments in a suitably designed hybrid 

rocket motor. By the measurement of oxidizer mass flow rate, pressures and thrust evaluate engine 

characteristic parameters and combustion efficiency. Thus arrive at an optimum combustion 

chamber configuration and associated design data. 

 

. STAFF IN POSITION                  :         Mr. Philmon George  

                                                                       Sr. Project Officer Gr. II 

 

                                                                       Mr. G. Hari Babu  

                                                                       Project Technician 

 

WORK CARRIED OUT SO FAR: 

 

Experimental Set-up and Procedure 

A high pressure hybrid rocket motor test facility has been designed and assembled at IIT(M). 

Fig.1 The fuel used in this study is of a composition containing mainly HTPB, Table 1. All fuel 

grains are prepared at the Propellant Engineering Division. VSSC, Trivandrum. The oxidizer used is 

gaseous oxygen (GOX). The experimental motor assembly is shown in Fig.2.   Further details of this 

test facility and other experimental procedure are explained in the earlier progress report. Also 

parameters varied for this study are detailed in Table 1. A pyrogen type                                                                                                                                          
igniter designed by the Igniter and Pyrotechnic Division (IPD), VSSC, Trivandrum is used for combustion 

initiation. 

The test measurements are pressures (upstream and downstream of sonic nozzle, and at aft combustion-

chamber and pyrogen igniter); and thrust. All the signals from strain gauge type pressure and thrust 

transducers are recorded in a computer using a data acquisition system. The other measurements are fuel 

density, ambient temperature, initial and final nozzle throat diameter, and initial and final fuel grain masses. 

For each test the desired constant oxidizer mass flow rate is obtained by choosing an appropriate sonic nozzle 

throat and a throat-upstream-pressure. A hybrid rocket motor code has been developed to calculate the fuel 

regression rate and other performance parameters such as oxidizer mass flux, specific impulse, oxidizer fuel 

ratio, and port diameter as functions of time. The inputs to this code are the experimentally measured values 

of upstream pressure of sonic-nozzle, igniter pressure, aft combustion-chamber pressure, and thrust. 

 

Table 1. Experimental Parameters 

 

 Fuel  1. HTPB:C:TMP:TDI = 81.63:0.82:4:08:13.47 

 composition  2. HTPB:C:TMP:TDI:AP = 75.47:0.76:3.77:12.45:7.55 

  3. HTPB:C:TMP:TDI:Al = 65.57:0.66:3.28:10.82:19.67 

  4. HTPB:C:TMP:TDI:AP:Al = 61.54:0.62:3.08:10.15:6.15:18.46 
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 Grain geometry  length * initial port diameter 

 Fuel OD =  1. 250 * 12 mm 

 46.4 mm  2. 250 * 20 mm 

  3. 400 * 12 mm 

  4. 400 * 20 mm 

 Initial steady  1. 20 bar 

 state pressure  2. 30 bar 

 
Al      -      aluminum powder              HTPB    -     hydroxyl terminated polybutadiene 

AP    -       ammonium perchlorate      TDI       -     toluene di-isocyanate 

C        -       carbon black powder         TMP      -     trimethylol propane 

 

Important Results 

 

The important results based on the forty tests carried out in the study are summarized below. 

 

1.   At a lower pressure, the regression rate of grains with AP is more oxidizer mass flux dependent  

      ( r  G
0.81

) than the non-AP grains ( r  G 
0.55

). 

 

 . 

2.   At same oxidizer mass flux condition, the grain with a smaller initial port diameter has a 

 higher regression rate than the one with a larger initial port. This grain diameter effect on 

 regression rate enhancement is the most predominant one. 

 

3 The local time averaged regression rate increases along the grain port. This increase for the 

 grain with a smaller initial port diameter is less than that for the one with a larger 

initial port. 

 

      4.   The grains with different lengths operating in fuel-leaner stoichiometric condition have the same     

             time average regression rate; but the grains operating in fuel-rich condition have a lower average         

             regression rate. This is argued to be due to reduced heat transfer conditions from the core gas to    

             the wall after certain fuel grain length by which the available oxygen is exhausted. 

 

5.    The fuel regression rate is essentially independent of pressure (20 - 30 bar). 

 

6.   The regression rate of the aluminized grains is more oxidizer mass flux dependent ( r  G
0.9

)     

       than the non-aluminized ones (r  G
0.55

) 

 

Conclusions 

 

Through the present systematic study, effective methods of enhancing the regression rate of 

hybrid fuel have been found. Due to these, regression rate could be enhanced to 3 mm/s from the 

basic value of 1.3 mm/s at 250 kg/m
2
s.  At 500 kg/m

2
s, this enhancement is expected to be about 4 

times. 
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Studies on Plume Flows and Plume Impingement 

 

Project No.9495ASEO31ISROJKUR 

 
. INVESTIGA TOR(S) 

 

a) From .lIT      Dr. Job Kurian  

Associate Professor  

Dept. of Aero. Engg. 

 

b) Counterpart from ISRO    Dr. J.K. Prasad 

 Scientist 

A TTF, VSSC 

 Trivandrum - 22 

 

. VALVE      Rs.5.96Iakhs 

 

STARTING DATE     January 1995 

 

CLOSING DATE     December 1997 

 

. OBJECTIVES: 

 
(i)making a study of plume flow field by pressure measurements and flow visualization 

 

(ii)making measurements of impingement effects viz. forces and heat loads on surfaces of flat plates     

and axisymmetric bodies. 

 

As the proposed study is of direct practical importance in space flight, the results obtained are expected 

to be of great use for the design of launch vehicles satellites. In addition, the data obtained in the proposed 

experiments will serve as a useful data bank for the department/validation of computational codes for such 

designs. 

 

STAFF      None 

 

WORK CARRIED OUT: 

 

The project is predominantly experimental in nature. The experiments are being conducted in the 

Rarefied Gas Dynamics Facility (Fig. I) of Gas Dynamics Laboratory. The work carried out in the last eleven 

months includes the following: 

 

** To understand the structure of plumes from C-D nozzle experiments were conducted on plumes 

emanating from a C-D nozzle which is newly made with an area ratio of 59.9 giving a nominal Mach number 

of 6.19. The measurements included, impact pressure survey along the axis 
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of the plume using a Sankovich type impact pressure probe, pressure surveys acrOss the jet axis at 

selected axial locations. From the pressure surveys, Mach numbers are derived. 

 
* * Measurements are also done to understand the plume impingement effects on a flat plate kept with 

its plane surface parallel to the jet axis. Sensors in this set of measurements were matched pairs 

of thermistors. ' 

 

* * Glow discharge pictures of plume and impingement flow field have been taken. 

 

9. Work to be carried out in immediate future: 

 

(a) Study of impingement flow field when the flat plate is at an angle to the plume axis. 

 

(b) Automating the measurement system u_ing a PC controlled interface. 

 

( c) Repeat all the aforesaid measurements for flows from an orifice 

 

 

INVESTIGATORS 

 

      a) From lIT                                :       Dr Job Kurian 

 

      b) From ISRO                            :       Dr J K Prasad  

                                                                 ATTF, VSSC 

                                                      Trivandrum 

 

STAFF                                       :       Mr S Manoharan 

                                                                  Senior Project Technician 

 

VALUE                                      :       Rs.5.96 lakhs 

 

STARTING DATE                    :       02.01.1995 

 

CLOSING DATE :       01.01.1998 

 

OBJECTIVES                             : 

 

        1) Making a study of low density plume flow field by pressure measurements and flow                  

            visualisation. 

 

        2) Making measurements of impingement effects viz forces and heat loads on surfaces of flat     

            plates and axisymmetric bodies. 
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WORK CARRIED OUT SO FAR 
 

The Project envisages an experimental study of low density plumes and their impingement 

effects. The experiments are conducted in the Rarefied Gas Dynamics facility of lIT, Madras. The 

principal aspects of work carried out so far in the project are the following: 

 

To understand the structure of the plumes from C_D nozzles experiments were conducted on 

plumes emanating from nozzles of design Mach numbers 2.5, 3.5, 4.5 and 6.2. Freejets from sonic 

orifices were also investigated. The range of Knudsen number covered in the experiments was from 

0.0018 to 4.22 encompassing continuum and free molecular regimes. The features of freejets under 

different operating conditions were studied using impact pressure measurements along the jet axis 

and at various cross plane locations. 

 

To evaluate the effects of impingement of low density jets on adjacent surfaces, studies were 

conducted with flat plate mounted parallel to the jet axis. The flat plate was mounted at different 

angles to the axis. The modification of the freejet brought about by the presence of the flat plate and 

the impingement forces on the flat plate were estimated. 

 

For visualization of flow field with and without the flat plate glow discharge pictures were 

taken. Salient and interesting features of the impingement could be seen. 

 

 

 

INVESTIGA TORS 

        From IIT                                         :          Dr. Job Kurian 

                                                                           Department of Aerospace Engineering 

        From ISRO                                     :          Dr. J.K. Prasad  

                                                                           ATTF 

 

 

VALUE                                            :         Rs. 5.96 Lakhs 

 

 

STARTING DATE                          :        02-01-1995 

 

 

CLOSING DATE                             :        30-06-1998 

 

 

OBJECTIVES 

       (i)    Making a study of low density plume flow field by pressure measurements and by flow     

               visualisation. 

 

      (ii)    Making measurements of impingement effects viz. forces and heat loads on surfaces of  

               flat plates and axisymmetric bodies 
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STAFF IN POSITION                     :         Mr. H.K. Das 

                                                                              Senior Project Officer Gr. II 

 

WORK CARRIED OUT SO FAR   : 

 The project envisages an experimental study of low density plumes and their impingement 

effects. The experiments are conducted in the Rarefied Gas Dynamics Facility of IIT Madras. The 

principal aspects of work carried out so far in the project are the following. 

 

To understand the structure of plumes from C-D nozzles, experiments were conducted on 

plumes emanating from nozzles of design Mach numbers 2.5, 3.5, 4.5, and 6.2 Free jets from sonic 

orifices were also investigated. The range of Knudsen numbers covered in the experiments was from 

0.0018 to 4.22 encompassing continuum and free molecular regimes. The features of free jets under 

different operating conditions were studied using impact pressure measurements along the jet axis 

and at various cross plane locations. 

 

To evaluate the effects of impingement of low density jets on adjacent surfaces, studies were 

conducted with mounted plates parallel to the jet axis. The flat plate was mounted at different angles 

to the axis. The modification of the freejet brought about by the presence of the flat plate and the 

impingement forces on the flat plate were estimated. 

 

 To simulate conditions similar to stage separation, studies on the impingement effects of the 

low density jet on a circular ring are initiated. 

 

For visualisation of flow field with and without the flat plate and that emanating through the 
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Investigations of steadr & Transient Injection 

and Mixing in liquid rocket Combustors 

 

Project No.9495032MEEISRORN&TS 

 

 
INVESTIGATORS 

 
(a) From lIT      Prof R Natarajan 

 Prof T Sundararajan 

 

(b) Counterpart from ISRO    Dr K Rarnarnurthi 

 

VALUE      Rs. 7.3 lakhs 

 

STARTING DATE     '02.01.1995 

 

CLOSING DATE     01.01.1998 

 

STAFF      Two Project Associates 

 

 

OBJECTIVES: 

 
The overall aim of the project is to investigate the steady and transient performance 

characteristics of liquid fuel injection and the associated spray mixing processes. with application to 

liquid propellant rocket combustion. The study covers the following aspects: 

 

a) Development of a theoretical code for the prediction of steady and pulsatile liquid flow  through the 

fuel injection system. 

 

-b) Experimental measurement of the discharge coefficient through an injector model, under  various steady 

and pulsatile flow conditions. . 

 

c) Validation of the results obtained by the theoretical code, with the help of experimental 

 mea_urements outlined in (b) 

 

d) Visualisation of liquid spray mixing inside a combustor model, under various flow  conditions. 

 

e) Correlating spray characteristics to injection parameters for steady as well as transient  situations. 

 

f) Carrying out a detailed parametric study theoretically and experimentally for delineating the  optimal 

injection conditions and injector dimensions. 
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WORK CARRIED OUT: 

 

Two project associates were recruited in April 1995 for assisting in the experimental and 

theoretical investigations envisaged in the project proposal. Considerable progress has been made on 

these aspects for the past one year which is described below. 

 

a) Experimental Work: 

 

In the experimental study, it is desired to measure the transient and steady state injection characteristics 

of a straight orifice injector using water as the flow medium. An experimental set up is under fabrication. 

 

The set up consists of a high pressure liquid injection pump which is connected to an accumulator for 

eliminating the flow oscillations associated with the pump. From the accumulator, a direct line is taken to the 

injector manifold, for the purpose Qf achieving steady liquid injection. A separate line is taken from the 

accumulator for pulsatile injection, in which the flow rate is controlled by a cam operated valve. The shape 

and frequency of the injection pulse are controlled by the cam assembly. 

 

The liquid is atomised in the form of a spray through the injector orifice and mixed with air flow in a 

combustor model. The pressure variation along the liquid feed line and across the orifice are measured 

bypiezoelectric type pressure transducers and recorded with the help of a Pc based data acquisition set up. The 

corresponding spray characteristics are visualised by high speed flash 

 

 

photograph. The spray chamber is made optiCally transparent for this purpose and the freezing of the 

spray image is achieved using a nano-second flash coupled with a drum "camera. This visualisation 

set up is capable of capturing images of the spray droplets under both steady and transient injection 

conditions. The flow rate through the injector is measured with the help of a magnetic flow meter 

and the coefficient of discharge is derived under both steady and pulsatile injection conditions from 

the pressure measurements across the orifice. 

 

In order to select appropriate instrumentation for the spray visualisation, some preliminary 

experiments were carried out on water sprays using a high speed camera and flash. Based on these 

studies it has been decided to use a nano- second flash for obtaining spray picturesllnder steady or 

pulsatile flow conditions. A drum camera and a liquid injection pump available in the laboratory 

have been commissioned for use in these experiments. Also efforts are currently underway to 

purchase a suitable nano- second flash lamp from reputed manufacturers abroad. The other 

components of the experimentai set up are being designed and fabricated. 

 

b) Theoretical Study: 

 

On the theoretical side, a transient, axisymmetirc flow code is being developed and tested for 

simulating the liquid flow through the injector. At present, the flow is considered to be 

incompressible. Later, this code will be extended to include small compressibility effects during high 

pressure injection through the orifice. 
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The flow simulation procedure is based on the Finite element method and the pressure - velocity 

correction algorithm employed by the SIMPLE family of the flow codes. In this method, continuity 

and momentum equations are solved by marching in time and updating the pressure as well as 

velocity components over small time steps. For updating the pressure, the continuity equation is 

recast in the form of a poission equation for the pressure corrections( I). The transient momentum 

equations and the poission pressure equations are solved for each time step. 

 

A preliminary version of the code has already been tested for problems such as flow through a 

circular pipe, instabilities in free jet flow etc. At present, it is being extended for the transient flow 

through a straight orfice injector. 

 

9. REFERENCES: 

 

I. A Mukhopadhyay, T Sundararajan and G Biswas, " An explicit transien Algorithm for predicting 

incompressible viscous flows in arbitrary geometry ", Int. J Num. Meth. in Fluids, V.17, pp.975 - 

993, 1993. 

 
------------------------------------------------------------------------------------------------------------------------- 
 
 
INVESTIGATORS 

 

     a) From lIT                                   :           Prof R Natarajan  

                                                                      Prof T Sundararajan 

 

      b) From ISRO                            :           Dr K Ramamurthi 

                                                          Group Head RPS 

                                                          LPSC, Valiamala,Trivandrum-695547 

 

3. STAFF                                :          Mr S Ganapathi Subbu  

                                                                     Project Associate 

                                                      Mr C Shravan Kumar  

                                                                     Project Associate 

 

4. VALUE                                         :           Rs.7.30 lakhs 

 

5. STARTING DATE                :          02.01.1995 
 

6. CLOSING DATE                   :         01.01.1998 
 

7. OBJECTIVES : 

 
        The overall aim of the project is to investigate the transient performance characteristics of 

liquid fuel injection and the associated spray mixing processes, with application to liquid propellant 

rocket combustion. The study covers the following aspects: 
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        a)     Development of a theoretical code for the prediction of pulsatile liquid flow through the     

                fuel injection system. 

 

        b)    Experimental measurement of the discharge coefficient through an injector model under              

               various pulsatile flow conditions considering the effects such as damping of liquid due 

               to area changes etc. 

 

        c)    Validation of the results obtained by the theoretical code with the help of experimental  

               measurements outlined in (b) 

 

        d)    Visualisation of liquid spray mixing inside the combustor model, under various flow  

               conditions. 

 

        e)    Correlating the spray characteristics to injection parameters under various flow  

               situations. 

 

        f)    Carrying out a detailed panlmetric study theoretically and experimentally for delineating  

               the optimal injection conditions and injector dimensions. Russian technical publications 

 

8.  WORK CARRIED OUT DURING THE PERIOD UNDER REVIEW: 

 

      Considerable progress has been made on both theoretical and experimental aspects for the past 

one year. More importance was attached towards the development of experimental setup since 

experimental results are necessary for validating the numerical code. 

 
 

          I) Experimental work: 

 

In the experimental study, it is desired to measure the transient injection characteristics of a 

straight orifice injector. Transient flow is achieved either mechanically by using a cam driven pump 

or electronically using a solenoid operated injector. 

 

A completely instrumented liquid injection set up and spray chamber have been fabricated in 

the last one year. Instruments for measuring the transient flow rate and pressure variation in the 

liquid line have been imported from abroad and these have been assembled with a Diesel pump and 

high pressure fuel line. 

 

a)    Mechanical injection setup 

 

The experimental setup is shown in Fig.l. The set up consists of a six cylinder "Bosch" type 

fuel injection pump used in diesel engines. Flow outlet from five cylinders is bypassed into the pump 

again and outlet of the sixth cylinder is connected to a single hole injector by a 2mm(ID) high 

pressure line. The profile of the cam inside the injection pump and the rpm of the cam shaft decide 

the period of fuel injection. The cam shaft of the pump is coupled to a three phase 3 H.P. motor 

running at a speed of 1400 rpm. The injection pressure as well as the line pressure are dependent on 

the needle lifting pressure can be set from 1 bar to 300 bar.  
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A nozzle pressure tester has been purchased for this purpose to perform the experiment under 

various injection pressure conditions. To control the injection timing by varying the speed of the 

motor, an inverter (3 phase AC speed controller) of 4.5 KVA has also been purchased. With the help 

of the inverter, it is possible to vary the rpm of the motor from its rated speed to 10% of the rated 

speed. 

 

 
 
 
 

Among the non intrusive type of flowmeters, Electromagnetic technology was chosen as the 

basis for the transient flowmeter because of its inherent fast response to transients and the general 

insensitivity of electromagnetic flowmeters to changes in velocity profile[l]. The flow meter and a 

pressure transducer to measure the instantaneous line pressure are assembled along the high pressure 

line by suitable couplings. A PC interface is provided (RS 485) for both flow meter and pressure 

transducer to record instantaneous readings. 

 

Preliminary experiments were performed using this setup at needle lifting pressures of 20 bar, 

12 bar etc., (pulsatile frequency = 25 Hz) and a considerable change in spray pattern with change in 

pressure was observed. A drop in pressure was observed because of damping of the liquid due to 

drastic change in area of flow path brought about by various couplings connecting the flow meter 

and transducer to the flow line. Since this also affects the flow pattern, it was decided to investigate 

the effects of damping on discharge coefficient as well as spray pattern in detail. Suitable 

modifications are also under way to keep the diameter along the flow path uniform (2 mm). 
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b) Electronic injection setup: 

 

Through the transient electronic fuel injection system, instead of a pump, the liquid is 

pressurised to the desired level in a cylinder by means of compressed air and is delivered through a 

high pressure line comprising of magnetic flow meter and pressure transducer, to the injector. 

Pulsatile flow is achieved by means of a solenoid in built in the injector. The frequency of injection 

is varied by a timer circuit connected to the solenoid. A function generator is used to select the 

desired frequency of injection. 

 

II) Spray visualisation : 

 

Spray characteristics such as surface breakup length, cone angle and mean drop size are 

visualised by high speed flash photography. The spray chamber is made optically transparent for this 

purpose and the freezing of spray image is achieved using a nano second flash lamp coupled with a 

high speed camera. It has been decided to use an optical scanner for measuring drop size from the 

photographs. 

 

III) Coefficient of discharge 

 

   The Cd of the injector is calculated under transient conditions from pressure drop across the 

injector (theoretical discharge) and the actual discharge as measured by the flow meter. Experiments 

are under way to calibrate the flow meter and the pressure transducer before using them under 

pulsatile flow conditions. 

 

IV) Theoretical study: 

 

  On the theoretical side, a transient axisymmetric flow code is being developed and tested for 

simulating the liquid flow through an injector. At present, the flow is considered to be 

incompressible. Later, this code will be extended to include small compressibility effects during high 

pressure injection through the orifice. 

 
 
        The flow simulation procedure is based on the finite element method and the pressure -  

velocity correction algorithm employed by the SIMPLE family of the flow codes. In this method, the 

continuity and momentum equations are solved by marching in time and updating the pressure as 

well as velocity components over small time steps. For updating the pressure, the continuity equation 

is recast in the form of a Poisson equation for the pressure corrections. The transient momentum 

equations and the Poisson pressure equations are solved for each time step. 
 

A preliminary version of the code has already been tested for problems such as flow through a 

circular pipe, instabilities in free jet flow etc., at present, it is being extended for the transient flow 

through a straight orifice injector. 

 
 
------------------------------------------------------------------------------------------------------------------------- 
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INVESTIGATORS 

 

         From   IIT                                      :         Dr. R. Natarajan 

                                                                          Department of Mechanical Engineering 

 

                                                                          Dr. T. Sundararajan, 

                                                                          Department of Mechanical Engineering 

 

         From ISRO                                    :         Dr. K. Ramamurthi, 

                                                                          LPSC, Valiamala, Trivandrum 

 

3.     VALUE                                           :        Rs. 9.3 lakhs 

 

4.     STARTING DATE                        :        02-01-1995 

 

5.     CLOSING DATE                           :        30-06-1998 

 

6.     OBJECTIVES : 

 

   The overall aim of the project is to investigate the transient performance characteristics of 

liquid fuel injection and the associated spray mixing processes, with application to liquid propellant 

rocket combustion. The study covers the following aspects: 

 

      a)    Development of a theoretical code for the prediciton of pulsatile liquid flow through the fuel    

             injection system, incorporating the effects of flow acceleration, viscous pressure drop and   

             compressibility. 

b)   Experimental measurement of the discharge coefficient through an injector model under 

  various pulsatile flow conditions. 

c)   Validation of the results obtained by the theoretical code with the help of experimental 

  measurements outlined in (b) 

d)   Carrying out a detailed parametric study theoretically and experimentally for delineating the 

 optimal injection conditions and injector dimensions. 

 

7.   STAFF IN POSITION                    :         Mr. C. Shravan Kumar,  

                                                                           Project Associate. 

 

                                                                           Mr. N.S. Srinivas,  

                                                                           Project Associate. 

 

 
 
 
8.   WORK CARRIED OUT SO FAR:  

       Considerable progress has been made on both theoretical and experimental aspects in the past 

six months. More effort has been spent towards the development of theoretical code and obtaining 

data from the electronic injection setup. Mechanical injection setup was also modified during this 

period. . 



91 

 

 

I)   Experiments 

 

a)   Mechanical injection setup 

        The experimental setup is shown in Fig la. The set up consists of a six cylinder "Bosch" type 

fuel injection pump used in diesel engines. Flow outlet from five cylinders is bypassed into the pump 

again and outlet of the sixth cylinder is connected to a single hole injector by a 2mm (ID) high 

pressure line. The high pressure line is connected to Flowmeter and pressure transducer along with 

the orifice connected at its downstream. The profile of the cam inside the injection pump and the 

rpm of the cam shaft decide the period of fuel injection. The cam shaft of the pump is coupled to a 

three phase 3 H.P motor running at a maximum speed of 1400 rpm. To control the injection timing 

by varying the speed of the motor, an inverter (3 phase AC speed controller) of 4.5 KVA has also 

been purchased. With the help of the inverter, it is possible to vary the rpm of the motor from its 

rated speed to 10% of the rated speed. 

 

b) Electronic injection setup 

     The transient electronic fuel injection setup is shown in Fig 1b. Instead of pump, the liquid is 

pressurised to the desired level in a tank by means of compressed air and is delivered through a high 

pressure line comprising of magnetic flowmeter and pressure transducer, to the single hole injector. 

Pulsatile flow is achieved by means of a solenoid valve (normally closed type, energised by 230 V 

AC to open with a response time of 5-20 ms), located upstream of the flowmeter and the pressure 

transducer assembly. The frequency of injection is varied by a timer circuit connected to the 

solenoid. A function generator is used to provide the control signal with desired frequency and shape 

for operating the solenoid valve. . 

 

c)  Instrumentation 

Among the nonintrusive type of flowmeters, electromagnetic technology was chosen as the basis 

for the transient flowmeter because of its inherent fast response to transients and the general 

insensitivity of electromagnetic flowmeters to changes in velocity profile. The flow meter and 

pressure transducer for measuring the instantaneous line pressure are assembled along the liquid 

flow line by suitable couplings. The current output (4-20 mA) of the flowmeter and the pressure 

transducer are utilised for parallel data acquisition by interfacing with a PC using a multifunction 

PCL 812 card to record the instantaneous readings. The output data is in the range of  0 - 10 V. 

 

d)  Analysis 

The flowmeter and the pressure transducer are calibrated under steady and transient flow 

conditions with various sizes of orifices, pressure levels and frequencies. Curve fitting was done to 

get the best fit curve, for obtaining the relations between the electrical outputs from the flowmeter 

and pressure transducer and the physical flow rate (lph) as well as the line pressure (bar) values. The 

actual flow rates have been independently measured by collecting the injected 

 

fluid for a specified time and the pressure levels indicated by the pressure transducer have been 

cross-checked with the help of a calibrated pressure gauge. 

 

II)  Theoretical Study 

 

On the theoretical side, the system (comprising the flowmeter, pressure transducer and solenoid 

valve) has been modeled using the method of characteristics. 
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The system considered for analysis consist of a long tube terminated by an orifice, a constant 

pressure reservoir upstream and a solenoid valve in between, acting as a source of pulsation. 

 

The characteristics method converts the two governing partial differential equations of flow 

(motion and continuity) into four ordinary differential equations. 

 

The Equations of Motion and Continuity are written as: 

 

             gHx+v,         
fV 

                                                         IVI = 0 

                                                      
  
2D 

 a2 

 H1    +          Vx  =  0 

 g 

 

where, 

 

       H = Head along the line 

       V = Average velocity along the line  

        f= Friction factor 

        a = Velocity of sound, 

 

Also, Hx. Ht. Vx. VI. denote the partial derivatives of head and velocity with respect to space and 

time. 

 

The above equations are then expressed in finite difference form, using an explicit time marching 

procedure and the solution is carried out by employing discrete time steps. In the method of 

characteristics alJ the minor and non-linear terms can be retained for solution. Since the problem 

considered is essentialJy nonlinear, the method of characteristics has been preferred as the method of 

analysis. A numerical code has been written to solve for the pressure head and flow response as a 

result of a specified vaive motion at a specified frequency. 

 

a) Validation of code 

 

The results of the program were compared with the earlier results of Contractor (1972). The 

results are in close agreement with those predicted by Contractor. The spatial grid sensitivity was 

checked by comparing the results of the program for different number of computational intervals 

along the pipeline. The predicted results are independent of the spatial grid. 
 

b) Results and Observations 
 

     Following are the main conclusions drawn from the numerical study. 

 

     1) The pulsatile frequency has significant affect on the flow rate - pressure drop characteristics of the 

injector system. It is observed that the mean flow rate and discharge coefficient increase with 

increase in frequency. 

 

      2) The ratio of the rms value of fluctuating amplitude to mean value decreases with increase in 

frequency for both pressure and flow rate. This is because at higher frequencies, the effects of valve  
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closure disturbances decrease at the orifice. 

 

3) Within a cycle of pulsation the pressure drop and flow rate form a hysterisis loop. 

 

9. REMARKS 

 

The experimental setup is being modified into a pump - fed injection system. After the setup 

is ready, a detailed parametric study involving the variations of the instantaneous flow rate and line 

pressure, for different pulsing frequencies and orifice sizes will be carried out. 

 

A theoretical model will also be developed for pulsatile flow through the injector system, 

using the method of characteristics approach for a pump-fed injection system. 
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Feasibility Studies on Design and 

Implementation of Basic DSP Building Blocks 

 

Project No. 9495ELE033ISROSS 

 

INVESTIGA TOR(S) 

 

a) From lIT     Dr. S. Srinivasan. Professor 

Dr. R. Sundar, Asst. Professor  

Mr. H. Renganathan,Sci.Officer-I 

 

b) From ISRO     Mr. P. An,guswamy, Head BLD  

YSSC, Trivandrum 

 

3. VALUE     Rs. 2.80 lakhs 

 

4. STARTING DATE   27.03.1995 

 

5   CL0SING DATE    26.03.1997 

 

6. OBJECTIVES: 

 

To study the various algorithms used in DSP with particular reference to functional block-based 

implementation of basic operations and to implement the multiplier-accumulator block in an 

optimum way using state-of-the-art design tools. 

 

7. STAFF     One Project Associate 

 

8. WORK CARRIED OUT: 

 

Most of the Digital Signal Processing (DSP) functions such as filtering and convolution rely on 

multiplier - accumulator (MAC) operations and need a large number of these operations to be carried out in 

succession. With the advancement in device technology, and development offast DSP algorithms, more and 

more information needs to be processed in a given time. This calls for faster implementation steps and design 

of high speed circuits in turn. The project aims at modular design of high speed MAC and other functional 

blocks often used in DSP algoritluns and study the feasibility aspects of implementing these blocks. 

 

Design and implementation of two different schemes of multiplication have been completed and 

comparison of these schemes from speed and complexity viewpoints are in progress. A 40-bit MAC based on 

modified Boothe's algorithm has also been designed. Implementation of the same has been started. 
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.   INVESTIGATORS 

 
       a) From lIT                                 :         Prof S Srinivasan  

                                                                     Dr R Sundar 

                                                                     Mr H Renganathan 

 

       b) From ISRO                             :         Mr P Anguswamy  

                                                                     Head, BLD, VSSC 

                                                                     Trivandrum 

 

3.    STAFF                                            :          One Proj .Associate 

 

4.    VALUE                                           :          Rs.2.80 lakhs 

 

5.   STARTING DATE                    :         02.01.1995 

 

6.   CLOSING DATE                       :         31.03.1997 

 

7.   OBJECTIVES                           :  
 

      To study the various algorithms used in DSP with particular reference to functional blockbased 

implementation of basic operations and to implement the multiplier-accumulator block in an 

optimum way using state-of-the-art design tools. 

 

8.    WORK CARRIED OUT SO FAR 

 

         Comparative studies were carried out on the major DSP building block, viz., the Multiplier - 

Accumulator (MAC), Simulation studies and synthesis done using Xilinx FPGAs showed that the 

MAC scheme based on Modified Booth Algorithm is the most efficient. 

 

   Two different implementations of the MAC, viz., independent Multiplier and Accumulator 

chips and a single chip. MAC, have been taken up for comparative studies. 

 

   The independent two chip version has been developed using Xilinx FPGA XC3195A and the 

testing is in progress. The PCB has been fabricated for the single chip version of MAC using Xilinx 

FPGA XC4013 and the development is in progress. 
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Study of NN based coding schemes for 

telemetry data 

 

Project No.9495ELE034ISROCE 

 
INVESTIGA TOR(S) 

 

a) From lIT     Dr. C. Eswaran, Electrical 

 Dr. S. Srinivasan, Electrical 

 Mr. H. Renganathan, Electrical 

 

b) From ISRO     Mr. TV. Narayana 

Head, Base Band on board Section  

BLD, "Electronics Group 

VSSC, Trivandrum 695 022. 

 

3. VALUE     Rs. 2.85 lakhs 

 

4. STARTING DATE    14.03.1995 

 

5. CLOSING DATE    13.03.1 997 

 

6. OBJECTIVES 

 

To develop coding schemes for compression of telemetry data sent by a launch vehicle 

 

7. STAFF     One project Associate 

 

8. WORK CARRIED OUT SO FAR: 

 

Compression of multiple telemetry data is highly complex and demanding. Here it is essential 

that compression is achieved without loss of information and at the same time with zero or minimal 

latency time. Moreover the same compression scheme has to be employed for all the channels 

without distinction. The degree of compressibility is different for different channels making the 

multiplexing consideration very critical. 

The suitability of various compression schemes for telemetry data has been evaluated using 

the sample data supplied by ISRO. For the "purpose, both classical and neural network based coding 

algorithms have been employed. From'the results obtained, it is observed that linear predictive 

coding followed by bilevel sequence coding of the residues is found to give a compression ratio in 

the range of2 to 3 with reasonable latency times. Non-linear prediction using neural networks gives 

compression ratios more than 2, but it is computationally intensive. Run length encoding of 

individual channels along with a type of random sampled multiplexing is found to offer the best 

results with compression ratios aroud 10 for reasonable latency times. 
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INVESTIGATORS 

 

     a) From IIT                                :          Prof C Eswaran  

                                                                   Prof S Srinivasan  

                                                                   Mr H Renganathan 

 

     b) From ISRO                            :         Mr T V Narayana 

                                                                  Head, Baseband ( onboard) Section  

                                                                  BLD/cdsg/ A VN 

                                                                  VSSC, Trivandrum 

 

 

3.  STAFF                                       :         One Project Associate 

 

4.  VALUE                                      :         Rs.2.85 lakhs 

 

5.   STARTING DATE                  :         02.01.1995 

 

6.   CLOSING DATE                     :        31.03.1997 

 

7.   OBJECTIVES                          : 

 

      To study suitable coding schemes for compression of telemetry data sent by a launch vehicle. 

 

8.     WORK CARRIED OUT SO FAR 

 

Measurement data corresponding to hundreds of sensors in the satellite launch vehicle are sent 

to the ground station during its launch. It is required to compress the telemetry data to increase the 

transmission range and the number of permissible channels for the same bandwidth and power. 

Compression of multiple channel telemetry data is highly complex and demanding. Here it is 

essential that compression is achieved without loss of information and at the same time with zero or 

small latency time. Moreover the same compression scheme has to be employed for all the channels 

without distinction. The degree of compressibility is different for different channels making the 

multiplexing consideration very critical. 

 

    The suitability of various compression schemes for telemetry data has been evaluated using the 

sample data supplied by ISRO. For this purpose, both classical and neural network based coding 

algorithms have been employed. From the results obtained, it is observed that linear predictive 

coding followed by bilevel sequence coding of the residues gives a compression ratio in the range of 

2 to 3 with reasonable latency times. Non-linear prediction using neural networks gives compression 

ratios more than 2, but it is computationally intensive. Run length encoding of individual channels 

along with a type of random multiplying is found to offer good results with compression ratios 

around 10 for reasonable latency times. Some entropy coding schemes including adaptive Huffman 

coding and adaptive arithmetic coding are also studied. These methods offer high compression 

ratios, typically greater than 4 for all the data tested. As these schemes are computationally intensive 

and needs to be implemented by efficient ASIC based hardware for achieving reasonable latency 

times. 
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Development of Software for a Russian-English 

Translation 

 

Project No.9495CSE035ISROSR 

 
. INVESTIGA TOR(S) 

a) From lIT      Dr. S. Raman  

Dr. R. Sundar 

 

b) Counterpart from ISRO    Mr. B. Pandian 

 

3. VALUE      Rs. 4.95 lakhs 

 

4. STARTING DATE     02.01.1995 

 

5. CLOSING DATE     01.0l.1997 

 

6. OBJECTIVES 
The main objective is to explore the possibility of providing automatic translation of Russian 

technical publications. 

 

7. STAFF      Two Project Associates, and 

 one Project Technician 

 

8. WORK CARRIED OUT SO FAR: 

 

As per the orginal proposal and the objectives outlines therein (reproduced above), regular discussions 

were held during the visits to VSSC, Trivandrum by the Project Coordinator on dates: 8 - 10 May'95, 21 

June'95, 28 Aug'95, 29 Sep'95 and 24 Nov'95. 

 

After the initial phase which lasted till about 31 Marach 1995, one 486-based AT System (Details in 

Annexure-I) was procured for implementing the Project. During this phase one Project Associate and one 

Project Technician were appointed, and they were sent to Russian Cultural Centre, Madras for a four-month 

certificate course on Russian Language. 

 

During the visit to VSSC in May'95, it wag' found that a different user group had to be identified as the 

ISRO counterpart for this project. AcGordingly in response to the correspondence from lIT, ISRO had 

identified Mr.B.Pandian of GSL V Proejct as the coordinator from the ISRO side. During the subsequent visit 

on 28th Aug'95, a meeting with MrJayamani, Project Director GSL V was held. The overall objectives of the 

project (as reproduced above) were explained. Meanwhile, the commercially available Russian English 

translation software module Globalink's Power Translator PROFESSIONAL was procured and its 

shortcomings noted. Also, the Globlink's multilingual OCR software SCAN MASTER was procured for later 

usage. 

A demo of the Russian-English translation software developed on this project was given on 28th Aug'95 

and on 24th Nov'95. A copy of this demo software was left with Mr.Pandian ofVSSC for user feed back. 
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Currently it is capable of accepting simple sentences to the extent that the vocabulary permits, and shows 

the details of the analysis of a Russian sentence, its structural representation both at the morphological 

and semantic levels, and the generated English sentence. The input sentences must be given one after another 

or stored as a file. The demo program additionally shows the internal structures of the dictionary and the rule 

base used for analysis. Currently there are 61 entries in the Russian dictionary of Russian sentences, and 42 

rules for the generation of English sentences. These are being continuously updated. 

 

In any translation work, there are phrases which cannot be analysed at word level but they must be translated 

in toto. For the purpose of identifiying the most frequently used Russian phrases in technical literature we 

sought the help of an engineer-consultant who had studied in Russia. He has supplied us about 400 ;Jhrases 

with sample Russian sentences containing those phrases, and their English translation. Currently 85 of them 

have lieen loaded and our translation program's working with those phrases has also been verified. In addition 

to this, we are currently creating a technical glossary containing about 3000 Russian words/phrases which will 

form part of the special dictionary meant specifically for GSL V activities 

 

 

 
.   INVESTIGATORS 

 

      a) From IIT                                  :         Dr S Raman  

                                                                     Dr R Sundar 

 

      b) From ISRO                              :         Mr B Pandian 

 

3.   ST AFF                                        :        One Project Associate and  

                                                                     Two Project Technicians 

 

4.  VALUE                                         :         Rs.7.90 lakhs 

 

.   STARTING DATE                   :         02.01.1995 

 

6.   CLOSING DATE                     :        31.03.1998 

 

7.   OBJECTIVES                          :        The main objective is to explore the possibility of  

                                                                   providing automatic translation of Russian  

                                                                   technical publications 

 

8.   WORK CARRIED OUT 

 

      Machine Translation is the process of translating a source language (SL) sentence to a target 

language (TL) sentence that can express the meaning of the source language sentence. The input to 

the system is a Russian text that is entered using the GIST (Graphics and Intelligence based Script 

Technology) card. To process the text in Russian language, a processor by name Apex Language 

Processor (ALP) is used. A front-end coder is used to convert the Russian text into transliterated 

code, that is needed for searching through the lexicon where entries are made in transliterated code. 

 

The analyzer uses an SL (Russian) dictionary; SL phrases dictionary and SL grammar rules. 

Before passing the input sentence to the morphological analyzer, it is checked for the presence of  
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standard phrases (e.g moreover) or technical terms (e.g acid storage battery) in Sl (Russian), 

with the help of the SL phrases dictionary. 

 

At present, the SL phrases dictionary contains 2600 phrases, the SL lexicon contains 1300 

words and the SL rule base contains about 160 rules. The parsing technique has been enhanced so as 

to parse almost all the sentences in the first data set, which comprises of about 170 sentences. 

 

Parsed output from the analyzer is passed as an intermediate structure. The intermediate 

structure has sub-slots describing the subject, object, receiver, instrument, location, time, property, 

verb and auxiliary verbs. With the above framework, an equivalent English sentence is generated. 

Generation requires a systematic interaction between the grammatical component and a planning 

component. A set of rules for each pattern based on English grammar has been formulated. 

Depending on these rules, the words are inflected as required and an equivalent English sentence is 

generated. At present, 9 different verb patterns have been analyzed for proper generation. Further 

work is being done to analyze and generate all possible verb patterns which amount to another 15 or 

so. 

 

 

INVESTIGATORS 

 

        From lIT       Dr. S. Raman 

        Dept. of Computer Science & Eng. 

 

        Dr. R. Sundar 

        Dept. of Computer Science & Eng 

       

         From ISRO      Mr. B. Pandian - VSSC  

                                                               Mr. V. Krishnamurthy 

                                                               MARS, SHAR centre 

 

3. VALUE      Rs. 7.90 lakhs 

 

4. STARTING DATE    02-01-1995 

 

5. CLOSING DATE     31-03-1998 

 

6. OBJECTIVES     The main objective is to explore the possibility of providing  

                                                              automatic translation of Russian technical publications. 

 

7. STAFF IN POSITION    Two Project Associates 

 

 

 

8. WORK CARRIED OUT SO FAR 

 

Machine Translation is the process 'of translating a source language (SL) sentence to a target 

language (TL) sentence that can express the meaning of the source language sentence. The input to 
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the system is a Russian text that is entered using the GIST (Graphics and Intelligence based Script 

Technology) card. To process the text in Russian language, a processor by name Apex Language 

Processor (ALP) is used. A front-end coder is used to convert the Russian text into transliterated 

code, that is needed for searching through the lexicon where entries are made in transliterated code. 

 

The analyser uses an SL (Russian) dictionary, SL phrases dictionary and SL grammar rules. 

Before passing the input sentence to the morphological analyzer, it is checked for the presence of 

standard phrases (e.g. moreover) or technical terms (e.g. acid-storage battery) in SL (Russian), with 

the help of the SL phrase dictionary. 

 

 . At present the SL phrases dictionary contains 2700 phrases, the SL lexicon contains 1900 

words and the SL rule-base contains about 170 rules. The parsing technique has been enhanced so as 

to parse almost all the sentences in the four data sets, which comprises about 190 sentences each. 

 

Parsed output from the analyzer is passed as an intermediate structure. The intermediate 

structure has sub-slots describing the subject, object, receiver, instrument, location, time, property, 

verb and auxiliary verbs. With the above framework, an equivalent English sentence is generated. 

Generation requires a systematic interaction between the grammatical component and a planning 

component. A set of rules for each pattern based on English grammar has been formulated. 

Depending on these rules, the words are inflected as required and an equivalent English sentence is 

generated. At present 26 different verb patterns have been analyzed for proper generation. Further 

work is being done to analyze and generate other possible verb patterns which amount to another 3 

or so. 
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Software development for content-based search 

of Telemetry data for flight analysis 

 

Project No.9495CSE036ISROSR 

 

INVESTIGA TOR(S) 

 

a) From lIT      Dr. S. Raman 

 Dr. R. Sundar 

 

b) Counterpart from ISRO    Mr. P. Anguswamy 

 

3. VALUE      Rs.I.60 lakhs 

 

4. STARTING DATE     02.01.1995 

 

5. CLOSING DATE     01.01.1996 

 

6. OBJECTIVES: 

 

i) Given the telemetry data, to process and develop the plots 

 

ii) Given additionally certain specific characteristics or parameters, to categorize the plots 

 

iii) From a class of plots, to restrictively select the plot files meetinK the specifications_. 

 

7. ST AFF     One Project Associate 

 

8. WORK CARRIED OUT: 

 

As per the original proposal and the objectives outlined therein, regular discussions were held with the 

ISRO Scientists at VSSC, Trivandrum during the visits by the Project Coordinator on dates: , 8 - 10 

May '95, 21 June '95,28 August '95,29 September '95 and 24 Nov.r '95. 

 

After the initial phase which lasted till about 31 March 1995, one Project Associate was (\r;0;1;_.-::d 

:md one 386-based AT system was procured for implementing the project. 

 

In the absence of any data supplied by the VSSC, some assumptions were made and software for 

plotting the data in a given file, for locating some significant characteristics like pulse width, average, etc. and 

facilities to view a sequence of pulses was developed. The actual data was supplied on 4th July 1995 by 

VSSC. 
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Single Interferogram Analysis & Wavefront Fitting 

 

Project No.9495PI--IYO37ISROOKS&VVR 

 
. INVESTIGA TOR(S) 

 

a) From lIT      Dr.D.K. Sharma 

 Dr. V.V. Rao 

 

b) Counterpart from ISRO    Dr. T.K. Alex 

 Dr.T.G.K.Murti 

 LEOS, Bangalore 

 

3. VALUE      Rs4.50 lakhs 

 

 

4. STARTING DATE    02.01.95 

 

5. CLOSING DATE     01.01.97 

 

6. OBJECTIVES     The aim of the project is to develop suitable  

software for analysing the interferograms 

 

7. STAFF      One Sr.Project Officer Gr.II and, one Project  

Associate 

 

8. WORK CARRIED OUT: 

 

1.1. Digitization of the Interferogram 

 

The interferograms printed on paper are digitized With the help of a "Hipad" digitizer. A suitable 

program has been written to accept the data from the digitizer in the form of coordinates of the 

centre of the interferogram, fringe nos,. x & y coordinates of the points etc. From those data, the 

program works out the diameter of the interferogram and then reduces the data to a unit radius pupil 

and prepares a file with a header, initial data regarding the interferogram (interferogram scale factor) 

etc., and prepares a file suitable for the analysis program. The last entry on the file is fringe no. 999 

indicating the termination of the file. 

 

1.2. Calculation of the "Peak to Valley" & "rms" value of the Interferogram 

 

\ This program computes the surface accuracy analysis taking into account all the points digitized 

on the interferogram. It computes by "least squares" method a set of parallel straight lines which best fit the 
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data. From this it computes the "rms" and "Peak to Valley" (P.V) value for the surface under test. The values 

obtained have been validated. 

 

1.3. Polynomial fitting of the wavefront 

 

It was decided to first write a program for fitting Kingslake polynomial containing only 7 terms. This 

polynomial was successfully implemented and it was decided to build the main program around it. 

 

The program compares the value of the OPO at each of the given data points in the field to the 

computed value of the polynomial at that point and indicates the error in waves at each of the data 

point. Besides it carries out a statistical analysis and displays the "histogram" for the distribution of 

fit errors from zero indicating the quality of the fit. 

 

The program computes the value of the wavefront error at (201X20I) points on the screen. The points 

where the OPO is an integral multiple of 2/2+-0. 1 are taken to be points lying on the fringe and are plotted. A 

comparison of the fringes plotted on the monitor screen to the fringes in the original interferogram indicates 

whether or not the no. of coefficients of the polynomial chosen are adequate to represent the wavefront or not. 

Otherwise one can go back and fit another polynomial such as Seidel or Zernike. The pattern can also be color 

coded and displayed. 

 

 

1.4. Simulated Equivalent Shearogram 

 

From the OPD data computed on a regular grid it is possible to obtain the x-shear and y-shear 

interferograms. The same are also displayed on the screen. This gives the value of the aberration in 

absolute terms. 

 

1.5. Fringe Simulation Mode (Interferometer Simulation) 

 

Two of the coefficients obtained in the above polynomial are x-tilt and y-tilt. A program has been written 

which displays on the monitor the interferogram based on the polynomial fit. With the help of arrow keys it is 

possible to increase or decrease this tilt in either 01 the directions by a small amount 0.05 radians. As soon as 

either of the key is pressed, the value of the tilt is accordingly changed and a new fringe pattern is calculated 

in real-time and overwrites on the existing interferogram. Thus one can see the evolution of some fringes and 

disappearance of others on the screen as one would have observed in the actual interferometer used at the time 

of recording the interferogram. This is a very powerful mode and is very good tool for educational purposes. 

 

1.6. The three Dimensional Display of the Wavefront 

 

This part of the program uses a wire mesh program to display the computed wavefront on the screen of 

the monitor. It has been color coded to indicate the value of the wavefront error in terms of a fraction of 

lambda. 

 

1. 7. Removal of particular Aberrations/Defocus etc. 

 

In this mode the user is shown the existing value of each aberration '¥1d asked if he would like to change 
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the value. Once the answer is in the affirmative he is asked to prescribe the desired value. Once that value is 

read the same questions are repeated for all subsequent aberrations, piston or tilts. Once a new set has been 

selected it is displayed on the monitor. If the new set is found to be O.K.then the program proceeds to 

calculate the fringe pattern / simulated shearograms / and 3-d shape of the wavefront. Thus it is possible to 

arbitrarily remove any given aberration which seems to be dominating and see the shape of the wavefronts 

after its removal. For example, if only tilts are removed one sees the wavefront when the mirrors of the 

interferometer are perfectly parallel. The results are shown in some of the figures. 

 

2. Program based on Seidel Polynomial 

 

 Subsequent to the completion of the above program we proceeded to fit a Seidel polynomial with 16 

terms. The polynomial was fitted and all the other aspects of the program integrated with it. This program 

shows a better fitment than the Kingslake polynomials as expected. Some of the results for digitized 

interferogram are shown in the attached figures. 

 

3. Zemike Coefficients 

 

As we are aware that Zemike polynomials are orthogonal over a unit pupil and their various coefficients 

are easily identifiable with the conventional aberration expansion we started the work 

with the fitment of I5 Zernike coefficients. There were some initial difficulties of memory etc., 

which were overcome and we obtained a good fit for I5 coefficients for files with upto 24, 36, and 

finally to 45 coefficients. The results are checked for numerical accuracy and we have a program 

which can compute for all 45 cofficients for upto 200 points on the interferogram. However, the 

speed of the computer proves to be too slow at the simulation stage and memory limitations are 

found while going for larger data files or for computing higher no. of coefficients (55coefficients). 

This is proving to be a bottleneck and it is important to go in for a new pentium computer with larger 

RAM memory of about 8 Mb. 

 
 
------------------------------------------------------------------------------------------------------------------------- 
 
 

INVESTIGATORS 
 
       a) From IIT                                 :        Dr D K Sharma  

                                                                    Dr V V Rao 

 

       b) From ISRO                             :        Dr T K Alex 

                                                                     Dr T G K Murti  

                                                                     LEOS, Bangalore 

 
3.   STAFF                                        :         NIL 

 

4.   VALUE                                       :         Rs.4.50 lakhs 

 

5.   STARTING DATE                    :         02.01.1995 

 

6.  CLOSING DATE                       :          31.03.1997 
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7.  OBJECTIVES                            :          The aim of the project is to develop suitable 

                                                                      software for analysing the interferograms 

 

8.  WORK CARRIED OUT  
 

       The fitting of the wavefront on the basis of three different polynomials, viz the Kingslake, the 

Seidel and the Zernike polynomial has been carried out. The former two yield seven and fifteen 

coefficients respectively. In the case of Zernike we can evaluate upto 45 coefficients for data points 

in excess of 200 while we can evaluate upto 55 coefficients if the data points are below 200. This 

limitation is being imposed by the memory of the machine. All the programs have common features 

and graphically display the results. A detailed report containing the theoretical details of the 

algorithms was submitted last year. Efforts to integrate all the three programs into one program are 

being made. 

 
 
------------------------------------------------------------------------------------------------------------------------- 
 
 
. INVESTIGATORS 

 
         From lIT       Dr. D.K. Sharma  

                                                                                         Department of Physics 

 
        Dr. V.V. Rao 

          Department of Physics 

 

           From ISRO       Dr. T.K. Alex 

   Dr.T.G.K.Murti 

   LEOS, BangaJore. 

 

3. VALUE        Rs. 5.0 lakhs 

 

4. STARTING DATE      02-01-95 

  

5. CLOSING DATE       31-03-98 

 

6. OBJECTIVES       The aim of the project is to develop suitable software for  

                                   analyzing the interferograms. 

 

7. STAFF IN POSITION       Mr. K. Thirumalaivelu Project Associate 

 

8. WORK CARRIED OUT SO FAR: 

 

The work done so far on this project includes the development of the following software. 

 

1. Program to evaluate the P-V and rms value of the Figure error from the digitized interferogram of the given  

    surface. 

 

2. If the interferogram represents the output wavefront of a given Optical system, this can be 

fitted with a polynomial consisting of (a) Kingslake polynomial (7 coefficients) 
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(b) Seidel polynomial (15 coefficients) and 

(c) Zernike polynomial (upto 45 coefficients), provided the digitized interferogram has data 

points not exceeding 300. 

(d) Zernike coefficients upto 55 provided data points do not exceed 250 

(e) In the case of annular optical system you can have upto 28 Xernike Mahajan coefficients. 

These reduce to normal Zernike Coefficients once the obscuration ratio goes to zero. 
 . 

 

The following additional features are included in various programs 

 

(I)  Display of polynomial fit error for individual points on the interferogram and P- V and rms 

 value of any given polynomial fit. 

(2)  Histogram display of the distribution of the error function 
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(3)   Simulation of the interferogram for the given polynomial fit with nonnal sensitivity and 

  double the sensitivity. . 

 Besides this, the simulated interferogram with both x and y shear are also displayed on the screen. 

 Finally the Wave front with all the aberrations, tilts along two axis and piston is displayed. 

 

Simulated interferogram mode 

 

In this simulated mode a simulated interferogram based on the given polynomial is displayed on the 

screen. This interferogram can be manipulated to increase or reduce the two tilts in small steps of 0.0:; radians 

and activated through the arrow keys on the keyboard. One can view the fringe pattern as if one is 

manipulating the actual interferometer. This is one of the most powerful feature:> of our software which does 

not exist in any comparable program available anywhere in the world and is considered to be one of the 

instructive tools for students in demonstration. 

 

The program provides for elimination or introduction of any set aberrations / tilts / piston etc., once the 

prescribed aberration are fixed. The display shows the new wavefront shape color coded for various heights of 

the wave front. 

 

Video Digitization of Interferograms 

 

A program to digitize the fringes captured from either a print or a live interferogram captured through a 

CCD array camera has been developed. The program automatically locates the fringe centres of the dark or 

white fringes or of both. The program has an inbuilt 'Edit facility' to either add or subtract or modify any 

given fringe centre which might have been erroneously digitized by the video system. Once the editing is over 

this can be used to create a 'data tile' for the analysis of the interferogram with the help of other programs. 

This particular program is based on Image processing hardware and software developed by ISRO and licensed 

to a vendor. 
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Computation of Performance of Cryogenic 

Rockets using Detailed Chemical Reactions 

 

Project No. 9495038ISROTKBO&SSG 

 
. INVESTIGA TOR(S) 

 

(a) From lIT     Prof T K Bose 

 Dr S S Gokhale 

 

(b) Counterpart from ISRO   Dr K Ramamurthi 

 

3. VALUE     Rs. 5.96 lakhs 

 

4. STARTING DATE    02.01.1995 

 

S. CLOSING DATE    01.01. I998 

 

6. OBJECTIVES: 

 

I. Development of general 3D (Cartesian axisymmetric) codes for finite volume method 

2. Codes to operate in generalized _oordinates 

3. Codes to include 

4. Various turbulent models like K - E and K-W 

5. Compressible flow: 

6. Variable fluid properties; and 

7. Multiple specie with chemical reaction. 

 

 

7. WORK CARRIED OUT: 

 

I. Arrival of DEC-ALPHA Computer and Installation 

 

i) Problems in implementation of graphics and debugging facilities 

 

II. Development of generalized 3D/Axi-symm. Codes 

 

i) A grid generation program for typical gasturbine combustion chamber was developed  as a B.Tech. project 

(06/94) 

 

ii) Two codes for compresible flows in generalized coordinates under-taken as B.Tech.  Project (2 students 

to complete in (06/94) . 
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III. Data for Thermophys. Properties and Reaction Kinetics 

 

i) Data from NASA-SP 172 collected and stored 

 

ii) Reaction kinetic data are being stored 

 

iii) Subroutines for data retrieval from data bank being written 

 

IV. Study of Other Codes 

 

A finite volume code developed originally by Garett Corp. (USA), including liquid gasoline fuel 

injection, nitrogen-oxide reaction, radiative flux calculations and soot formation, has been brought 

into operation, and is being studied. Another finite volume code in generalized coordinates, but 

including K - E model is also being studied. 

 

 

INVESTIGATORS 

 

     (a) From IIT                                   :        Dr.-Ing. Tarit K. Bose & Dr.S.S. Gokhale  

                                                                     Department of Aerospace Engineering  

                                                                     IIT Madras 

                                                                     Chennai - 600 036. 

 

     (b) Counterpart from ISRO           :        Dr. K. Ramamurthi 

                                                                     Head, PRS Group (ISRO-LPSC)  

                                                                     Trivandrum – 695 547. 

 

3.   VALUE OF THE PROJECT    :        Rs 9.96 Lakhs 

 

4.   STARTING DATE                     :        02-01-1995 

 

5.  CLOSING DATE                        :         01-01-1998 

 

6.   STAFF IN POSITION               :         (a) M. Palaniappan, Project Associate, appointed   

                                                                      on 1.7.95 

 

                                                                      (b) (Ms) D. Jayanthi, Project Asst., appointed on  

                                                                      19.9.95 

 

7.   OBJECTIVES 

 

The cryogenic rockets in ISRO use liquid hydrogen and liquid oxygen for the propellants. 

 

The detailed chemical kinetics of hydrogen-oxygen reaction rate is well established over the 

temperature range of interest. It should, therefore, be possible to predict the performance of these 
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cryogenic rockets taking into account the detailed chemical reactions along with the gasdynamic 

equations. 

 

Among the computational methods, the Finite Volume Method is considered to be most suitable for 

such problems, because of a stable, time-dependent solution possible even for a variable grid size. 

The method was applied earlier for study of an incompressible flow inside a close-enclosure with or 

without built-ins. The code had, for turbulence model, a k-epsilon model, but all the flow variables 

are non-dimensional. This requires prescribing Reynolds number (and Mach number for 

compressible case). However, for a realistic flow property calculations, it is necessary to have all 

flow variables and geometry as dimensional. 

 

 

8.   WORK CARRIED OUT SO FAR : 
 
A general 3D code for incompressible flow was converted for the special case of a compressible 

flow in an enclosure (Fig.l) and a code was written for an impinging jet. 

 

 
                       

                            Fig. 1. Geometry of an enclosure to study compressible flow. 
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The following tasks are being proposed to be done. 

 

          1.       In geometry of Fig. 1, bring in first simple reactions and complicated reactions;     

          2.       Formulation of flow for compressible case by finite volume method (with chemical                     

                    reactions, dimensional) for  

         2.1    Axisymmetric 2D enclosure;  
         2.2     Axisymmetric 3D combustion chamber sector. 

 

 

 

. INVESTIGATORS 

  

          From lIT         Dr. Ing. Tarit K. Bose 

            Department of Aerospace Engineering 

 

   Dr. K. Ramamurthi 

                                       LPSC, Trivandrum 

 
                            Rs. 9.96 lakhs 

 

                                        02-01-95 

     01-01-98 

 
                        To Develop a 3-Dimensional Finite Volume  

                                         Compressible Flow Code with Chemical Reactions 

 
7. STAFF IN POSITION           Ms. D. Jayanthi, 

         Project Assistant (till 31.12.97) 

 

8. WORK CARRIED OUT SO FAR: 

 

During the present investigation the following softwares, developed elsewhere, were the starting point 

 

I.    FIVO Code - a 3-Dimensional Incompressible Flow Code developed originally at the Ruhr University  

       Bochum, Germany 

 

2.    A Combustion Chamber Code for Aircraft Gasturbine Engine (developed by Garret Corporation) 

 

      (Ref.: S.K. Srivastava: "Computation of Soot and Nox emissions from Gasturbine Combustors", NASA    

      CR-167930, May 1982) 

 

During the work the FIVO Code was modified to use dimensional variable. Some routines from the 

combustion chamber code were adopted. In addition a plotting code has been developed under the name 

"fvplt.f' which in its present form runs on Silicon Graphics Workstations under OPENGL graphics routines. 

List of files 

 

FORTRAN Files: 

 From ISRO 

  

 3. 

 

VALUE 

 

4. 

 

STARTING DATE 

 

5. 

 

CLOSING DATE 

 

6. 

 

OBJECTIVES 
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fvcompd.f  3-Dimensional Compressible Flow (Dimensional) Finite Volume Code 

fvcomp.f finite volume package for reaction/equilibrium calculations cosisting of the following  

                          subroutines: 

 

HCPS  to compute enthaply, specific heat and enthalpy with the help of coefficients for various  

                          gases; 
 

ERATIO calculates fuel-air equivalence ratio; 

CREK  main subroutine to compute reaction mole fraction 

SPECE              call CALC to comput_ corrections to chemical specie and temperature. Also controls  

                          convergence tests; 

 

CALC  constructs Newton-R_phson derivative matrix for both reaction kinetic and equilibrium  

                          solution and solves it by pivotal Gaussian reduction. Reverse rate is calculated from forward  

                          rate and equilibrium constant, which are calculated from enthalpy-entropy data supplied by  

                          HCPS; 

CINDAT ThermophysicaVreaction data for_se by CINDA T. Uses thermophysical database file  

                           "file2.c89" prepared by NASA. 

 
DATA Files: 

 

file2.c89  A thermophysical data file 

fcomb.inp  a sample input data file prepared partly with the help of the subroutine CINHLP  

                                       specially for the hydrogen-oxygen reaction from"fi)e2.c89", and 

 

fvcomp.imp  input file required by the finite volume code. 

 
9. REMARKS: 

 

         The project has been completed and the completion report is being prepared for submission 
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Functional Software Testing for Launch Vehicle Software 

 

Project No.CSE9596039ISROSVRA 

 
INVESTIGATORS 

 

      a) From IIT                               :      Dr S V Raghavan 

 

      b) From ISRO                           :      Dr Basu 

                                                               Group Head, CDSG 

                                                               Vikram Sarabhai Space Centre  

                                                               Trivandrum - 695 022 

 

 

3.   STAFF                                     :       One Project Associate 

 

4.   VALUE                                    :       Rs.5.00 lakhs 

 

5.   STARTING DATE                 :       01.01.1995 

 

6.   CLOSING DATE                    :       31.08.1997 

 

7.   OBJECTIVES 

 

       Deriving formal specification of the software in Estelle starting from an informal description  

of the functional requirements and performance constraints relating to response times, serial 

communications, scheduling frequencies, redundancy management, etc. 

 

       Deriving the formal specification of the interfaces of the real-time executive with other 

software/hardware components 

 

       Checking for the consistency of the specifications 

 

       Generating the required test suites so as to obtain maximum path coverage. 

 

Development & Application Tasks:     On the popular platforms 

                                                                 Options SUN + Solaris Pentium + Linuk  

                                                                 (Both with Estelle) 

                                                                  FSM applied to GCP, NGP, SPM. 
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Status & What is completed :      Research - Real Time FSM Defined 

                                            Development -   Module Structures & ESTELLE  

                                                                                  Code: Completed 

                                                       Application -   RFSM Applied to Sequeneer 

 

To be done 

 

a)      Integration of RFSM idea either into ESTELLE or directly to Test Suite generation - Open   

         Area 

 

b)    Based on (a) generate Test Suite for GCP, NGP, SPM etc. - While Test Suite generation is a          

       routine process, solving (a) is a challenge 

 

INVESTIGATORS 

 

     From IIT     Dr. S.V. Raghavan 

Department of Computer Science & Engg. 

 
                   Dr. D. Basu  

                                      VSSC, Trivandrum 

 

          Rs. 5.0 lakhs 

 

 21-08-95 

                              3 1-12-97 

 

 
 Deriving formal specification of the software in Estelle starting from an informal description of the 

functional requirements and perfonnance constraints relating to response times, serial 

communications, scheduling frequencies, redundancy management, etc. 

 

 Deriving the formal specification of the interfaces of the real-time executive with other 

software/hardware components 

 

 

 Checking for the consistency of the specifications. 

 

 Generating the required test suites so as to obtain maximum path coverage. 

 

7. STAFF IN POSITION   None 

 

8. WORK CARRIED OUT SO FAR:  The Objectives have been fulfilled. 

 

9. REMARKS    The report containing the investigation is being prepared for  

                                                                               submission 

 From ISRO 

 

3. 

 

VALUE 

 

4. 

 

STARTING DATE 

 

5. 

 

CLOSING DATE 

 

6. 

 

OBJECTIVES 
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AE Studies on Aerospace Materials such as Ti 

Alloys/AI alloy 

 

:      Project No.MEE9596040ISRORKRI 

 
INVESTIGATORS 

 

      a) From IIT                                :      Prof R Krishnamurthy 

                                                                Dr S K Malhotra 

                                                                Dr G Santhanakrishnan 

 

      b) From ISRO :       Dr T Chelladuri 

 

3.    STAFF                                     :       NIL 

 

4.    VALUE                                   :       Rs.3.00 lakhs 

 

5.   STARTING DATE                  :      01.01.1995 

 

6.  CLOSING DATE                      :      31.08.1997 

 

7.  OBJECTIVES  :  

 

Evaluation of the structural integrity of Aerospace materials under stress through acoustic 

emission sensing. Acquisition of data on acoustic emission for assessing the applicability of acoustic 

emission for integrity evaluation and also prediction of material status subjected to different working 

environment. 

 

8.   WORK CARRIED OUT SO FAR 

 

        In the recent times, Acoustic Emission (AE) Technique has been widely recognised as an active 

Non-Destructive tool for the integrity assessment of different engineering products such as cutting 

tools, bearing elements, pressure vessels and the like. It is unique in that it has the potential not only 

to identify the structural changes such as deformation, dislocation mobility, but also to locate the 

defect and signal the crack initiation and propagation leading to failure. 

 

Thus using AE signal, it is possible to evaluate the performance of materials under stress; the 

data acquired can be used to predict the performance of products made of such materials on-line. 

With this in view, preliminary trials on the tensile testing of Maraging steel and fatigue of fibre 

reinforced polymeric composites have been carried out. The results are presented here with: 
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Tensile testing of Maraging steel 

 

Maraging steels M250 have been used in aerospace applications such as pressure chambers. 

This necessitates collection of data on on-line monitoring of AE signal while such steels are 

subjected to tensile loading. Tensile test specimen of 7.8 mm thickness, made of 18% Ni maraging 

steel, M250 grade and tested with tensile loading in an universal tensile testing machine of 100T 

capacity. Typical observations are illustrated in fig 1. During testing, as the test load increases, the 

test material becomes active, associated with deformation and dislocation movements, the material 

exhibiting permanent set. This is associated with emission of continuous AE signal. As the load 

applied increases, the material tries to attain the threshold permissible stress beyond which 

degradation failure sets-in. Hence, as the material is subjected to increasing loading,acoustic stability 

is attained, with the result the material may even become inactive over the permissible stress region. 

Beyond that stress, failure of material sets-in associated with localised burst signals (reduced AE 

signal characteristics). 

 

 
 

  

 

 

Fatigue studies on FRP Composites 

 

        Glass fibre reinforced polymeric composites with the material modified with addition of 

15% CTBN were tested under cyclic fatigue loading. The performance of the material was assessed 

in terms of stiffness reduction. Typical observation on stiffness reduction of the FRP composite 

materials is presented in fig.2. It is seen that unlike the case of metallic materials, composite 

materials is active right from the start of fatigue loading. This was also indicated by AE signal 

monitored. Typical observation on AE activity in the FRP composites is presented in fig.3. It is seen 

that over the initial phase of fatigue loading, there is a low level of AE activity associated with burst 

type emission due to microcracking and localised fibre breakage. As the stress cycling is continued, 

the material devleops structural compatibility attaining thereby acoustic equilibrium. Any further 

continuation of fatigue cycling, material distress sets-in indicated by reduction in AE activity, 

associated with burst type emission. Referring to fig.2 and fig.3, it can be seen that there is a good 

correlation between AE and fatigue performance of FRP composites. 
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------------------------------------------------------------------------------------------------------------------------- 
 
 
INVESTIGATORS   : 

 

From lIT   : Dr. R Krishnamurthy 

                                                                               Dept. of Mechanical Engineering 

Dr. S K Malhotra 

Composites Technology Centre 

Dr.G Santhanakrishnan 

Dept. of Applied Mechanics 

 

From ISRO   : Shri. T Chellathurai 

VSSC. Trivandrum 

Shri. A S Sankannarayanan 

VSSC, Trivandrum 

 

3. VALUE OF THE PROJECT : Rs. 3.00 lakhs 
 

4. STARTING DATE   : 01-01-1995 

 

5. CLOSING DATE   : 31-03-1999 

 

6. STAFF IN POSITION  : Nil 

 

7. WORK CARRIED OUT SO FAR: 
 

Titanium specimens were subjected to pure tensile loading in an Universal testing machine; Schenck 

Trebal RM 250, of 250 kN capacity. During testing, acoustic emission signal from the test specimen was 
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picked up by a piezo-electric sensor (l00 KHz-2 MHz range). The relatively weak signal acquired was pre 

amplified to a gain of 60 dB. The amplified signal was processed through AET 5500 system. The tests were 

carried out under normal environment and controlled cryogenic environment. Salient observations are 

discussed below. 

 

 

8. RESULT 

 

Room Temperature Test 

 During trial. load-extension curve was recorded; concurrently acoustic emission signal was also 

picked up. The RMS value of the signal recorded, exhibited a fluctuating trend with the  

load applied; however over all reduction was observed as the specimen experienced increased order of 

extension. Titanium under stress will experience deformations of discrete lumps of materials (over the neck 

portion), resulting in differential strain in the material, culminating in localised shearing. This has been 

resulted in fluctuating nature of the acoustic emission (AE) signal recorded. Around 2500N, sudden rise in the 

A.E. signal was observed indicating the burst mode of emission, associated with fracture of test specimen. 

The A.E. signal recorded was of mixed modes, with occurrence of dominating frequency range of 50-100 kHz 

for most of the load (deformation stage). This can be attributed to the material characteristics. Fractographic 

studies through SEM have indicated a textured macrograph, with dimpled zones, indicating ductile mode of 

fracture. 

 

Cryogenic Testing 

Titanium specimens were tested under: cryogenic condition (T=77K) in a specially designed and fabricated 

laboratory chamber, apt for in-situ testing in the Universal testing machine. 

The response of the test material to tensile loading, under cryogenic environment has been studied through 

acquisition of acoustic emission signal. Unlike the case of testing under ambient condition, very low order emission was 

recorded in the case of cryogenic testing. 

The signal recorded was of composite nature; Unlike the case of signal recorded at ambient test condition, the 

signal recorded during cryogenic testing contained higher order frequency components indicating mostly burst mode of 

emission. The relatively lower order amplitude of rms values and also the presence of higher frequency components, 

indicate the occurrence of discrete/localised bursting. i.e the material under this cryogenic condition experience 

transitional behaviour. The strengthening of the material subjected to cryogenic environment has resulted in the failure of 

the specimen at the clamped end; causing an abrupt end to testing. 

 

9. REMARKS 

 

 Few more trials to be carried out by altering the geometry/size of the specimen, enabling full 

immersion of the gauge length in the cryogenic atmosphere. 

 

 Tests to be repeated on titanium weldments. 
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Statistical energy analysis prediction of 

structural acoustic response of launch vehicle structures 
 

Project No.APM9596042ISROSNAR 

 
.   INVESTIGATORS                    

 

      a) From IIT                                  :      Prof S Narayanan  

                                                                  Dr S Swarnamani 

 

 

        b) From ISRO                        :           Mr S A Palaniswami  

                                                                   Scientist G 

                                                                   Structural Dynamics Division  

                                                                   VSSC, Thiruvananthapuram 

 

                                                                   Mr K L Handoo 

                                                                   Scientist G 

                                                                   Structural Dynamics Division  

                                                                   VSSC, Thiruvananthapuram 

 

3.  STAFF                                      :           NIL 

 

4.   VALUE                                   :           Rs.6.5 lakhs 

 

5.   STARTING DATE                 :          01.09.1995 

 

6.   CLOSING DATE                    :          31.08.1997 

 

7.   OBJECTIVES                         : 

 

       i) Development of a SEA model for a typical launch vehicle structure with a view to predict the 

structural response due to non uniform external acoustic transmissibility characteristics. 

 

       ii) Combining the finite element method to develop a computer code for structural response 

calculations valid both in the low and high frequency regimes. 

 

8.    WORK CARRIED OUT SO FAR 

An exhaustive bibliography of the present status in the applications of SEA to launch vehicle 

structures has been prepared. Dedicated work station for computational purposes and data 

acquisition acquired. Development of computer code to evaluate SEA parameters with respect to 

cylindrical and stiffened cylindrical shell is in progress 

 

 



122 

 

. INVESTIGATORS 

 
From lIT    Dr. S. Narayanan 

Department of Applied Mechanics 

 

Dr. S. Swarnamani 

Department of Applied Mechanics 

 

From ISRO    Shri. S.A. Palaniswami  

VSSC, Trivandram 

 

Shri K.L. Handoo  

VSSC, Trivandram 

 

3. VALUE     Rs. 8.5 lakhs 

 

4. STARTING DATE    01-09-1995 

 

5. CLOSING DATE    31-03-1998 

 

6. OBJECTIVES 

 

   (i) Development of a SEA model for a typical launch vehicle structure with a view to 

  predict the structural response due to non uniform external acoustic field. 

  (ii) Combining the finite element method to develop a computer code for structural response 

  calculations valid both in the low and high frequency regimes. 

 

7. STAFF IN POSITION   None 

 

8. WORK CARRIED OUT SO FOR:  

 

A comprehensive literature survey on SEA modelling and applications was prepared with the 

first review project report. The vibration response and noise transmission inside a cylindrical shell 

due to an uniform external acoustic field given in telms of octave band sound pressure If'vels 

typicaLof launch vehicle sound spectrum have been estimated using SEA. This was also presente_d-

along withthe-firsLreview project report. These results w_re presented during the review meeting on 

18-02-1997. Preliminary experimental results on the determination of modal densities of stiffened 

cylindrical shell models were presented during the second review meeting on 26-08-1997. During 

the period from August 1997 to December 1997 the following works have been carried out: 

 

(i) A comprehensive SEA model for a closed cylindrical shell with ring stiffeners and    

     longitudinal stiffeners including external acoustic field and the interior noise field have  

     been formulated. The model consists of 17 subsystems consisting of the following 

 

Subsystem l. The external acoustic field (excitation) 

 

Subsystem 2,3 and 4. Three shell structures which are connected by means of ring stiffeners 

 

Subsystem 5 and 6. End plates 

 

Subsystem 7,8,9 and 10. Ring stiffeners 
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Subsystem 11,12,13,14,15 and 16. Longitudinal stiffeners 

 

Subsystem 17. Internal acoustic field having the volume V 

 

The longitudinal stiffeners have been assumed to be beam type structures 

 

      (ii) Expression for modal density of ring stiffeners have been derived for use in the SEA   

           calculations 

 

            (iii) The energy balance equations representing the power flow between the various subsystems  

             are derived using internal loss factors for the subsystems and coupling loss factors between  

             acoustic- structure coupling such as beam plate junctions, plate-plate junctions. 

 

      (iv) The energy balance equations are solved for the mean square velocity of the structural 

 subsystems and the sound pressure levels in the octave bands for the interior noise field. 

 

            (v) A computer programme is developed in Fortran which have libraries containing modal  

            density expression for different structural systems and coupling loss factors between various  

            subsystems of the SEA model. 

 

9. REMARKS 

 
With the SEA model completed, data from a realistic launch vehicle structure can be input to the program 

to evaluate the structural response and interior acoustic noise levels. The modelling of connections between 

conical shell and cylindrical shell junctions jsunder progress for evaluating the coupling loss factors. The 

finite element method prediction of low frequency response will be undertaken with a standard package. 
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Expert System Applications in Indian Space Program 
 

 
 

Project No.CSE9596043ISRODEEP 

 

 
.   INVESTIGATORS 
 

       a) From IIT                                 :         Dr Deepak Khemani 

       b) From ISRO                        :          Dr S Sankar, DGM-MARS&PM 

                                                                 Mr V Krishnamurthy,Manager,MARS  

                                                                 SHAR, Sriharikota 

 

3.   STAFF :         S G Somayajulu SPO GR.II  

                                                                 G Selvi, PAO 
                                                                  S Rajkumar, PTN 

 
4.  VALUE                                         :           Rs.6.00 lakhs 

 

5.   STARTING DATE                 :           01.01.1996 

 

6.  CLOSING DATE                     :          31.12.1998 

 

7.  OBJECTIVES 

 

To design and build a knowledge based system for Launch Campaign Management. This involyes 

the development of a system for scheduling and monitoring the integration work for a satellite 

launch vehicle. 

 

As part of the monitoring activity 

 

I) to provide for rescheduling in case of any execution delays or failures of a minor/major subsystem 

integration 

II) to provide for troubleshooting the problems encountered during the execution of the schedule by 

storing and using the knowledge from the similar earlier experiences/cases. 

 

8.   WORK CARRIED OUT SO FAR   
 

The launch campaign management system has been designed to have a scheduling/rescheduling part 

and a monitoring part Refer fig. 1 
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The front end of the system with which the user interacts, is the module for: monitoring. Through 

this interaction the user (either an ISRO executive or a system operator) is prompted for the activities 

scheduled for the day in the morning. In the evening, the user submits details of the status of the 

scheduled activities. Depending upon the status of the whole launch campaign, either the user would 

be prompted for the unfinished activities on the following day, or if the delay is critical, a 

rescheduling of the whole launch campaign would be called for. During the execution of the day's 

activities, if any problem is encountered, the troubleshooting module searches its memory for similar 

problems that might have occurred in the past, including earlier campaigns. During a launch 

campaign the user is expected to contribute to this case memory for troubleshooting. Currently, the 

prototypes for all the major modules of the system are being implemented. They are being tested on 

an initial schedule supplied by ISRO 

 

 

INVESTIGATORS 

 
From lIT     Dr. Deepak Khemani, 

Department of Computer Science and Engg. 

 

Dr. P. Sreenivasa Kumar, 

Department of Computer Science and Engg. 

 

From ISRO     Mr. S. Sankar, 

Mr. V. Krishnamurthy,  

SHAR, Sriharikota. 

 

3. VALUE      Rs. 6.0 lakhs 

 

4. STARTING DATE     01-01-1996 

 

5. CLOSING DATE     30-06-1998 

 

6. OBJECTIVES 

 

To design and build a knowledge based system for Launch campaign Management. This involves the 
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development of a system for scheduling and monitoring the integration work for a satell ite launch vehicle. 

 

       As part of the monitoring activity, 

 

      a)    to provide for rescheduling in case of any execution delays or failures of a minor/major 

        subsystem integration. 

      b)     to provide for troubleshooting the problems encountered during the execution of the 

        schedule by storing and using the knowledge from similar earlier experiences/cases. 

 

 7. STAFF IN POSITION   Mr. H. Rajkumar 

Project Associate 

 

Mr. M.A. Ram 

Project Associate 

 

8. WORK CARRIED OUT SO FAR: 

 

The launch campaign management system has been designed to provide for scheduling, rescheduling and 

monitoring of the activities involved in the assembling of a satellite launch vehicle. 

 

The front end of the system with which the user interacts, is the module for monitoring. This module is the one 

which takes care of the interaction between the user and the package and is also responsi'Jle for coordinating the 

activities of all ,the other modules (refer to fig.!). Through this interaction the user (an ISRO executive) is prompted for 

the activities scheduled for the day in the morning. In the evening, the user submits details of the status of the scheduled 

activities. Depending upon the status of the whole launch campaign, either the user would be prompted for the unfinished 

activities on the following day, or if the delay is critical, a rescheduling of the whole launch campaign would be called 

for. 

 

Monitoring module enables the user to visually inspect the progress of the project by providing a 

graphical display of the schedule in the form of a PERT chart. It also allows the user to view the details of 

various tasks of the schedule. 

 

During the execution of the day's activities if any problem is encountered the troubleshooting module 

searches its memory for similar problem that might have occurred in the past, including earlier campaigns. 

During a launch campaign the user is expected to contribute to this case memory for troubleshooting. 

 

The version-I of the software has already been given to SHAR already. Several modifications suggested 

by SHAR scientists and certain improvements in the basic functionality of the software are being incorporated 

in Version-2 of the software. Part ofVersion-2 has been given to SHAR. In Version-2, most of the modules of 

Version-I have been converted into VC++. Better algorithms have been used for a clearer display of the PERT 

chart. Also scrolling mechanism is provided for viewing any selected part of the PERT chart. Improvised way 

of status reporting has been in corporated into the software. Version-2 has been tested with an initial schedule 

provided by SHAR. 

 

9. REMARKS 

 

As the modification to Version-I are-incorporated into Versions-2 of the software and it also needs to be 

tested with actual launch campaign date, it has been agreed in principle that the project be extended by six 

months without any further financial commitment from ISRO and a request is being made. 
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ACOUSTIC EMISSION TESTING OF AERO SPACE 

MATERIALS SUCH AS Ti ALLOYSI AI ALLOY 

 

PROJECT NO:ICSR/I S R 0- 

I IT(M)/M EE/4 0/9 5 - 96/RKRI & S K& G S 

 
INVESTIGATORS 

 

     From lIT     Dr. R. Krishnamurthy, 

Department of Mechanical Engineering 

       

      Dr. S. K. Malhotra, 

 Composites Technology Centre 

 

      Dr. G. Santhanakrishnan,  

Department of Applied Mechanical. 

 

 

     From ISRO     Dr. T. Chelladurai  

VSSC, Trivandrum 

 

3. VALUE     Rs. 3.00 lakhs 

 

4. STARTING DATE    01-01-1995 

 

5. CLOSING DATE    31-03-1998 

 

6. OBJECTIVES : Evaluation of the structural integrity of Aerospace 

materials under stess through acoustic emission sensing. Acquisition of data on acoustic emission for 

assessing the applicability of acoustic emission for integrity evaluation and also prediction of material status 

subjected to different working environment. 

 

7. STAFF IN POSITION   None 

 

8. WORK CARRIED OUT SO FAR: 

 

During the review period, as suggested by the review committee, a meeting with Dr. Chelladurai of VSSC 

was arranged. The data to be collected has been finalised. The tests will be conducted on Titanium under both 

ambient and cryogenic (around 70K) conditions. 

 

- For, this, cryogenic test chamber has been fabricated 

 

-            It is being tested for specifications  

- Only, limited data could be collected owing to the break down of the Hydraulic testing facility. 

- Further, only four samples of Titanium for tensile testing are available. 

 

9. REMARKS 

 

     In the coming months, the desired data will be acquired and detailed report will be finalised. 
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APPLICATION OF ELECTRON BEAM WELDING 

TECHNIQUES FOR Ti6AI4V 

 

PROJECT NO :ICSR/ISRO-IIT(M)/41/MET/95-96/KPRA&BG 

 
INVESTIGATORS 

 

From lIT    Dr. K Prasad Rao 

Department of Metallurgical Engineering 

 

Dr. B Guha 

Department of Metallurgical Engineering 

 

From ISRO    Shri N Gunasekaran LPSC, Bangalore 

 Dr George Thomas VSSC, Trivandram 

 

3. VALUE     Rs. 5.49 lakhs 

 

4. STARTING DATE    17-03-1997 

 

5. CLOSING DATE    16-03-2000 

 

6. OBJECTIVES    To study the application of electron beam welding techniques in  

improving the fracture toughness of Ti6A 14 V weld metal 

 

 Stringer Bead 

 Multiple Pass (Bead over Bead) 

 Insitu Post Weld Heat Treatment 

 Beam Oscillation 

 

7.  STAFF IN POSITION    Project Associate – One 

 Project Technician – One 

 

8. WORK CARRIED OUT SO FAR: 

 Material received from MIDHANI during last week ofOctober'97 

 Initial trials on EB welding of 16 mm plate using ISRO material 

 Established optimum process parameters for welding of 16mm thick plates procured from MIDHANI  

 Source identified for machining and specimen making 

 Welding done using different techniques under the optimised conditions (during last ",leek of 

December, 1997) 

 Metallography work and Hardness testing in progress 

 Specimen preparation for Impact Toughness in progress 
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INVESTIGATORS    : 
 

From lIT    : Dr. K Prasad Rao 

Dept. of Metallurgical Engineering 

Dr. B Guha 

Dept. of Metallurgical Engineering 

 

From ISRO    : Shri. N Gunasekaran 

LPSC, 

Bangalore 

 

Dr. George Thomas 

VSSC 

Trivandram 

 

3. V ALUE OF THE PROJECT  : Rs. 5.49 lakhs 

 

4. STARTING DATE    : 17 -03-1997 
 

5. CLOSING DATE    : 17-03-2000 
 

6. OBJECTIVES 

 

The EBW of Ti-6AI-4V will have certain advantages due to high penetration characteristics of the 

electron beam and metallurgical purity of the weld metal obtained during welding because of the vacuum 

environment. However, the toughness of the weld metal is found to be poor compared to the base metal 

counterpart. So, in this project work, study is made to evaluate the effect of various EBW techniques on the 

fracture toughness behaviour of the weld metal. The following EBW techniques are applied for welding the 

plates which is 16mm in thickness. 

 

 Stringer bead (Stringer) 

 Two pass weld (Bead over bead, BOB) 

 Three pass weld (Bead over bead over bead, BOBOB) 

 In situ post weld heat treatment using defocused electron beam (BOB-PWHT) 

 Electron beam oscillation 

 

 

7. STAFF IN POSITION   : Shri. P Balasrinivasan 

Project Associate (till August 1998) 

 

 

8. WOF'.K CARRIED OUT SO FAR: 

 

 Welding of plates have been completed using the above welding techniques except the electron beam 

oscillation method due to some technical difficulties in the welding machine. 

 Microstructural study has been made using optical metallography. 

 Hardness measurement has been carried out in the weld metal and HAZ zones. 
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 Conventional Charpy impact testing has been conducted to evaluate the notch toughness values of 

the weld metals. 

 Compact tension specimens have been prepared for the fracture toughness (KId testing and the same 

is in progress. 

 

9. RESULTS 

 
a) Chemical composition 

 

The chemical composition of the Ti-6AI-4V alloy is given in Table I. 

 

Table.I Chemical Composition of Ti-6AI-4V alloy 

 

Alloying Al V Fe C H N 0 Ti 

elements         

% 6.45 3.97 0.20 0.020 0.0032 0.008 0.120 Balance 

 
b) Hardness Measurement 

 

The hardness value of the weld metals of the different welding techniques are given in Table II. 

 

Table II Hardness value of the weld metals 

 

Condition Base Metal Stringer BOB BOBOB BOB-PWHT 

Hardness value, HV 305 335 325 310 325 

 
It can be seen that highest hardness value is obtained for the weld metal of the stringer bead and 

lowest value is found in the weld metal of the bead over bead over bead (BOBOB) technique. Intermittent and 

same hardness values are noticed for the weld metals of the bead over bead (BOB) , and in situ post weld heat 

treatment (BOB-PWHT) techniques. It is known that the cooling rate in the stringer bead technique is higher 

than the two pass weld bead technique which has again higher cooling rate than the three pass weld bead 

technique. So, highest hardness value is observed for the weld metal of the stringer bead and lowest hardness 

value is measured for the bead over bead over bead technique. 

 

c) Notch Toughness 

 

Standard Charpy specimens were extracted at the centre of the weld metal. The impact testing was 

performed in a 300 Joules capacity machine at room temperature. The energy absorbed by the weld metals of 

different techniques are given in Table III. 

Table III. Absorbed energy of weld metals 

 

Condition Base Metal Stringer BOB BOBOB BOB-PWHT 

Absorbed 28 26 28 34 31 

Energy, Joules      
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It can be clearly seen from the above table that the weld metal of the bead over bead over bead technique 

exhibits highest notch toughness than the weld metals of the other techniques. 

 

10. REMARKS 

 

Fracture toughness tests are in progress. . 

 

 

 

INVESTIGATORS 

 

From lIT         :       Dr. K Prasad Rao,  

  Dept. of Metallurgical Engineering 

 

        Dr. B Guha,  

  Dept. of Metallurgical Engineering 

 

From ISRO          :       Shri. N Gunasekaran  

                    LPSC, Bangalore 

 

  Dr. George Thomas  

  VSSC, Trivandrum 

 

3. V ALUE OF THE PROJECT        :   Rs.5.49 lakhs 

 

4. STARTING DATE         :    17-03-1997 

 

5. CLOSING DATE          :       16-03-2000 

 

6. OBJECTIVIES 

 

The EBW of Ti-6AI-4V will have certain advantages due to high penetration characteristics of the 

electron beam and metallurgical purity of the weld metal obtained during welding because of the vacuum 

environment. However, the toughness of the weld metal is found to be poor compared to the base metal 

counterpart. So, in this project work, study is made to evaluate the effect of various EBW techniques on the 

fracture toughness behavior of the weld metal. The following EBW techniques are applied for welding the 

plate. 

 

 .Stringer bead (Stringer) 

 

 .Two pass weld (Bead over bead, BOB) 

 

 .Three pass weld (Bead over bead over bead, BOBOB) 

 

7. STAFF IN POSITION                            :        Sri. K Angamuthu, Senior Project Off. Gr II 

                                                                                Sri. B Gopinathan, Project Attendant 

 

8. WORK CARRIED OUT SO FAR         : 
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The base metal used in this investigation was alpha-beta Ti-6AI-4V alloy plate having thickness of 

17.5I11m. Through penetration EB welds were made on plate by the above techniques. The EBW was carried 

out in a chamber with a vacuum of 5.8 X 10-5 torr. 

 

Microstructural analysis of the EB weld metals were made using the optical microscope, transmission 

electron microscope. Vicker's hardness survey was conducted using 5kg load. Conventional Charpy impact 

tests and fracture toughness tests (KIc.) have been carried out to estimate the toughness of the base metal and 

weld metals. Charpy specimens were prepared at the mid thickness region of the I7.5mm plate. The notch was 

located in T-L direction in the base metal. In the weld metal, the notch was cut at the center of the weld 

metal, parallel to the weld direction. The fractured surfaces were examined in the scanning electron 

microscope to study the mode of fracture. 

 
9.RESULTS: 
 

Microstructure 

The base metal.revealed the presence of primary alpha in a matrix of transformed beta while the fusion 

zone with stringer bead technique consisted of predominantly alpha prime martensitic structure (Fig. 1). The 

microstructures ofthe BOB and BOBOB techniques appeared more relaxed with some white areaS 

(presumably alpha) as shown in Fig.2. The martensitic platelets with extensive dislocations were seen in TEM 

micrograph of stringer bead weld metal (Fig.3). The weld metal in the BOBOB technique exhibited cellular 

structure, which confirms the lower cooling rate. So, sufficient time is allowed for the diffusion of a. The 

white areas are indicating the presence of diffusional a (Fig.4). In general the TEM studies revealed the 

beneficial effect of multiple passes of the electron beam welding. 

Hardness Values 

 

The hardness values of the base metal and EB weld metals are shown in Fig.5. It is seen to be high in 

the case of stringer bead and it decreases with increase in the number of EB passes. 

Notch Toughness Values 

The notch toughness of the base metal and EB weld metals are shown in Fig.6. It can be seen from 

the above figure that the stringer bead lowers the notch toughness compared to that of the base metal. But, as 

the number of electron beam passes increased, the notch toughness also found to be increased. It is interesting 

to note that the notch toughness of the bead over bead over bead weld metal increases to that of base metal. 

Fracture Toughness 

The fracture toughness of the base metal and weld metals made by different welding techniques are 

shown in Fig.7. Here again, the fracture toughness is found to increase with increase in the number of EB 

passes. It should be noted that the stringer bead showed lower notch toughness and higher fracture toughness 

than that of the base metal counterpart. 

Fractography 

Charpy Specimens 

The fracto graphic observation of the base metal revealed void nucleation and growth indicating the ductile 

fracture (Fig.8) whereas the stringer bead showed trans granular fracture with more percentage of cleavage 

type of facets in addition to plastic blunting (Fig. 9). The BOB weld metal failed by less faceting and more 

hole growth indicating the higher energy absorption. The failure in the BOBOB weld metal occurred with 

very less faceting and more hole growth process (Fig.IO) revealing still higher energy absorption compared to 

the BOB weld metal. 
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Compact Tension Specimens 

    The base metal showed ductile fracture without any facets in the fractured surface. 

The stringer bead failed by void formation and growth in addition to a small percentage of cleavage facets 

(Fig. I 1). When the number of EB passes increased, the percentage of cleavage facets decreased and the 

failure occurred by more number of void formation and growth. The fracto graph of the BOBOB weld metal 

is shown in Fig. 12. 

 

9. REMARKS: 

 

In the stringer bead, the decrease in the notch toughness compared to the base metal is due to the 

presence of ά martensitic platelets. For the same reason, the hardness value of the stringer bead is found to be 

high. However, the fracture toughness is estimated to be slightly higher than the base metal. In the BOB weld 

metal, the reduction in the cooling rate promotes the formation of alpha phase along the alpha prime 

martensitic structure. Here again, the alpha phase decreases the hardness and increases the notch toughness 

and fracture toughness of the weld metal. The less faceting because of the alpha and alpha prime 

microstructure in the fractured surface of the BOB weld metal also proves that the toughness increases in this 

case. In the BOBOB weld metal, the presence of cellular structure with more diffusional alpha decreases the 

hardness and increases the toughness still further. The ductile fracture with very less faceting and more void 

formation raised the amount of work done during impact loading. Therefore, the toughness of the BOBOB 

weld metal is found to be highest among all the other weld metals. 

 

It is concluded that the increase in the number of passes of the EB over the stringer bead increases the 

toughness values. More EB passes cause slower cooling rate and more diffusional alpha phase, which result in 

higher toughness values. 

 

10. FURTHER WORK 
 

I. Fracture Toughness (KIC )of the side grooved specimens 

2. Residual stress measurement of weldments 

3. Effect of cryogenic treatment on  KIC  Properties 

                             4. Analysis of overall results and report making 
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STUDIES ON MACHINING OF FIBRE 

REINFORCED PLASTICS 
 

PROJECT NO : ICSRlJSRO- IIT(M)/FRP/44/96-97/SKMA 
 

 
. INVESTIGATORS 

 

From lIT    Dr. S. K. Malhotra, 

Composites Technology Centre 

 

Dr. R. Krishnamurthy, 

Department of Mechanical Engineering. 

 

Dr. G. Santhanakrishnan, 

       Department of Applied Mechanical. 

 

 

From ISRO    Shri M. Ramakrishnan  

VSSC, Vattiyoorkavu  

Trivandrum 

 

3. VALUE     Rs. 4.55 lakhs 

 

4. STARTING DATE    04-04-1996 

 

5. CLOSING DATE    30-09-1998 

6. OBJECTIVES    To carry out turning studies on ablative composites using various  

tool materials by varying cutting parameters and arrive at suitable  

model relating cutting parameters, surface finish and tool wear. 

 

7. STAFF IN POSITION   One Project Associate 

 

8. WORK CARRIED OUT SO FAR: 

 

Face turning studies on two ablative composites e.g., carbon/Phenolic and High silica / Phenolic (supplied by 

Composites Group, VSSC) using Coated Carbide and PCD tools have been completed. Cutting paramters (cutting speed, 

feed and depth of cut) are varied. Tool forces, surface finish, temperature and tool wear are measured and analys,:d. 

 

Models relating temperature and cutting forces with cutting parameters have been arrived at using regression 

analysis. 

 

Studies with CBN tool and surface turning studies are being carried out. Several important observations 

are made from the work carried out so far. 
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Cutting forces Vs Cutting velocity curves are plotted for four feed rates and two depth for 

 cut. Some of the observations made from these curves are: 

 There is a critical velocity for each combination of composite material and cutting tool at 

 which cutting forces are minimum. These are as follows: 

 

Carbon /Phenolic with Coated Carbide: 100 m/min. High silica/Phenolic with Coated Carbide: 150 m/min. 

Carbon/Phenolic with PCD : 300 m/min. 

High silica/Phenolic with PCD: 300 m/min. 

 

Cutting forces are higher for high silica/phenolic as compared to carbon/phenolic for both the tool. 

 

9. REMARKS 

 
Ablative composites with different lay-up will be supplied by VSSC for further studies. Face turning 

studies on ablative composites using of other tool materials (Ceremics, CBN, etc.) will be carried out. Surface 

turning of studies on ablative composites will be carried out. 
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DEVELOPMENT AND TESTING OF A PILOTED 

TWO DIMENSIONAL SUPERSONIC COMBUSTOR 
 
 

PROJECT NO : ICSR/ISRO-IIT(M)/ ASE/45/96-97/JOB K 
 
 
INVESTIGATORS 

 
From lIT    Dr. Job Kurian 

Department of Aerospace Engineering 

 

Dr. R.I. Sujith 

Department of Aerospace Engineering 

 

From ISRO    Shri Rajaram Nagappa, VSSC 

Shri JDA Subramaniam, VSSC 

Shri P. Manjunath, VSSC 

 

3. VALUE     Rs. 5.97 Lakhs 

 

4. STARTING DATE    01-11-1996 

 

5. CLOSING DATE    31-10-1998 

 

6. OBJECTIVES 

 

(i) To develop a 2-D combustion chamber which performs in the three modes viz. Air augmented  

mode, Ramjet mode and Piloted Supersonic combustion mode using 20 lobed nozzle for the 

primary/pilot flame. 

 

             (ii) To evaluate the performance of such a combustion chamber in all the three modes. 

 

7. STAFF IN POSITION   Mr. M. Murali 

Project Associate 

 

Mr. S. Sivakumar  

Project Technician 

 

8. WORK CARRIED OUT SO FAR 

 

The project envisages the development of a two dimensional combustor suitable for airaugmented, ramjet 

and scamjet modes of operation. The combustor is to employ a twodimensional lobed nozzle as the forced 

mixer. The principle aspects of work carried out so far are the following. 

 

 The fabrication of the nozzle and cumbustor are completed. Modifications required on the Supersonic 

Combustion Test Facility to adapt to the two dimensional nozzle and combustor are completed. 

 

 Flow field studies of the 2-D lobed nozzle are completed to characterise its mixing performance. 



138 

 

 

 

 

 Experiments are presently being done to study the combustor performance in the Air augmented 

mode of operation. At present the experiments are being done with a primary stream ofmach number 

of 1.7 and a sonic secondary stream. 

 
 
------------------------------------------------------------------------------------------------------------------------- 
 
 
INVESTIGATORS    : 

 
 From IIT    : Dr Job Kurian 

       Dept. of Aerospace Engineering 

 

       Dr RI Sujith 

       Dept. of Aerospace Engg. 

 

 From ISRO    : Shri Rajaram Nagappa 

       Associate Director, VSSC 

       Trivandrum 

 

       Shri JDA Subramanyam 

       Project Director, ABPP 

                                                         VSSC, Trivandrum 

 

       Shri Manjunath 

       Scientist, ABPP 

       VSSC, Trivandrum 

 

3.  VALUE OF THE PROJECT   : Rs.7.47 lakhs 

 

4. STARTING DATE   : 01.11.1996 

 

5. CLOSING DATE   : 31.10.1999 

 

 

6. OBJECTIVES 

 
1. To develop a 2D supersonic combustion chamber which performs in Air Augmented, Ramjet and 

Scramjet modes 

 

2. To evaluate the performance of such combustion chamber in all the modes in combination with 

an axisymme5tic petal nozzle or a two dimensional lobed nozzle. 

 

3. To evaluate the mixing characteristics of the nozzles mentioned above. 

 

 

 

7. STAFF IN POSITION   : Shri M Murali, Senior Project Officer 

           Shri S Sivakumar, Project Technician 
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8. WORK CARRIED OUT SO FAR: 

 

Tile project which is experimental in nature, is carried out on the Supersonic Combustion Test 

Facility of the Gas Dynamics Laboratory. The nozzles and the combustor were designed and fabricated in the 

first year of the project. Also the necessary modifications were done to suit the two dimensional 

configuration. Mixing studies on two dimensional lobed nozzles were done using bulk measurements. In 

addition, mixing studies were performed using optical flow diagnostics using digital image processing of the 

planar Mie scattering images of the flow field. The two-D lobed nozzle was found to be better than the 

radially lobed nozzle as regards the mixing performance. During this year, experiments on the testing of the 

combustor in the Air Augmented mode was completed. The experiments confirmed that the secondary 

combustor efficiency was up to a maximum of only about 60% although the primary combustor efficiency 

was about 95%. 

 

Most of the work done was on the testing of the combustor in the Scramjet mode. For. the Scramjet mode, test 

were conducted in a simulated dual mode combustor. Here again the combustor performance was evaluated 

by means of stagnation pressure and stagnation temperature measurements. Combustor Mach number of 1.7 

was employed in the experiments. The 2-D lobed nozzle was used for accelerating the products of combustion 

from the subsonic combustor. The experiments were conducted with equivalence ratios in the range of 0.11 to 

0.34. The distribution of stagnation temperature in the exit plane of the combustor was found to be uniform 

establishing the fact that the lobed nozzle is good for thermal mixing as well. The Mach number distribution 

in the exit plane showed the flow to be always supersonic. The efficiency of supersonic combustion was 

obtained as about 40%. Experiments were also conducted with hot secondary air emanating from the pebble 

bed type air heater. This is a condition simulating the actual flight condition more closely. With secondary 

heated air, the combustor efficiency was estimated as about 60%. 

 

9. REMARKS 
 

Experiments on the combustor testing under Ramjet mode of operation are now in progress. 
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STUDIES ON THE INTERACTION BETWEEN 

MULTIPLE SUPERSONIC JETS 

 
PROJECT NO :ICSR/ISRO-IIT(M)/MEE/046/96-97/TSUN 

 
 
INVESTIGATORS 

 

From lIT     Dr. T. Sundararajan 

Department of Mechanical Engineering 

 

Dr. V. Ramjee 

Departmert of Applied Mechanics 

 

From ISRO     Dr. Pradeep Kumar 

        Aerodynamics Division, Trivandrum. 

 

3. VALUE      Rs. 4.95 lakhs 

 

4. STARTING DATE     01-11-1996 

 

5. CLOSING DATE     31-10-1998 

 

6. OBJECTIVES 

 
The aim of the project is to study the interaction between supersonic jets from strap-onbooster rockets of a 

rocket system. The study aims at investigating the following aspects: 

 

i) Development of 3-D Euler code for interaction of highly underexpanded jets and multiple supersonic jets. 

ii) Extension of the Euler code to include viscous effects 

iii) Study of reverse flow and interaction of the jets with nozzle base. 

iv) A parametric study of jet flow interaction for still and co-flowing atmospheres. 

 

7. STAFF IN POSITION    Mr. A.V. Bhaskar, 

Project Associate 

 

Mr. S. Vijay Kumar  

Project Associate 

 

8. WORK CARRIED OUT SO FAR: 

 

Recruitment of staff 

 

The project associates were recruited in March. 1997. 
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Literature survey 

 

A detailed literature survey is being conducted on multiple jet interaction and flow of hot gases 

adjacent to solid base. Most of the available literature concerns with the interaction of cold jets. 
 

Purchase of Computing equipment 

 

A high end computer with Pentium-Pro processor (200 MHz clock) has been purchased in July'97. In 

order to faciliate the 3-D simulation of jet interactions, it has been equipped with 128 MB RAM and 4 GB 

hand disk memory. This computer system has been successfully installed in and is fully operational at 

present. . 

 

Code development 

 

A 2-D compressible flow code has been developed to study the interaction of multiple 

supersonic jets and it is being extended for 3-D si_ulations. The 3-D interaction studies require a 

powerful grid generation scheme, in order to account for the complex shock cell structure between 

the jets and to accurately analyse the reverse flow region between the jets for estimating the heat 

transfer to the nozzle walls. This grid generation scheme should be capable of coupling smoothly 

with the Euler solver under development and facilitating extension for future modifications of the 

compressible flow solver. 
 

Computational results for 2-D jet interactions 

 

Fig. 1 depicts the outline of the geometric arrangement of the nozzles. In fig. 2 the 

characteristics of twin jet flow along the mid plane (y=0) are shown for two different Mach numbers. 

It is observed that the centre line velocity is very small close to the nozzle due to flow stagnation. 

Slightly further away from the base negative velocity values are seen indicating reverse flow. At a 

distance of about 15 diameters two jets merge giving rise to the development of a single jet flow. 

The static and stagnation pressures shown in figs. 2. a & 2.b, also corroborate these features. For 

instance the static pressure (which is also equal to stagnation pressure close to nozzle base) is sub 

atmospheric in the region enclosed by the jets. In the merging region the static and stagnation 

pressures raise rapidly. At a distance of about 20 diameters the merger is complete and the static 

pressure becomes equal to atmospheric value. 

 

In fig.3 the variation of flow quantities along nozzle axis are shown. The problem investigated 

in the present study corresponds to under expanded jets. Therefore, immediately after issuing into 

the atmosphere the jet undergoes rapid acceleration followed by alternative sequences of 

compression and expansion. The corresponding pressure profiles indicate pressure drop or increase 

in the near field of the nozzle, depending on whether the flow is accelerated are decelerated. 
 

9. REMARKS 

 

The code for three dimensional jet simul.ations is underway. After completion of this code, the 

detailed parametric study involving flow and heat transfer aspects will be undertaken for multiple jet 

configurations. 
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The aim of the present project is to study the interaction between supersonic jets issuing from the strap-on-

booster and sustainer of a rocket system. These jets interfere with each other resulting in the modification of thrust levels 

produced. Also, the impingement of the rocket plumes on the surrounding solid surfaces and the flow/heat interactions of 

these jets with the nozzle base due to the occurrence of reverse flow influence the design considerations. Experimental 

investigations for jet plume interaction are difficult due to the very high temperatures and the complex flow features 

involved. In particular, the shock cells within the neighbouring jets interact with each other, resulting in a very complex 

flow behaviour. Due to the unsymmetric entrainment, the multiple jets bend towards each other. The reverse flow cells in 

the entrapped fluid between the jets tend to heat the nozzle base and causes physical deformation and erosion of the 

nozzle. Furthermore, bending of the jet axis results in the modification of thrust developed. The jet spread rate and 

mixing are also affected. The present study covers the following aspects. 

 

a) Development of an Euler code-for interaction of highly under expanded jets and multiple 

                          supersonic jets. 

b) Extension of the Euler code to include the viscous effects 

c) Study of reverse flow and base interaction of the jets. 

d) Study of the effects of still & co-flowing  atmoshphere. 

7. STAFF IN POSITION   : Shri. AV. Bhaskar Project Associate 

 

Shri. S. Vijaykumar Project Associate 

 

 

8. WORK CARRIED OUT SO FAR: 

 

A Two-dimensional/Axisymmetric compressible flow code has been developed and applied for analysing the 

interaction between multiple supersonic jets. Detailed grid sensitivity studies have been carried out to establish the 

independence of predicted results. Underexpanded jets from sonic and supersonic nozzles have been analysed. The 

occurrence of shocks in the near field has been successfully predicted. The complex flow features of the near field 

involving multiple shocks and flow turning through the series of oblique shocks has been clearly predicted. The location 

of first normal shock has been obtained for different cases. Sonic underexpanded jets were observed to have more 

number of shock cells, as compared to supersonic jets. The length of shock cell for a supersonic jet was also observed to 

be smaller than that of a sonic underexpanded jet. Simulations for axisymmetric hot underexpanded jets were carried out 

and the results were compared with those of hot correctly expanded jets and cold under expanded jets. The slower decay 

of total temperature for a high enthalpy jet than its total pressure has been successfully predicted. 

 

Plane supersonic twin jets have been simulated using the Euler code. The centreline characteristics and profiles 

of various flow parameters like mach number, stagnation pressure, total temperature, local static pressure have been 

obtained. In the case of plane twin jets. the existence of a subatmospheric region between the jets has been predicted. 

Reverse flow of fluid between the jets on the common base wall has been observed. The effects of nozzle spacing and 

exit mach number have been studied. 

 

Viscous simulations have been carried out for three dimensional interactions between axisymmetric twin jets, 

triple jets and five jets in the supersonic regime. A detailed parametric study involving the nozzle spacing, pressure ratio, 

exit mach number and jet temperature have been carried out. The entrainment in axisymmetric twin jets has been 

compared with that of plane twin jets. The simulation of three jets in an equilateral triangular configuration has been 

carried out. The jets were observed to interact with each other after a few of nozzle diameters and merge to form a single 

low speed jet. The top jet was observed to bend towards the base twin jet. The jet centre line was observed to shift from 

the geometry centreline and closer to the base twin jet. The five jet configuration is much similar to the actual booster 

and main thruster configuration used for space propulsion systems. All the simulations were performed with jets being 
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equal in every respect. A comparison has been made between the mixing and merging behaviour of three and five jets. 

Five jets configuration was observed to promote intense mixing and the occurrence of combined low speed jet was 

observed closer to the nozzle exit, when compared to the three jets case. Bulging of the combined jet about either axis 

was observed. The axis switching phenomenon has also been observed for the combined jet. The near field of the central 

jet is much similar to that of a single jet. The influence of the neighbouring jets was not felt in the core region, but the jet 

boundary has been observed to vary from that of a single jet. The rapid acceleration of the ambient fluid between the 

neighbouring jets is observed. 

 

 

9. REMARKS 

 
The viscous simulations carried out for three and five jets configuration will be studied extensively 

covering a detailed parametric study. Simulations will be extended to unequal jets in different configurations. 

Simulation for hot jets will be done to study the base heating characteristics of the multiple jet configurations. 
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DIMENSIONAL UNSTEADY/STEADYVISCOUS COMPRESSIBLE 
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INVESTIGATORS 

 

From lIT     Dr. T. Sundararajan 

Department of Mechanical Engineering 

Dr. K.A. Bhaskaran 

Department of Mechanical Engineering 

From ISRO     Dr. J C. Pisharody 

LPSC, Valiamala, Trivandrum 

 

3. VALUE      Rs. 4.9 lakhs 

 

4. STARTING DATE     01-11-1996 

 

5. CLOSING DATE     31-10-1998 

 

6. OBJECTIVES 

 

(i) It is desired to predict the performance of the ejector diffuser under various conditions for both  

    gimballed and ungimballed situations, using modem toe1s of CFO. 

(ii) A three dimensional viscous compressible code is to be developed for handling flow through the  

      diffuser. The code should have transient simulation and automatic mesh generation capabilities  

     for taking care 'of the shift in the nozzle exhaust location during gimballing. 

  (iii) A. detailed parametric study is to be carried out for various secondary flow conditions, angle of  

                    gimballing and nozzle exhaust conditions. 

 
7.  STAFF IN POSITION    Mr. S. Bhaskar  

Project Associate 

Mr. Ghanshyam Singh  

Project Associate 

 

8. WORK CARRIED OUT SO FAR: 

 

A two.dimensional code for the simulation of inviscid compressible flow based on 3 - noded triangular 

cells has been developed, along with a suitable grid generation software. A transient time marching finite 

volume scheme using flux vector splitting method has been employed for this purpose. The code developed 

has been used to simulate the flow through the diffuser (Fig.l) in which automatic entrainment occurse at the 

inlet of the diffuser. The boundary conditions prescribed for the flow are given in Fig.2. An unstructured 

mesh containing 5856 nodes (Fig.3) has been used for a detailed parametric study. 

 

Inorder to simulate the nozzle exhaust conditions, NASA-SP. 273 code has been used. An engine nozzle 

of area ratio 56.65 has been considered. The radius of gimballing for the gimballed cases is 215 mm. The 

engine nozzle exhaust conditions predicted by NASA - SP. 273 for the cases mentioned above are listed in 
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Table 1. 

 

The detailed computer simulation of the ejector - diffuser has revealed the following important features. 

 

 The pressure recovery is very low (hardly a factor of 2) when no strong normal shocks are present. In 

this context, the variation of parameters such as the angle of gimballing, chamber pressure, mixture 

ratio etc. do not alter the supersonic flow features inside the diffuser duct significantly and hence 

there is not much pressure-recovery, even though weak inclined 

 

shocks may occur at different places. No back flow is observed in any portion of the diffuser when the above 

parameters are varied _bout the nominal values. 

 

 The secondary flow rate affects the overall flow structure significantly if it is adequately high and the mixture 

ratio is also appropriately selective. For certain combinations of secondary flow rate and mixture ratio, normal 

shocks may be induced within the diffuser duct and pressure recovery may be high in such cases. 

 

 When a concentrated or a distributed blockage is present at the exit section, the pressure recovery is 

quite good. At the end of the diffuser, the flow becomes low subsonic. These - trends are attributed to 

the presence of a-normal shock close. to the diffuser inlet. The geometry with distributed blockage 

appears to be more effective as regards the pressure recovery is concerned. A very important draw back of the 

geometry with blockagp is that some back flow occurs beyond the region of the engine exhaust jet. Such back 

flow may affect the low pressure conditions inside the vacuum chamber. This effect appears to be particularly 

servear for the distributed blockage system. 

 

 The options for achieving a good pressure recovery without any back flow are as given below: 

 

   1. A suitable secondary flow rate and mixture ratio may be selected for generating a  

       strong shock in the middle portion ofthe diffuser duct. 

 

  2. A small concentrated blockage may be symmetrically placed at the exit section to   

                       serve as a source for generating a strong shock inside the diffuser duct. 

 

9. REMARKS: 

 

A Navier - stokes compressible code based on an unstructu.red three - dimensional mesh containing 4 

- noded tetra-hedral cells, along with a suitable three dimensional mesh generation software is under 

development. 

 
SINo Chamher Pressure Mixture ratio No7J.le exhaust Nozzle Mach number Sp.heat at cons!. Ratio of 

   pressure exhaust temp.  pressure sp. heats 

 Pc (bar) MR I' (N/m') T(K). M Cp (J/Kg K ) y 

I. 40 5.5 4283 902.7 4.786 2865.2 \.306 

2. 40 5.75 4328 992.4 4.768 2803.2 \.302 

3. 40 6.0 4367 939.2 4.754 2744.2 \.300 

4. 44 5.75 4778 928.9 4.763 2806.6 ] .302 

   ,     

5. 36 5.75 389\ 9\5.8 4.772 2799.9 1.303 

 
Table I. Nozzle exit conditions predicted by NASA - SI' 273 for Various mixture ratios and chamber pressures 
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. INVESTIGATORS    : 
 

From lIT    : Dr. T Sundararajan 

Dept. of Mechanical Engg. 

Dr. K A Bhaskaran 

Dept. of Mechanical Engineering 

 

From ISRO    : Dr. J C Pisharody  

LPSC, Valiamala 

Trivandrum 

 

3. VALUE OF THE PROJECT  : Rs. 4.9 lakhs 

 

4. STARTING DATE    : 01-11-1996 

 

S. CLOSING DATE    : 31-03-1999 

 

 

6. OBJECTIVES 
 

A successful operation of the ejector - diffuser system may depend on various parameters such as 

secondary flow rate (of Nitrogen), location of the nozzle with reference to the diffuser inlet, angle of 

gimballing, mixture ratio for the engine, engine chamber pressure, fractional blockage at the diffuser exit 

cross section etc. In order to shed light upon the effects of these factors, it is desired to predict the 

performance for the diffuser under various conditions for both gimballed and ungimballed situations, using 

modem tools of CFD. A three dimensional viscous compressible code is to be developed for handling flow 

through the diffuser. The code should have transient simulation and automatic mesh generation capabilities 

for taking care for the shift in the nozzle exhaust location during gimballing. The objective of the study is to 

throw light upon the performance of the ejector - diffuser system under various operating conditions of angle 

of gimballing, nozzle exhaust conditions and the secondary flow rates. 

 

 

7. STAFF IN POSITION   : Shri. S Bhaskar  

Project Associate 

 

Shri. Ghanshyam Singh  

Project Associate 

 
 

8. WORKCARRIED OUT SO FAR: 

 
A two dimensional code for the simulation of inviscid compressible flow based on 3noded triangular 

cells has been developed, along with a suitable grid generation software. A transient time marching finite 

volume scheme using flux vector splitting method has been employed for this purpose. The code developed 

has been used to simulate the flow through the diffuser in which automatic entrainment occurs at the inlet of 

the diffuser. A detailed parametric study has been carried out assuming that the mixture composition remains 

frozen as at the exit section of the nozzle, Leo. the values of Cp Cv  γ and R remain constant throughout the 

length of the diffuser. From the above parametric study, it is observed that the variation of parameters such as 

the angle of gimballing, chamber pressure, mixture ratio etc. do not bring about a strong normal shock in the 

diffuser and the pressure recovery is very low (hardly a factor of 2), the flow remaining supersonic at the exit 

of the diffuser. But the secondary flow rate, if it is sufficiently high, in combination with certain mixture 
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ratios has been able to induce a normal shock in the middle portion of the diffuser duct and the pressure 

recovery in such cases is high. However a good pressure recovery has been observed (by a factor of 20) when 

a fraction of diffuser exit area is blocked. It is also observed that the temperatures predicted in the diffuser for 

the blockage cases, and near the walls was high, even beyond the corresponding adiabatic flame temperature 

of the mixture. The reason for this can be attributed to the fact that dissociation of water vapour takes place at 

high temperatures due to which the property values such as Cp Cv and γ vary significantly with temperature. 

Hence in order to obtain better predictions' of the performance of the diffuser, parametric study has 

been done taking the dissociation of water vapour also into account. In other words, the property values such 

as Cp Cv and γ are taken as functions of temperature rather than as constants. NASA-SP 273 has been used to 

obtain the variation of Cp Cv and γ with temperature by simulating the flow in the rocket nozzle for, different 

area ratios for the same chamber pressure and mixture ratio conditions and suitable best fitting polynomials 

have been obtained for the variation of Cp Cv and γ with temperature. Since NASA SP 273 can predict values 

only upto the adiabatic flame temperature of the mixture, for cases where the temperatures predicated exceed 

the adiabatic flame temperature (Which may be possible due to the coarseness of the computational grid at 

some locations particularly near the walls) it is assumed that Cp Cv and γ remain constant at a value 

corresponding to the adiabatic flame temperature of the mixture. Based on the above assumptions, parametric 

study has been carried out to study the effect of property variation. 

 

9. RESULTS 
 

The detailed computer simulation of the ejector - diffuser has revealed the following important 

features. 

 

 The pressure recovery is very low (hardly a factor of 2) when no strong normal shocks are present. In 

this context, the variation of parameters such as the angle of gimballing, chamber pressure, mixture 

ratio etc. do not alter the supersonic flow features inside the diffuser duct significantly and hence 

there is not much pressure recovery even though weak inclined shocks may occur at different places. 

No back flow is observed in any portion of the diffuser when the above parameters are varied , about 

the nominal values. 

 

 The secondary flow rate affects the over all flow structure significantly if it is adequately high and the 

mixture ratio is also appropriately selected. For certain combinations of secondary flow rate and 

mixture ratio, normal shocks may be induced within the diffuser duct and pressure recovery may be 

high in such cases. 

 

 When a concentrated or a distributed blockage is present at the exit section, the pressure recovery is 

quite good. At the end of the diffuser, the flow becomes low subsonic. These trends are attributed to 

the presence of a normal shock close to the diffuser inlet. The geometry with distributed blockage 

appears to be more effective as regards the pressure recovery is concerned. A critical draw back of the 

geometry with blockage is that some back flow occurs beyond the region of the engine exhaust jet. 

 

 The property variation has significant effect on the predicted flow quantities particularly the 

temperature. As regards the pressure recovery or exit Mach number, the modifications due to property 

variation are not very significant. 

 

 The effects of property variation are felt only adjacent to the walls for the unblocked cases. For the partially 

blocked cases, these effects are seen in most of the flow domain. 

 

 The variable property effects are more severe in magnitude for the blocked cases than for the unblocked case. 

software is under development. 
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3. VALUE OF THE PROJECT : Rs. 8.5 lakhs 

 

4. STARTING DATE   : 21-08-1995 

 

5. SHEDULED CLOSING DATE : 31-03- I 999 
 

 

6. OBJECTIVES 

 
i. Development of a SEA model for a typical launch vehicle structur_j with a view to predict the 

structural response due to non uniform external acoustic fields and the acoustic transmissibility 

characteristics. 

 

ii. Combining the finite element method to develop a computer code for structural response calculations 

valid both in the low and high frequency regions. 

 

 

 

7. STAFF IN POSITION  : Project Associate Grade I 
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8. WORK CARRIED OUT SO FAR: 

 

i. A comprehensive literature survey on SEA modeling and applications has been carried out in the preliminary 

phase of the project and has reported in the first progress report (I) presented at the review meeting (18-2-97). 

 

ii. The SEA model for prediction of vibration response to an external acoustic field typical of rocket noise 

transmitted inside the cylindrical shell has been formulated and preliminary results had been presented 

in the first progress report (I) and reported at the first review meeting (18-02-97). The SEA parameters 

like modal density, coupling loss factors for the structural and acoustic elements had also been 

presented. 

 

iii. Some preliminary experimental results on the determination of modal density of stiffened cylindrical shell model 

was reported at the second review committee meeting (26-8-97) 

 

iv. The SEA modeling of stiffened cylindrical shells with longitudinal and circumferential stiffeners and 

deck plates for the prediction of vibro-acousitc response h3s been completed. The variability of the 

external acoustic field with position is treated as separate acoustic subsystems. 

 

v. SEA modelling for a conical shell has been completed. Relevant SEA parameters like modal density of 

cylindrical shells, conical shells, beams, plates, acoustic fields, coupling loss factors between 

subsystems such as acoustic - acoustic junctions, acoustic - structure junctions, shell plate connections, 

shell beam connections and plate beam connections have been evaluated. 

 

vi. A closed form expression for the modal density; of a ring stiffener including the bending stiffness and 

membrane action has been derived and compared with an expression derived based on Timoshenko's 

formula for natural frequency of rings. 

 

 

 

WORK CARRIED OUT DURING THE REVIEW PERIOD: 
 

i. The heat shield with ring and longitudinal stiffeners of a launch vehicle has been analysed by the 

SEA procedure. The structural response and noise reduction arc estimated over one-third octave 

band. The model was divided into 36 subsystems including structural and acoustic subsystems. 

Honeycomb panel is used as a bottom deck plate and corresponding expressions for modal density 

and coupling loss factors were used. Cylindrical portion of heat shield is considered as an isogrid 

section and an equivalent thickness is used for the same. For this analysis the modal density of 

spherical cap is evaluated. 

 

ii. SEA analysis has also been carried out for 1/2 interstage of a launch vehicle having 32 subsystems 

considering the shell with cover plates, stiffeners and stingers. Noise Reduction inside the shell is 

estimated along with the structural response. 

 

iii. For the low frequency analysis, Finite Element Analysis code has been developed. For this 

analysis,  semi analytical  method   is used   because of  its  axial  symmetry  in   geometry   and 

pressure   loading,   Natural   frequencies   for   zeroth   circumferential    mode and noise 

reduction over one-third band are obtained by using solution procedures like Cholesky 

factorisation,   GFRQN and modal    super   position   technique. Cholesky    factorization    is 

used for    calculating   its   direct    response   for    the    given    acoustical    pressures.   GFRQN 

routine will be useful for the standard eigen value problems which gives us natural frequencies of 

whole structure. 
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9. RESULTS 
 

 

1. The SEA models for interstage and heat shield for a typical launch vehicle GSLV are formulated and 

response and noise transmission characteristics are calculated. 

 

2. Results arc obtained for the low frequency ranges by using Finite Element Analysis. Circumferential 

vibrations at zeroth mode are the most predominant in space vehicles during its launching due to 

uniform pressure circumferentially. Hence results are obtained for zeroth circumferential mode. 

 

3. The project is almost complete. An attempt will be made to generalize the software developed for the 

particular structures like heat shield and interstage. Report preparation and other documentation will 

be undertakcn. 

 
 
 
------------------------------------------------------------------------------------------------------------------------- 
 
 
.  INVESTIGATORS 
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From ISRO       Shri .  S.A. Palaniswamy  
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3. VALUE OF THE PROJECT        :     Rs. 8.5 lakhs  

 

4. STARTING DATE         :     21-08-1995 

 

5.   SHEDULED CLOSING DATE           :      31-12-1999 

 

6. OBJECTIVES 

 

(i) Development of a SEA model for a typical launch vehicle structures with a view to predict the structural    

response due to non unifonn external acoustic fields and the acoustic transmissibility characteristics. 

 

(ii)Combining the finite element method to develop a computer code for structural response calculations valid 

both in the low and high frequency range. 

 

7. STAFF IN POSITION         :       None 

 

8. WORK CARRIED OUT SO FAR: 

 

i) A comprehensive literature survey on SEA modelling and applications has been carried out in the 

preliminary phase of the project and has been reported in the first progress report (1) presented at the 

review meeting (18-2-97). 

 

i i) The SEA model for prediction of vibration response to an external acoustic field typical of rocket noise 

transmitted inside the cylindrical shell has been formulated and preliminary results had been presented 
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in the first progress report (I) and reported at the first review meeting (18-2-97). The SEA parameters 

like modal density, coupling loss factors for the structural and acoustic elements had also been 

presented. 

 

iii) Some preliminary experimental results on the determination of modal density of stiffened cylindrical 

shell model was reported at the second review committee meeting (26-8-97) 

 

iv) The SEA modelling of stiffened cylindrical shells with longitudinal and circumferential stiffeners and 

deck plates for the prediction of vibro-acousitc response has been completed. The variability of the 

external acoustic field with position is treated as separate acoustic subsystems. 

 

v) SEA modelling for a conical shell has been completed. Relevant SEA parameters like modal 

density of cylindrical shells, conical shells, beams, plates, acoustic fields, coupling loss factors 

between subsystems such as acoustic - acoustic junctions, acoustic - structure junctions, shell 

plate connections, shell beam connections and plate beam connections have been evaluated. 

vi) A closed form expression for the modal density of a ring stiffener including the bending stiffness 

and membrane action has been derived and compared with an expression _erived based on 

Timoshenko's formula for natural frequency of rings. 

 

vii) The heat shield with. ring and longitudinal stiffeners of a launch vehicle has been analysed by the 

SEA procedure. The structural response and noise reduction are estimated over one-third octave 

band. The model was divided into 36 subsystems including structural and acoustical subsystems. 

Honeycomb panel is used as a bottom deck plate and corresponding expressions for modal 

density and coupling loss factors were used. Cylindrical portion of heat shield is considered as an 

isogrid section and an equivalent thickness is used for the same. For this analysis the modal 

density of spherical cap is evaluated. 

 

viii) SEA analysis has also been carried out for 1/2 interstage of a launch vehicle having 32 

subsystems considering the shell with cover plates, stiffeners and stingers. Noise Reduction inside 

the shell is estimated along with the structural response. 

 

ix)     For  the  low  frequency  analysis, Finite Element Analysis code has been developed. For this 

analysis, the shell structure with ring and longitudinal stiffeners are analysed using classical 

lamination theory. The semianalysis method is used because of its axial symmetry in geometry 

and the displacements are expressed in terms of Fourier series. The isoparametric 4 noded 

element is used to discretise the uniform internal acoustical fluid. Computer codes are developed 

to solve this problem. Various solvers are used to solve complex matrix inversion problems. 

 

 

ix) For the FEA, the shell structure interstage is discretised into 21 elements and internal acoustical 

pressure field is discretised into 120 elements. The model superposition technique as well as 

direct inversion using random vibration theory are applied for getting the solutions of power 

spectral density of structure and noise transmitted inside the shell structure. 

 

 

xi)    The SEA models for interstage and heat shield for a typical launch vehicle as the GSL V are 

formulated and response and noise transmission characteristics are calculated. 

9. REMARKS 

 

The project is now completed. The software for SEA developed is generalized. A complete project 

report and documentation of the computer code are under preparation and will be submitted. 
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4. STARTING DATE        :      01-11-1996 
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6. OBJECTIVES 

 

 To evaluate the performance of a combustor in (a) air augmented (b) ramjet and (c) scramjet 

modes. The combustion efficiency and the pressure losses of the combustor have to be 

evaluated. 

 

 Of the three modes to be tested, the scramjet mode is the more critical and the question of 

supersonic combustion is to be addressed. One of the major difficulties encountered in such a 

combustor is that of supersonic mixing. The project aims to evaluate the mixing capability ofthe 

2-D lobed nozzle used with the combustor. 

 

 The project aims to carry out evaluation of the combustor under conditions closer to that of 

realistic flie:ht. To achieve this, experiments with secondary air at higher temperatures 

obtainable from tile pebble bed heater- of tile Supersonic Combustor Facility are included in the 

experimental program. 

 

7. STAFF IN POSITION   :       Shri. A Rajasekaran, Project Associate 

                                                                                       Shri. S. Sivakumar, Project Technician 

 

8. WORK CARRIED OUT SO FAR: 

 

The Supersonic Combustion Facility of the Gas-Dynamics Laboratory was used for the studies. In      

this facility the main air supply is branched into as primary and secondary lines which are                   

controlled independently. The secondary air may pass through or by pass the heater. The primary                   

air entres the settling chamber from where it is admitted to a gas turbine-type combustor. The               

products of combustion issuing from the primary combustor are accelerated to the supersonic velocity in the 

primary nozzle [which is of lobed type] before they enter the supersonic combustor. The supersonic 
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combustor is  a  rectangular  duct,  flange-connected  to  the  exit  section  of   the  nozzles.  The  primary  and 
 

secondary streams flow together in the combustor. In combustion studies, static and stagnation pressures and 

temperature at the exit of the combustion chamber are measured for cold and hot secondary airflows with 

different fuel flow rates. 

The experimental facility was modified and made adaptable for the requirements of the project. 

Initially, mixing studies were performed on the 2-D lobed nozzle. Freejet studies, momentum and thermal 

mixing studies and flow visualisation were utilized to ascertain the length of the mixing tube required. Mixing 

studies were also carried out using digital processing of the Mie Scattered images. The bulk measurements 

and the Mie scattering studies showed that the 2-D lobed nozzle brings about mixing and uniformity of two 

initially different streams within a mixing tube length to width ratio of about 5. Combustion experiments were 

performed with a rectangular combustor and adapting the flow conditions 'to be in the Air Augmented mode, 

Scram jet and Ramjet modes were performed. The experiments were mostly held with cold secondary air. 

The experiments with hot secondary air were performed in the Scramjet and Ramjet modes. Further, a 

series of experiments were conducted in the Scramjet mode with a combustor of higher LlW ratio of 7.5 and 

with hot secondary air. Some of the important results obtained are consolidated as follows: 

 

Scramjet mode with short duct of LID ratio 5 

Cold Secondary Air (at ambient temperature) 

 Equivalence ratio Ø  = 0.11 - 0.34 

 Overall Efficiency  = 54.8% - 36,84% 

 Pressure drop   = 38.6% - 43.4% 

Hot Secondary Air (between 500 and 750 K) 

Equivalence ratio Ø   = 0.23 - 0.43 

Overall Efficiency       =76.21%-48. 1% 

             Supersonic Efficiency                 = 56.0%- 15.0% 

Scramet mode with long duct of LID ratio 7.5 

Cold Secondary Air (at ambient temperature) 

Equivalence ratio Ø                    = 0.11 -0.2 

             Overall Efficiency                       = 81.62% - 52.0% 

Supersonic Efficiency                 = 32.0% - 15.0% 

 

 Hot Secondary Air- (between 750 and 900K) 

Equivalence ratio Ø                  = 0.26 - 0.32 

             Overall Efficiency                      = 75.0% - 65.0% 

             Supersonic Efficiency                = 70.0%- 50.0% 

 

Ramjet mode Equivalence ratio Ø        = 0.29 - 0.34 

                        Efficiency                       = 94.0% - 72.0% 
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ANALYSIS OF FLOW OVER AN AIR-BREATHING 

AEROSPACE VEHICLE USING DISTRIBUTED 

COMPUTING 

 
PROJECT  No:ICSR/ISRO-IIT(M)/ ASE/O47 /96-97 /MRAH 

. INVESTIGATORS 

 

From IIT     Dr. M. Ramakrishna 

Dept. of Aerospace Engineering 

 

Dr. D Janaki Ram 

Dept. of Computer Science & Engineering 
 

From ISRO     Mr. J D A Subramanyam,  

VSSC, Trivandrum 

 

 Mr. Pradeep Kumar,  

VSSC, Trivandrum 

 

3. VALUE      Rs. 10.65 lakhs 

4.    STARTING DATE    11-01-96 

5.    CLOSING DATE     31-10-99 

 

6. OBJECTIVES 

 
  a) Develop a distributed computing platform leading to high performance computing on  cheap 

of the     

                 shelf computers 

 b) Compute flow over and through a complete air-breathing launch vehicle 

 

7. STAFF IN POSITION     None 

8. WORK CARRIED OUT SO FAR: 

 

 

a) The package ARC [Anonymous Remote Computing] developed in the Computer Science &     

    Engineering department is being ported to Pentium-Pro machines with Linux OS. This will be  

   characterised so as to lead to optimal performance. 

 

b) Solvers developed in a previous ISRO project are extended for 

 

1. Scoop intakes [3d computations] using Euler equations. 

2. Surface definition of vehicle and grid generation 

3. Distribution and computation of flow field 

 

 

 

 

 

 

Achievements: 
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a) Initial phase of distribution is done. Testing and characterization is going on. 

b) Prelimnary computations for the scoop intake do not show the 3-d effects seen In 

      experiment. 

c) Surface mesh generation and grid generation code has been developed. Tested on the pay 

    load recovery module. It now being applied to the ERJV. 

 
 
---------------------------------------------------------------------------------------------------------------------
---- 
 
   INVESTIGATORS    : 
 

From lIT    : Dr. M. Ramakrishna 

Dept. of Aerospace Engineering 

Dr. D. Janaki Ram 

Dept. of Computer Science 

 

From ISRO    : Shr. J.D.A Subran1anyam  

ABPP, VSSC  

Trivandrum 

 

Shri. Pradeep Kumar  

ARD, VSSC 

Trivandrum 

 

3. VALUE OF THE PROJECT  : Rs. 10.65 lakhs 
 

4. STARTING DATE    : 11-01-1996 

 

5. CLOSING DATE    : 31-10-1999 

 

6. OBJECTIVES 

 
a. Develop a distributed computing platform leading to high performance computing on cheap "off 

the shelf” computers. 

b. Compute flow over and through a complete air-breathing launch vehicle as a test case. 

 

7. STAFF IN POSITION   : Nil 

 

 

8. WORK CARRIED OUT SO FAR: 

 

The following has been completed since the start of the project: 

 

a) The package ARC [Anonymous Remote Computing] developed in the Computer Science & Engg. 

dept is ported to Pentium-Pro machines with Linux OS. Initial phase of distribution is done. This is 

being characterised so as to lead to optimal performance and issues related to scaling up the 

problem size are being addressed. 

 

 
The current architecture requires that a large quantity of data be transferred between machines. 

Attempts will be made for further optimizations in the distribution of the problem possibly using 

distributed pipes to reduce the required resources . 

 

b) Solvers developed in a previous ISRO project have been extended. They have been applied to scoop 

intakes [3d Computations have been performed using Euler equations]. Preliminary computations for 
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the scoop intake do not show the 3-d effects seen in experiment. 

 

The set to auxiliary tools required to meet the final goal of distributing a large CFD problem have been 

identified. ' 

 

1) CAD -> Grid Generation 

2) Grid Generation -> Automated Partitioning of the problem 

3) Partitions -> Distribution and Solution 

4) Solution -> Visualisation, Extraction of engineering parameters. 

 

 
 
---------------------------------------------------------------------------------------------------------------------
---- 
 
. INVESTIGATORS 

 
From IIT    :     Dr. M Ramakrishna 

      Dept. of Aerospace Engineering 

      Dr. D Janaki Ram 

      Dept. of Computer Science and Engineering 
 

From ISRO                                              :      Shri. J D A Subramanyam 

       Shri. Pradeep Kumar 

                                                                                      VSSC, Trivandrum 

 
 

3. VALUE OF THE PROJECT  :      Rs. 10.65 lakhs 

 

4. STARTING DATE                :       11-01-1996 

 

5. CLOSING DATE    :       30-06-2000 

 

6. OBJECTIVES 

 

a) Develop a distributed computing platform leading to high performance computing on cheap 

    "off the shelf" computers 

b) Demonstrate on ISRO geometry like the GSLV heat shield 

 

7. STAFF IN POSITION   :       Nil 

 

8. WORK CARRIED OUT SO FAR: 

 

The following has been completed since the start of the project: 

 

a)  The package ARC [Anonym us Remote Computing] developed in the Computer Science & 

Engg. department is ported to Pentium-Pro machines with Linux OS. Initial phase of 

distribution is done. This is being characterised so as to lead to optimal performance and issues 

related to scaling up the problem size are being addressed. 

  

b) The current architecture requires that a large quantity of data be transferred between machines. 

Optimizations in the distribution of the problem using distributed pipes to reduce the required 

resources. 
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The distributed pipes code has been tested with an ADI solution to the Two-Dimensional heat equation by 

Mr. Binu. The code will now be tested with a Navier Stokes solver. 

 
 
 
 
 
 

BOILING AND TWO-PHASE FLOW STUDIES OF 

CRYOGENIC FLUDIS 

 

     PROJECT No:CHE/98-99/049/ISRO/ ARBA 
 

2. INVESTIGATORS 

 

From lIT   : Dr. A R Balakrishnan 

Dr. Sreenivas Jayanti 

Dept. of Chemical Engineering 

 

From ISRO   : Dr. S Sunilkumar 

LPSC, Trivandrum 

 

3. VALUE OF THE PROJECT : Rs. 22.82 lakhs 

 

4. STARTING DATE   : 10-02-1999 

 

5. CLOSING DATE   : 09-02-2002 

 

6. OBJECTIVES 

 
The main purpose of the investigation is to gather experimental data and formulate 

phenomenological models for two phase flow characteristics in the regeneratively cooled passages and in 

cryogenic feedlines. The focus is on the behaviour of two phase flow at high pressures and near critical 

thermodynamic conditions for which data does not exist in the literature. The instabilities in the flow and 

heat transfer characteristics and pressure drops would also be assessed in the investigation. . 

 

7. STAFF IN POSITION  : Shri. B V Vijayarangan 

 

8. WORK CARRIED OUT SO FAR: 

 

A thorough literature survey has revealed that there is very little information on "Boiling and 

Two-Phase Flow Studies of Cryogenic Fluids" at high pressures. There are only three papers G. P. Celeta 

et al. (1994), G. P. Celata et al. (1997) and N. Kattan et al. (1998) which are relevant to the present study. 

 The experimental test rig has been designed.  It was originally planned to conduct experiments 

using R 134A as the test fluid from 1 bar to 40 bar, the idea being that at 1 bar the data could be 

benchmarked against existing data. However, at one bar the boiling, point of R134A is 26°C which would 

require a heat sink at 35°C which would mean an additional cost of over Rs.3 lakhs. It was therefore 

decided to conduct experiments from 5 bar to 40 bar. At 5 bar the boiling temperature of R 134A is + 

16°C which can be easily handled with the test rig designed. Experimental data at 3 to 4 bar in horizontal 

flow is available for bench marking the present data from the results of Kattan et at. (1998). 

 

Considering the variation of physical properties from 5 bar - 40 bar (40 bar being a near critical 

condition), flow oscillations are expected and therefore to measure the flow rate instantaneously a turbine 

flow meter has   been identified for online  measurement  using  a  PC.   In  order  to  facilitate  flow     
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regime  identification  over   25  measurement   points  are   contemplated    and   in    order    to    achieve    

this,       a 

 

temperature compensated AID card with a scanning frequency, of a kilo Hertz has been identified. This 

card will be used exclusively for temperature measurements. A separate NO card for flow and pressure 

measurements has been identified and this will take inputs from the turbine flow meter and the pressure 

transducers, both absolute and differential. A hermetically canned motor pump suitable for R 134A which 

can operate from -10°C to + 100°C and capable of developing a head of upto 50 bar and, with a flow rate 

range of 0.5 to 300 m3lhr has been identified. An existing 16 kV A rectifier, will be used to provide the 

flux to the test stainless tube in which the experiments will be carried out. 

The current work is to procure the above equipment and to build test setup which should be ready 

by January/February 2000. 

 

 

INVESTIGATORS     : 

 

 IITM     : Dr. A R Balakrishnan 

Dr. Sreenivas Jayanti 

Dept. of Chemical Engineering 

 

ISRO     : Dr. S. Sunilkumar, PRS/LPSC 

 

VALUE OF THE PROJECT   : Rs. 22.82 Lakhs 

 

STARTING DATE    : 10.02.1999 

 

CLOSING DATE    : 31.03.2002 

 

OBJECTIVES 

 

The main purpose of the investigation is to gather experimental data for two phase flow 

characteristics in the regeneratively cooled passages and in cryogenic feed lines. The focus is on the 

behaviour of two phase flow at high pressure and near critical conditions for which data does not exist in 

the literature. The instabilities in the flow and heat transfer characteristics and pressure drops would also 

be assessed in the investigation. 

 

STAFF IN POSITION   : Senior Project Officer-Grade II (one person) 

 

WORK CARRIED OUT 

 
Introduction: 

 

The principal aim of the present work is to obtain experimental data and a fundamental 

understanding of the nature of two-phase flow and heat transfer at temperatures and at pressures 

approaching the critical point. The instabilities in the flow and heat transfer and pressure drop 

characteristics would also be assessed in the investigation. To this end experiments will be conducted in a 

boiling channel with R-134a as the working fluid under steady conditions and to examine any 

accompanying instabilities that may occur. 
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A thorough literature survey has revealed that there is very little information on boiling and two-

phase flow studies at high pressures. Some of the important papers relevant to the present study are by 

Holman et. al. (1964), Sohns (1974), Celata et al. (1993), Celata et al. (1994), Costigan et al. (1994) and 

Kattan et al. (1998). 

 

Test rig : 

The experimental test rig has been designed and fabrication of the experimental setup is in progress. 

The test rig is of closed flow loop and it-consists of a primary loop, chilling unit loop and a data 

acquisition system. 

Primary loop: 

 The primary loop consists of a pump, mass flow meter, test section, pressure transducers, capacitance 

probe and piston type accumulator. 

 

The pump required to suit the present work has been identified. It is canned motor pump with a 

hermetically sealed construction that ensures there is no leakage of any fluid and thus preventing air 

contamination of the process' fluid. In the canned motor configuration the pump and the motor are 

integral, with the rotor driving the impeller directly. The canned motor pump is compact and less than half 

the size of conventional pumps; needs no lubrication; needs no alignment, seal or packing and is 

absolutely leak proof. 

 

The mass flow meter is used to measure the flow rate in kg/hr. This meter incorporates density 

correction and has been procured. 

 

The test section is a vertical stainless steel tube of SS-304 type. The flow boiling studies of R-134a, 

the test fluid, will be investigated in the pressure range of 1-40 bar and in the temperature range of -40oC 

to 1O0oC. The inner diameter of the tube is 12.8 mm and its length is 3 m. A DC power supply with a 

maximum rating of 14 kW will be used to heat the test section. The wall temperature will be measured 

with 18 T -type thermocouples and 3 Type thermocouples will be used to measure fluid temperature. . All 

the above items have been procured including the DC rectifier of 14 kW. 

 

The pressure transducers have been imported from the USA. The absolute pressure transducer will 

be used to measure absolute pressure in the range of 1 - 50 bar in the loop. Differential pressure transducer 

will be used to measure pressure drop across the test section in the range of 0 - 1 bar. The output of the 

transducers is 4 - 20 mA which will be connected to ND card. 

 

Void fraction will be measured with the help of a capacitance probe. For a given geometry the 

capacitance is proportional to the dielectric constant of the vapor-liquid mixture, which in turn is a 

function of the liquid and vapor dielectric constants. Suitable electronic circuit will be developed to 

measure the change in capacitance as change in void fraction, in the form of voltage. The capacitance 

signal is transformed to a voltage signal by a void meter, which consists of frequency-oscillator and a 

frequency-to-voltage converter. 

 

A piston type accumulator will be used to pressurize the primary loop, in such a way that the 

required suction pressure at the inlet of the pump can be achieved by regulating the nitrogen pressure in 
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the accumulator. 

 

Chilling Unit Loop : 

The chilling unit loop will be used for condensation and sub-cooling of R- 134a. It consi_ts of three 

condensers in parallel. Each will be used for particular pressure and temperature range which are given 

below: 

Condenser I. From         -40° C to 0° C 

 Condenser 2. From                   0
o
   to   30°C 

 Condenser 3. From 30°C to 90°C 

 

Data Acquisition System:. 

The data acquisition system for processing the signals from pressure transducers, mass flow meter, 

capacitance probe and thermocouples includes AID cards. These have been procured. 

 

Further Work: 

 All the components will be assembled and the rig will be commissioned. These will be 

followed by data gathering runs. 

 

References: 

 

1. Celata, G. P., M. Cumo and T. Setaro, "Critical Heat Flux in Upflow Convective Boiling of 

Refrigerant Binary Mixures", Int.J. Heat and Mass Transfer, 36, 1143 - 1153 (1994). 

2. Celata, G. P., M. Cumo and T. Setaro, "Forced Convective Boiling in Binary Mixtures", Int.J. 

Heat and Mass Transfer, 36, 3299 - 3309 (1993). 

 

3. Costigan, G., D. P. Frankum and V. V. Wadekar, "Flow Boiling Measurements on Oentane, Iso-

octane and Pentane/Iso-Octane mixtures", Proc.lOth Int. Heat Transfer conference, Paper 18 -FB 

-5,4,431 -436 (1994). 

4. Holman, J. P S. N. Rea and C. E. Howard, "Forced Convection Heat Transfer to Freon 12 Near 

the Critical State in a Vertical Annulus", Int Heat Mass Transfer, 8, 1095 -1102 (1965) 

 

5. Jochen Sohns, "Two Phase Forced Conventive Heat Transfer at High Subritical Pressure", Proc. 

5" Int, Heat Transfer conference, Paper B4. 2, 4, 50 -154 (1974) 

6. Kattan, N., J. R. Thome and D. Favrat, "Flow Boiling in Horizontal Tubes: Part I Development of 

a Diabatic Two-Phase Flow Pattern Map", Journal of Heat Transfer,120, 140 - 147 (1998) 

 

 

PLAN FOR FURTHER WORK  : Complete fabrication of the test set-up 

                                                                                                         and perform initial test runs. 

 

REMARKS      : A test facility is being built with  

                                                                                                         Sophisticated Instrumentation. 

 

--------------------------------------------------------------------------------------------------------------------- 
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Investigators 

 

 IITM   : Dr. A. R. Balakrishnan 

 

Dr. Sreenivas Jayanti 

 

    ISRO   : Dr. S. Sunilkumar, LPSC 

 

Value of the Project   : Rs. 22.82 Lakhs 

 

Starting Date    : 10.02.1999 

 

Closing Date    : 31.03.2003 

 

Objectives 

 

The main purpose of the investigation is to gather experimental data for two phase flow characteristics 

in the regeneratively cooled passages and in cryogenic feed lines. The focus is on the behavior of two-

phase flow at high pressure and near critical conditions for which data does not exist in the literature. The 

instabilities in the flow and heat transfer characteristics and pressure drops would also be assessed in the 

investigation. 

 

Staff in Position   : Two Senior Project Officers 

 

Work Carried Out 

 

1. Introduction: 

 
The principal aim of the present work is to obtain experimental data and a fundamental understanding 

of the nature of two-phase flow and heat transfer at temperatures and at pressures approaching the critical 

point. The instabilities in the flow and heat transfer and pressure drop characteristics would also be 

assessed in the investigation. To this end experiments will be conducted in a boiling channel with R-134a 

as the working fluid under steady conditions and to examine any accompanying instabilities that may 

occur. 

 

A thorough literature survey has revealed that there is very little information on boiling and two-phase 

flow studies at high pressures. Some of the important papers relevant to the present study are by Holman 

et. a1. (1964), Sohns (1974), Celata et al. (1993), Celata et a1. (1994), Costigan et al. (1994) and Kattan et 

al. (1998). 

 

 

 

2. Test rig: 

 

The experimental test rig has been designed and fabrication of the experimental setup is in 

progress. The test rig is of closed flow loop and it consists of a primary loop, chilling unit loop 

and a data acquisition system. 

 

Primary loop: 

 

The primary loop consists of a pump, mass flow meter, test section, pressure transducers 

capacitance probe and piston type accumulator. . 
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The pump required to suit the present work has been identified. It is canned motor pump with a 

hermetically sealed construction that ensures there is no leakage of any fluid and thus preventing air 

contamination of the process fluid. In the canned motor configuration the pump and the motor are integral 

with the rotor driving the impeller directly. The canned motor pump is compact and less than half the size 

of conventional pumps; needs no lubrication; needs no alignment seal or packing and is absolutely leak 

proof. 

 

The mass flow meter is used to measure the flow rate in kg / hr. This meter incorporates density 

correction and has been procured. 

 

The test section is a vertical stainless steel tube of SS-304 type. The flow boiling studies of R-134a, 

the test fluid, will be investigated in the pressure range of 1-40 bar and in the temperature range of -40°C 

to 100°C. The inner diameter of the tube is 12.8 mm and its length is 3 m. A DC power supply with a 

maximum rating of 14 kW will be used to heat the test section. The wall temperature will be measured 

with 18 T -type thermocouples and 3 T -type thermocouples will be used to measure fluid temperature. 

All the above items have been procured including the DC rectifier of 14 kW. 

 

The pressure transducers have been imported from the USA. The absolute pressure transducer will be 

used to measure absolute pressure in the range of I - 50 bar in the loop. Differential pressure transducer 

will be used to measure pressure drop across the test section in the range of 0 - I bar. The output of the 

transducers is 4 - 20 mA which will be connected to AID card. 

 

Void fraction will be measured with the help of a capacitance probe. For a given geometry the 

capacitance is proportional to the dielectric constant of the vapor-liquid mixture, which in turn is a 

function of the liquid and vapor dielectric constants. Suitable electronic circuit will be developed to 

measure the change in capacitance as change in void fraction, in the form of voltage. The capacitance 

signal is transformed to a voltage signal by a void meter, which consists of frequency-oscillator and a 

frequency-to-voltage converter. 

 

 
 

A piston type accumulator will be used to pressurize the primary loop, in such a way that the 

required suction pressure at the inlet of the pump can be achieved by regulating the nitrogen pressure in 

the accumulator. 

 

Chilling Unit Loop: 

 

The chilling unit loop will be used for condensation and sub-cooling of R- 134a. It consists of three 

condensers in parallel. Each will be used for particular pressure and temperature range which are given 

below: 

 

  Condenser 1. From   -40
0
C to 0

0
C 

        Condenser 2. From  0
0
C to 30

0
C 

  Condenser 3. From   30
0
C to 90

0
C 

 

Data Acquisition System: 

 

The data acquisition system for processing the signals from pressure transducers, mass flow meter, 

capacitance probe and thermocouples includes AID cards. These have been procured. 

 

3. Theoretical prediction of the experimental work: 

 

Theoretical prediction of critical heat flux using the correlation due to Bowring (1972) and Katto 

et al. (1984) for pressure ranging from I bar to 39.72 bar with mass flux varying from 200 to 1000 kg/m2s 

has been made out. Similarly two-phase heat transfer coefficients, two-phase pressure drop across the best 
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section are being carried out and presented in the last meeting. Presently work on flow pattern map has 

been made  out. 

 

Plan for Further Work 

 

The rig will be commissioned and these will be followed by data gathering runs. 

 

 
-------------------------------------------------------------------------------------------------------------------- 
 
 
 
 
 
 

Investigators 

    From IITM    : Dr. A.R. Balakrishnan 

 

     : Dr. Sreenivas Jayanti 

    From ISRO    : Dr. S. Sunilkumar 

3. Value    : Rs. 22.82 Lakhs 

4. Starting Date    : 10.02.1999 

5. Closing Date    : 31.03.2003 

6. Objectives 

 The main purpose of the investigation is to gather experimental data for two phase flow 

characteristics in the regeneratively cooled passages and in cryogenic feed lines. The focus is on the 

behaviour of two phase flow at high pressure and near critical conditions for which data does not exist in 

the literature. The instabilities in the flow and heat transfer characteristics and pressure drops would also 

be assessed in the investigation. 

7. Deliverables 

 Data base consisting of flow regimes, pressure drop, forced convective nucleate boiling heat 

transfer and critical heat flux over a wide range of system pressure for refrigerant R-134a. 

 

8. Staff in Position   : Senior Project Officer Grade II 

9. Work carried out till date  : 

The principal aim of the present work is to obtain experimental data and a fundamental 

understanding of the nature of two-phase flow and heat transfer at temperatures and at pressures 

approaching the critical point. The instabilities in the flow and heat transfer and pressure drop 

characteristics would also be assessed in the investigation. To this end experiments will be conducted in a 

boiling channel with R-134a as the working fluid under steady conditions and to examine any 

accompanying instabilities that may occur. 

A thorough literature survey has revealed that there is very little information on boiling and two-

phase flow studies at high pressures. Some of the important papers relevant to the present study are by 

Holman et al. (1964), Sohns (1974), Celata et al. (1993), Celata et al. (1994), Costigan et al. (1994) and 

Kattan et al. (1998). 
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Test rig: 

 The experimental test rig has been designed and fabrication of the experimental setup is 

completed. Photographs of the experimental set up are Presented. 

 
 

The test rig is of closed flow loop and it consists of a primary loop, chilling unit loop and a data 

acquisition system as shown in figure 1. 

Primary loop: 

 The primary loop consists of a pump, mass flow meter, test section, pressure transducers, 

capacitance probe and piston type accumulator. 

The test section is a vertical stainless steel tube ofSS-304 type. The flow boiling studies of R. 

134a, the test fluid, will be investigated in the pressure range of 1- 40 bar and in the temperature range of -

40°C to 100°c. The inner diameter of the tube is 12.7 mm and its length is 3 m. A DC power supply with a 

maximum rating of 13 kW will be used to heat the test section. The wall and fluid temperature will be 

measured with 40 number of T-type thermocouples and 7 number of T –type thermocouples respectively. 

Two resistance temperature detectors are used for the digital display of inlet and outlet temperatures. 

The absolute pressure transducer is used to measure absolute pressure in the range of 1 - 50 bar 

in the loop. Three differential pressure transducers are used to measure pressure drop across the test 

section in the ranges of 0 -I bar, 0-0.1 bar and 0-0.01 bar. The output of the transducers are 4 -20 rnA 

which are connected to NO card. The positions of all thermocouples and other measuring instruments are 

shown in figures 1 and 2. 

Void fraction will be measured in the test section with the help of a capacitance probe. For a 

given geometry the capacitance is proportional to the dielectric constant of the vapor-liquid mixture, 

which in turn is a function of the liquid and vapor dielectric constants. . 

Chilling Unit Loop: 

 The chilling unit loop is used for condensation and sub-cooling of R-134a. It consists of three condensers in 

parallel. Each works for particular pressure and temperature range which are as follows: 

Condenser 1. From -40 °c to 0 °c 

Condenser 2. From 0 °c to 30 °c  

Condenser 3. From 30 °c to 90 °c 

Data Acquisition System: 

 The data acquisition system for processing the signals from pressure transducers, mass flow meter, 

capacitance probe and thermocouples includes AID cards.  

Theoretical prediction of the experimental work: 

Theoretical predictions of critical heat flux using the correlation due to Bowring (1972), and Katto 

et al. (1984) for pressure ranging from 1 bar to 39.72 bar with mass flux varying from 200 to 1000 kg/m2 

s had been made. Similarly two- phase heat transfer coefficients, two-phase pressure drops across the test 

section and work on the flow pattern map have been made and presented in the last meeting. Presently 

work on void fraction calibration has been carried out. 
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Separate test rig has been designed and fabricated for the calibration of a void fraction meter with 

kerosene and air as working fluids. The line diagram of the test rig used for the calibration of void meter 

is shown in figure 3. Calibration of the capacitance probe was carried out with kerosene as . liquid 

phase and air as vapor phase. Suitable electronic circuit was developed to measure the change in 

capacitance as change in void fraction, in the form of DC voltage. The capacitance signal was transformed 

to a voltage signal by a void meter, which consists of frequency-oscillator, frequency-to-voltage converter 

and DC volt amplifier and is shown in figure 4 .The details of the calibration were presented in the form 

of graph, which includes all three regimes of two-phase flow in co-current vertical up flow in tubes which 

has same inner diameter as that of actual test section. Separate calibration equations to estimate the 

void fraction for dimensionless voltage output have been established for the three different flow 

regimes. These estimates have been bench marked with void fractions estimated from literature models 

and correlations which are in terms of flow parameters. Figures 5 represents calibration and figures 6, 7, 

and 8 represents the plane for slug flow, chum flow and annular flow respectively. Figure 9 represents the 

comparison between theoretical and experimental prediction of void fraction.  

 

10. Future work 

 

Single phase experiments have been carried out. This helped in the calibration of all the 

sophisticated instruments associated with the test rig. The two-phase flow studies with boiling are in 

progress. 
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lnvestigator(s) 

 

(a) IITM    : Dr. A R Balakrishnan 

  Dr. Sreenivas Jayanti 

 

(b) ISRO    : Dr. S Sunil Kumar 

 

Value of the Project (Rupees in lakhs)  : 24.77 

 

Starting Date     : 10/02/1999 

 

Closing Date     : 31/07/2004 

 

Objectives 

The main purpose of the investigation is to gather experimental data for two-phase flow 

characteristics in the regenerative cooled passages and in cryogenic feed lines. The focus is on the 

behavior of two-phase flow at high pressure and near critical conditions for which data does not exist 

in the literature. The instabilities in the flow and heat transfer characteristics and pressure drops 

would also be assessed in the investigation 

 

Staff in position    :Senior Project Officer Grade II 

 

Work carried out till December 

Two-phase experiments were conducted for a wide range of system pressures right up to the critical 

pressure of R-I34a, which is of 40.56 bar. Signals from three pressure transducers, mass flow meter, and two 

absolute pressure transducers were processed through NO card and recorded through a computer. Similarly m 

V signals from thermocouples, which were located at 48 points along the test section were also processed 

through a Galvanically signal isolator and recorded in a computer. Two-phase pressure drop and wall 

temperature from 40 thermocouples, which were embedded on the surface of the test section at different 

locations and fluid temperatures at 7 different locations of the test sections, were measured for five different 

flow rates for reduced pressures ranging frOUl 0.24 to 1. These experiments 

were carried out for the different heat fluxes. Experimental data was analyzed as a function of reduced 

pressures. Reduced pressure is the ratio of absolute pressure to critical pressure. Flow pattern based predictive 

method has been developed for the prediction of two-phase pressure drop and heat transfer coefficient and the 

results from the method were compared with the experimental data. 

 

Experimental studies 

Experiments were performed for pressure drop and heat transfer coefficient 

i) for three different heat fluxes ( 35000,60000 and 80000 W/m2) 

ii) for five different mass fluxes ( 1200, 1400, 1600, 1800 and 2000 kg/m2 s) and 

iii) for ten different pressures (i.e. for reduced pressures ranging from 0.24 to 1) 

Flow pattern based predictive method 

 The description of two-phase flow in tubes is complicated by the existence of an 

interface between the phases. For gas-liquid two-phase flows this interface exists in a wide 
variety of forms, depending on the flow rates and physical properties of the phases, and also. on the geometry 

and inclination of the tube. The different interfacial structures are called flow patterns or flow regimes. Their 

main features are described below. 

i) Bubble flow: In bubble flow the vapour phase flows as discrete bubbles in a liquid continuum. The bubbles 

are usually distorted spheres. 

ii) Plug flow: Slug flow is called as plug flow, in which the gas flows as a large bulletshaped bubbles. 



175 

 

iv)Annular flow: In annular flow the gas flows along the centre of the tube. The liquid flows partially as a thin 

film along the walls of the tube, and partially as droplets in the central gas core. When two-phase flow occurs 

in tubes, it is often important to be able to predict which flow pattern is likely to occur for any given 

combination of phase properties and flow rates, and any given tube diameter. Flow pattern predictions are 

usually obtained from flow pattern maps. 

 

Experimental results 

 

Measured two-phase pressure drop data and heat transfer coefficient were compared with well known existing 

correlations in the literature. 

1. It was observed that measured pressure drop data decreases with increasing reduced 

 pressures from 0.24 to 0.7 and remains almost constant between 0.7 and 1.0. 

2. The increase in heat flux leads to increase in pressure drop and also increase in mass 

 flux tends to increase in pressure drop. 

3. The heat transfer coefficient increases with increase in reduced pressure from 0.24 to 

 0.7 and thereafter decreases for reduced pressures up to 1. 

4. The critical heat flux decreases with increasing reduced pressures. 

The predictions from modified flow pattern based predictive method which includes a regime change from 

annular to slug flow at near critical conditions, shows good agreement with the experimental data within the 

mean deviation of:!: 22 %. 

 

List of papers published 

 

1. B.R Vijayarangan, Sreenivas Jayanti and A R Balakrishnan, "Two-Phase Pressure Drop During   

    Flow Boiling in a Vertical Tube: An Experimental Investigation at Near Critical Condition and  

    Development of Flow Pattern Based Predictive Method", (Under preparation) and 

2. B.R Vijayarangan, Sreenivas Jayanti and A R Balakrishnan, "An Experimental Investigation of      

   Two-Phase Pressure Drop in a Uniformly Heated Vertical Pipe at Near Critical Conditions",  

   (Accepted for presentation at 5th International Heat and Mass Transfer Forum -MIF-2004). 

 

Remarks/Future work plan 

The experimental studies and analysis on two-phase pressure drop, heat transfer coefficient 

for reduced pressures ranging from 0.2 to 1 were completed. The data reduction and analysis for 

critical heat flux will be completed within two to three months and this will be followed by the 

submission of the final report. 
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Investigator( s) 

 

(a) IITM    : Prof. A R Balakrishnan 

 

(b) ISRO    : Dr. S Sunil Kumar 

 

Value of the Project (Rupees in lakhs)  : 24.07 

 

Starting Date      : 10/02/1999 

 

Closing Date      : 31/10/2004 

 

Objectives: 

The main purpose of the investigation is to gather experimental data for two-phase flow 

characteristics in the regenerative cooled passages and in cryogenic feed lines. The focus is on the 

behavior of two-phase flow at high pressure and near critical conditions for which data does not exist 

in the literature. The instabilities in the flow and heat transfer characteristics and pressure drops 

would also be assessed in the investigation 

 

Work carried out till December: 

Two-phase experiments were conducted for a wide range of system pressures right up to the 

critical pressure of R-I34a, which is of 40.56 bar. Signals from three pressure transducers, mass flow 

meter, and two absolute pressure transducers were processed through ND card and recorded through 

a computer. Similarly m V signals from thermocouples, which were located at 48 points along the 

test section were also processed through a Galvanically signal isolator and recorded in a computer. 

Two-phase pressure drop and wall temperature from 40 thermocouples, which were embedded on 

the surface of the test section at different locations and fluid temperatures at 7 different locations of 

the test sections, were measured for five different flow rates for reduced pressures ranging from 0.24 

to 1. These experiments were carried out for the different heat fluxes. Experimental data was 

analyzed as a function of reduced pressures. Reduced pressure is the ratio of absolute pressure to 

critical pressure. Flow pattern based predictive method has been developed for the prediction of two-

phase pressure drop and heat transfer coefficient and the results from the method were compared 

with the experimental data. 

Experimental studies 

Experiments were performed for pressure drop and heat transfer coefficient 

i) for three different heat fluxes ( 35000,60000 and 80000 W/m2) 



177 

 

ii) for five different mass fluxes ( 1200, 1400, 1600, 1800 and 2000 kglm2 s) and  

iii) for ten different pressures (i.e. for reduced pressures ranging from 0.24 to 1) 

 

The description of two-phase flow in tubes is complicated by the existence of an interface 

between the ph_es. For gas-liquid two-phase flows this interface exists in a wide variety of forms, 

depending on the flow rates and physical properties of the phases, and also on the geometry and 

inclination of the tube. The different interfacial structures are called flow patterns or flow regimes. 

Their main features are described below. 

i) Bubble flow: In bubble flow the vapour phase flows as discrete bubbles in a liquid continuum. The 

bubbles are usually distorted spheres. 

 

ii) Plug flow: Slug flow is called as plug flow, in which the gas flows as a large bulletshaped 

bubbles. 

iv)Annular flow: In annular flow the gas flows along the centre of the tube. The liquid flows partially 

as a thin film along the walls of the tube, and partially as droplets in the central gas core. \\Then two-

phase flow occurs in tubes, it is often important to be able to predict which flow pattern is likely to 

occur for any given combination of phase properties and flow rates, and any given tube diameter. 

Flow pattern predictions are usually obtained from flow pattern maps. 

 

Experimental results 

 

Measured two-phase pressure drop data and heat transfer coefficient were compared with well 

known existing correlations in the literature. 

I. It was observed that measured pressure drop data decreases with increasing reduced 

    pressures from 0.24 to 0.7 and remains almost constant between 0.7 and 1.0. 

2. The increase in heat flux leads to increase in pressure drop and also increase in mass 

    flux tends to increase in pressure drop. 

3. The heat transfer coefficient increases with increase in reduced pressure from 0.24 to 

    0.7 and thereafter decreases for reduced pressures up to 1. 

4. The critical heat flux decreases with increasing reduced pressures. 

 

The predictions from modified flow pattern based predictive method which includes a regime 

change from annular to slug flow at near critical conditions, shows good agreement with the 

experimental data within the mean deviation of± 22 %. 
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1. B.R Vijayarangan, Sreenivas Jayanti and A R Balakrishnan, "Two-Phase Pressure Drop   

    During Flow Boiling in a Vertical Tube: An Experimental Investigation at Near Critical  

  Condition, and Development of Flow Pattern Based Predictive Method", (Under   

   preparation) and 

2. B.R Vijayarangan, Sreenivas Jayanti. and A R Balakrishnan, "An Experimental  

   Investigation of Two-Phase Pressure Drop in a Uniformly Heated Vertical Pipe at Near  

   Critical Conditions", (Accepted for presentation at 5th International Heat and Mass  

   Transfer Forum -MIF-2004). 
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MODELLING OF THE COMBUSTION 

PROCESS IN LIQUID ROCKET ENGINES 

 

PROJECT NUMBER:MEE/98-99/050/ISRO/KABH 

 
 
INVESTIGATORS 

 
From lIT    : Dr. K A Bhaskaran 

Dr. T Sundararajan 

Dr. S P Venkatesan 

Dr. V Babu 

Dept. of Mechanical Engineering 

 

From ISRO    : Dr. R Nandakumar 

                                                                                            LPSC, Trivandrum 
 

3. VALUE OF THE PROJECT  : Rs. 6.61 lakhs 
 

4. STARTING DATE    : 10-02-1999 

 

5. CLOSING DATE    : 09-02-2001 

 

6. OBJECTIVES    : 

 

The objectives of the study are 

 
 A transient numerical simulation model for the reactive flow in the combustion chamber will be 

developed, and applied for ignition transient prediction. 

 The   code  will  include  the  kinetics  of  earth  storable  propellant  combinations as well as the 
cryogenic propellants of LH2/LOX. 

 
 The model will be used to analyse the transient flow, heat and mass transfer and the possibilities of 

combustion driven instabilities would be additionally explored. 

 A parametric study involving different propellant flow rates, mixture ratios, propellant combinations, 
spray geometries and chamber dimensions will be performed, for highlighting the role of the 
parameters governing ignition transient anomalies. 

 

7. STAFF IN POSITION    : Shri. M Venkata Rami Reddy  

Project Associate 

 

Shri. K Venkata Subba Reddy  

Project Associate 

8. WORK CARRIED OUT SO FAR : 

 

Since the actual  geometry  of  the  thrust  chamber  is  very   complex,  it   is   intended  to           

carry   out   quasi-one   dimensional   calculations involving   the detailed   combustion    transients               

for    various propellant     combinations.   For   this   purpose,   two     separate   codes   have                      

been    developed in    the   past   nine   months.    One   code   for   the     compressible   flow                          

in   the    nozzle   region   and  another   for    the   kinetic   calculations   in          the     combustion   chamber.    
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Both      are     transient     codes     and     it    is     intended     to   link   these     codes    for    

simulating    the 

 

20 

phenomena in the whole thrust chamber. The work carried out with regard to nozzle flow simulation and 

computation of kinetic steps for H2-O2 system are 

 
1) Quasi-one-dimensional simulation of nozzle flow 

2) Modelling of chemical kinetics 

 

 

9. FURTHER WORK PLAN 

 

1. Simulation of quasi-one-dimensional flow with chemical reactions 

2. Detailed literature survey on chemical reactions and reaction rates for other liquid propellants such 

as UDMH-N2O4 methane-LOX, propane-LOX and numerical simulations for these combinations 

will be tarried out. 

 

 

INVESTIGATORS  

 

 lIT     : Dr. K A Bhaskaran, 

Dr. T Sudararajan, 

Dr. S P Venkatesan & 

Dr. V Babu 

Dept. of Mechanical Engineering, 

 
ISRO     : Dr. R. Nandakumar,  

LPSC - Valiamala,  

Thiruvananthapuram. 

 

VALUE     : Rs. 6.61 lakhs 

 

STARTING DATE    : 10.02.1999 

 

CLOSING DATE    : 31.03.2001 

 

STAFF IN POSITION   : 1) Mr. M. Venkata Rami Reddy, 

                                                                                                Project Associate 

                                                                                                Since February 1999 

 

2) Mr. K. Venkata Subba Reddy,  

    Project Associate 

    Since February 1999 
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OBJECTIVES 

The objectives of the present study are: 

a) A transient numerical simulation model for the reactive flow in the combustion 

 chamber is to be developed and applied for ignition transient prediction. 

b) The code will include the kinetics of earth storable propellant combinations as well 

 as the cryogenic propellants of LH2 /LOx. 

c) The model will be used to analyse the transient flow, heat and mass transfer and the 

 possibilities of combustion driven instabilities would be additionally explored. 

d) A parametric study involving different propellant flow rates, mixture ratios, 

 propellant combinations, and chamber dimensions will be performed for 

 highlighting the role of these parameters on ignition transient anomalies. 

 

WORK CARRIED OUT 

 

 Detailed literature survey has been carried out to collect data on chemical reaction steps in a rocket 

combustor and the reaction rates for the ciifferent steps of various propellant combinations like 

MMH/NTO, propane-O2, methane-O2' HydrazinelNTO and MMH-O2. 

 A quasi-one-dimensional compressible flow code has been completed and validated using analytical 

results for cold flow through a nozzle. 

 

 A code has been generated for solving the stiff differential equations, which arise in chemical 

kinetics. 

 

 Integration of transient codes for quasi-one-dimensional flow with the chemical reactions is being 

carried out. 

 Axisymmetric simulation of gas flow in the thrust chamber with evaporating propellant droplets is 

being attempted with the help of the commercial FLUENT software. 

 

METHODOLOGY AND RESULTS 

 

i.  Development of quasi-one dimensional code 

 

Quasi-one dimensional flow through a nozzle has been predicted and validated with the help of available 

analytical solutions. The chemical kinetics code has been validated with available results in literature, for 

cesium flare model. After validation, the kinetic steps of various propellant combinations such as H/O2, 

propane/O2, Hydrazine/NTO and MMH/NTO have been predicted. The energy equation with the code is in 

the final state of testing and validation. 

 

ii.  Modelling of H2-O2 kinetics using FLUENT 

 

The specifications given by ISRO have been used in these simulations. The total length of the 
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computational domain is 2.14m and the area ratio of the nozzle is about 200. The radius of the inlet, which is 

located at the end of the sleeve, is 0.1 m and the radius of the throat of the nozzle is 0.04495m. Cold flow 

solution predicts the variation of pressure and temperature throughout the nozzle accurately. 

The total enthalpy, total pressure, and the mass fractions at the inlet where the flow is subsonic are 

assumed to be fixed and specified. The other dependent variables at the inlet are obtained as follows: 

 

a)    The radial velocity is assumed to be zero and the axial velocity is obtained by 

       extrapolation from the interior. 

b)    From the total enthalpy and velocity, the temperature is obtained, and the pressure and 

       density are obtained from the isentropic relation and the equation of state respectively. 

 

Mass fractions at the inlet of the chamber are set to 0.1111 and 0.8888 for H2 and O2 respectively, and 

zero for the other species. At the exit where the flow is supersonic, the dependent variables are extrapolated 

from the interior. Along the nozzle wall no slip and adiabatic conditions were used. At the axis of symmetry 

the radial velocity and the radial derivatives of the other dependent variables are set to zero. 

A finite rate chemistry model of hydrogen and oxygen combustion is used in the present calculation. The 

model uses 6 species and an 8-step reaction mechanism. The specific heat, thermal conductivity and viscosity 

of each species are given as fourth order polynomials of temperature and the coefficients of these polynomials 

are valid up to a temperature of 3550oK.The specific heat of the gas mixture is obtained by concentration 

weighting of each species. The radial grid size at the convergent portion of the nozzle is finer and the total 

numbers of cells that are used for the simulation of the flow are 5821. 

Variation of the concentration of each species along the axis is shown in Fig 1. H2 and O2 are being 

consumed gradually and their concentrations reach a constant minimum value at the end of the combustion 

chamber. 0, H, OH and H2O are produced from the convergent portion of the nozzle onwards. Concentration 

of OH is maximum at the throat. H2O concentration is high at the exit and its mass fraction is the highest 

among all other species produced in the chamber. 
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STUDY OF TRANSIENT THERMAL RESPONSE OF 

A CRYOGENIC ROCKET TURBOPUMP ASSEMBLY 
 
 

PROJECT NUMBER:MEE/98-99/051/ISRO/SSRI 
 
INVESTIGATORS 

 

From lIT   : Dr. S Srinivasa Murthy 

Dr. G Venkararathnam 

Dr. B V S S S Prasad 

Dept. of Mechanical Engineering 

 

From ISRO   : Dr. N K Gupta  

LPSC, Trivandrum 

 

3. VALUE OF THE PROJECT : Rs. 7.9 lakhs 

 

4. STARTING DATE   : 10-02-1999 

 

5. CLOSING DATE   : 09-02-2001 

 

6. OBJECTIVES 

The major objectives of the study are 

 Three dimensional geometric modelling of the assembly in its entirety, involving numerous 

components of varying shape, size and materials. 

 

 Study and application of different kinds of meshes and development of a procedure possibly for 

optimum mesh generation for the finite element model of the turbupump 

 

 Development of finite element model for the coupled conduction-convection-radiation problem 

 

 Solution for obtaining time-temperature distributions under different operating conditions such as 

startup, stoppage, restart and steady state operation. 

 

7. STAFF IN POSITION  : Senior Project Officer Gr II 

                                                                              Project Associate Gr I 

 

8. WORK CARRIED OUT SO FAR : 

The turbopump assembly (Fig. I) is a crucial component of the propellant feed system of high 

performance cryogenic rocket engine. The turbopump assembly adopted by LPSC Trivandrum, consists of 

pumps for liquid oxygen and liquid hydrogen driven by subsonic impulse hydrogen enriched steam turbine. 

The two pumps and the turbine rotate about the same axis with their shafts coupled together. The shafts and 

various rotating and stationary components of the assembly are subjected to extreme thermal conditions with 

severe temperature gradients. Determination of the temperature distribution in the components would be 

significant in obtaining the time required for steady flow conditions. 

In a  previous project,  the investigators used an axi-symmetric lumped   model to  determine            

the time temperature variations in different components of the turbopump    assembly.    In      this method, 
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the  coupled  conduction  convection  problem  has  been  analysed  by   means  of a finite difference analogue 
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INVESTIGATORS   

 

 IIT     : Dr. S Srinivasa Murthy 

Dr. G Venkatarathnam 

Dr. B V S S S Prasad 

Dept. of Mechanical Engineering 

 

ISRO     : Dr. N. K. Gupta 

LPSC 

 

VALUE OF THE PROJECT   : Rs. 7.92 Lakhs 

 

STARTING DATE    : 10-02-1999 

 

CLOSING DATE    : 31-03-2001 

 

0BJECTIVES 

 

i. Geometric modelling of the entire turbo-pump assembly. 

ii. Development of optimum meshes for the different components of the turbo-pump.  

iii. Development of the numerical model/macro program for the transient analysis of the turbo-pump 

assembly. 

iv. Solution for obtaining time temperature distributions under different operating conditions such as 

startup, stoppage, restart and steady state. 

 

ST AFF IN POSITION   : 1) Reby Roy K.E. (Senior Project Officer Gr-II) 

2) Magesh T. (Project Associate Gr- I) 

 

\VORK CARRIED OUT 

 

Introduction 

In a  turbo-pump  of  a  cryogenic  rocket  engine, a  substantial  temperature   gradient    exists     

between    the turbine   region and   pumps region. The    main    aim    of     the    work    is     to determine 

the transient    temperature    variations     in    the    turbo-pump     components,    especially in the turbine 

disk region.    In the    turbine region, a    CFD analysis    is carried out    using    a commercial code. Here, 

hot   gas   from   the   combustion    chamber     enters    the      turbine   and    after  expansion, passes through 
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exit duct at a high temperature. In the exit duct, it transfers a part of heat to the cavity region and leaves at a 

lower temperature. Thus one side of the disk is exposed to the fluid in the cavity region at a higher 

temperature. The other side of the disc is at a considerably lower temperature because of the conduction 

through shaft and presence of cryofluid. As the heat transfer in the cavity is dictated by the forced convection 

in the annular passage of the exit duct, conduction through the dumb-bell shaped hub wall and the mixed 

convection in the cavity, the problem of determination of temperature distribution in this region is conjugate 

in nature. 

 

Methodology 

 

Different components in the turbine region of the turbo-pump assembly are geometrically modelled. An 

unstructured optimum triangular _esh has been generated to fit closely with the coupled flow and heat transfer 

domain using 2D axisymmetric elements after performing the grid independence study. K-E turbulence model 

using standard wall functions is considered and the equations are solved by a segregated solver. Implicit 

formulation is used and the rotational effects are taken care by the 2D axisymmetric swirl elements. It must be 

noted that the forced convection in the exit duct, heat conduction in the hub wall and the mixed convection in 

the cavity region are simultaneously solved in the conjugate analysis. 

 

Validation 

 

The code is validated against a case study problem (Fig. 1) involving the effect of rotation and coolant 

throughflow on the heat transfer and temperature field in an enclosure. The variation of the local Nusselt 

number with the dimensionless axial coordinates on the shroud are plotted in Fig. 2. While the results are 

found to agree reasonably well with the experimental data for low Reynolds numbers (Fig. 2a), they agree 

very well at higher rotational Reynolds numbers (Fig. 2b). 

 

Results 

 

Typical results for the present geometry, viz, turbine exit duct, disk and cavity regions are shown in Figs. 

3 and 4 for the disc rotation at speeds of 3000 rpm and 50000 rpm respectively. The cavity region is 

characterised by large recirculating regime due to the rotation of the disc. Figs. 3c and 4c show significantly 

large temperature gradient in the hub wall. Because of the large temperature gradients across the cavity, 

considerably high heat transfer coefficients are obtained on the disc side. 

 

 

 

REMARKS FUTURE PLAN 

 

The liquid hydrogen and liquid oxygen pump regions are also being studied and the analysis will be 

carried out shortly. The flow and thermal behaviour of turbo-pump will be studied at transient conditions like 

startup and stoppage. The input data for the transients is awaited from LPSC. 
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3. VALUE OF THE PROJECT : Rs.7.27 lakhs 

 

4. STARTING DATE   : 10-02-1999 

 

5. CLOSING DATE   : 09-02-2001 

 

6. OBJECTIVIES 

 

The objectives of the Project are 

 Modelling of high Rayleigh number flows using finite volume methods  

 Modelling of tanks with (wavy etched) walls, similar to those that exist in rockets 

 Comparison of analytical results with experimental results available in literature and  those that may 

be obtained by ISRO 

 Comprehensive review of literature available on Stratification of hydrogen in tanks. 

 

7. STAFF IN POSITION  : Senior Project Officer - 1  

                                                                        Project Associate - 1 

 
8. WORK CARRIED OUT SO FAR: 

 

Liquid hydrogen is carried in large propellant tanks in cryogenic rockets. They are also stored in large 

storage vessels at test sites and rocket launching centres. The hydrogen in the tank gets stratified because of 

the heat leak from the ambient leading to a temperature difference between the top and bottom of the tanks. 

Stratification can also occur when a warmer liquid is added at the top, or a warmer pressurizing gas is used. 

When the warmer fluid enters the pump, there is a possibility of the occurrence of cavitation in the pump. 

 

The properties of hydrogen are such that the Rayleigh number for liquid hydrogen at about 20 K 

would be of the order of 10
12 

.  Turbulent models, therefore, need to be used to model the free connective heat 

transfer in liquid hydrogen tanks. A review of literature showed that analytical modelling of stratification in 



191 

 

hydrogen tanks started quite recently. The results available in literature are those for much lower Ra numbers, 

corresponding to laminar tree convection or they are based on certain assumptions. It was therefore agreed 

upon that the first step in the project would be to model a simple cylindrical liquid hydrogen storage tank 

subjected to heat flux from the sides, using the standard k-E turbulence model. 

 

Fluent  flow  solver  is  being  used   to model the  stratification  of Hydrogen in a tank subjected to 

(a) 10 W/m
2
  and   (b) 250 W/m

2
   for  many  hours  corresponding to the  conditions  that  exist  in (a) storage 

 

tanks and (b) rocket tanks respectively. The preliminary results have shown that the fluid would be stratified 

for a few days in stationary tanks. Preliminary results show that in the case of tanks subjected to high heat 

flux (as in rocket tanks), the temperature of hydrogen close to the wall can reach as high as 21.4 K in about 22 

seconds. However, this higher temperature zone would be limited to a very small area close to the wall (few 

mm). 

In the next few months, the free convection in tanks subjected to heat flux will be modelled for 

different boundary conditions, and for a range of storage times. Tanks with etched walls, similar to those in 

rocket tanks will also be modelled. 

 
 
------------------------------------------------------------------------------------------------------------------------- 
 
 

INVESTIGATORS   

  lIT    :           Dr. S Srinivasa Murthy 

              Dr. G Venkatarathnam 

              Prof. B V S S S Prasad 

              Dept. of Mechanical Engineering 

 

ISRO    : Dr. S Sunil Kumar 

LPSC, Trivandurm 

 

VALUE OF THE PROJECT   : Rs. 7.27 Lakhs 

 

STARTING DATE    : 10-02-1999 

 

CLOSING DATE    : 31-03-2001 

 

OBJECTIVES 
 

i. A comprehensive review of literature available on stratification of hydrogen tanks.  

ii. Modeling of high Rayleigh number flows using finite volume methods. 

iii. Modeling of tanks with wavy (etched) walls, similar to those that exist in rockets.  

iv. Comparison of analytical results with experimental results available in literature and those that may be 

obtained by ISRO. 

 

STAFF IN POSITION   : A. Anil Kumar (Project Associate GR-I) 

 

WORK CARRIED OUT 
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Literature Survey: 

 

 A survey of available literature has been carried out. A detailed review is under  preparation. 

 

Modelling: 

The propellant tank has been modelled as an axisymmetric body with flattop and bottom with sidewall 

heating. The governing equations are those expressing the conservation of mass, momentum and energy, with 

Boussinesq approximation and k-a turbulence model with standard wall functions and "Volume of Fluid" 

model for the liquid - vapor interface. 

 

The boundary conditions imposed are (i) no slip condition at the walls (ii) heat flux at sidewalls and (iii) 

adiabatic top and bottom walls. The computations are carried 'out with a 101 x 41 grid network. Fine 

structured mesh is used adjacent to the walls, as there will be high velocity and temperature gradients near the 

wall. The mesh is made coarser away from the wall. A commercial code using finite volume method is used 

for carrying out computation of stratification problem at very high Rayleigh numbers exceeding 101°. 

Calculations proceed from the initial state with a time step size of 10-s second and incremented as solution 

proceeds. The properties are changed in the iterative process solving the governing equations for transient 

natural convection inside the tank. The Courant number used in the computation is 0.25. 

 

Validation: 

The computational code and the methodology is validated against the numerical and experimental data 

given by Tanyun et al [1,2]. Computations were carried out using 116 x 36 grid network. Typical results are 

shown in Fig. 1 and 2. 

 

RESULTS: 

 

Typical results for a case of stratification of hydrogen in an axisymmetric storage tank with high sidewall 

heat flux of 250 w/m2 with 20% ullage volume are presented below. Top and bottom walls are treated as 

adiabatic. The calculations were carried out using 101 X 41 grid. Typical results are shown in the Fig. 3 and 

4. 
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DEVELOPMENT OF SOFTWARE FOR 

SPACECRAFT THERMAL ANALYSIS USING 

FINITE ELEMENT METHOD - PHASE -II 
 

 

PROJECT NUMBER:MEE/99-00/054/ISRO/TSUN 
 

 

. INVESTIGATORS 

 
From lIT    : Dr. T Sundararajan 

Dept. of Mechanical Engineering 

   

Dr. P A Aswathanarayana 

Dept. of Applied Mechanics 

 

From ISRO    : Dr.K Badarinarayana 
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3. VALUE OF THE PROJECT  : Rs. 1.50 lakhs 

 

4. STARTING DATE    : 07-05-1999 

 

5. CLOSING DATE    : 06-05-2000 

 

6. OBJECTIVES 

 

Various subsystems of a spacecraft and its payload may be subjected to combined modes of heat 

transfer involving conduction, convection and radiation. The objective of the proposed project is to 

analyse conjugate heat transfer involving conduction through a' solid structure and radiation exchanges 

between its exposed surfaces and the ambient medium. In phase I of this project, a consistent FEM 

formulation was developed to analyse heat conduction and surface radiation in 2-D enclosure geometries. 

Both specular and diffuse surfaces were considered. However, to be of practical utility, it was felt 

necessary to extend the above methodology to three-dimensional geometries. The present second phase 

study was therefore undertaken with the following specific objectives. 

 

i.   Development of a solid modeller code with facility to generate a 3-D or surface mesh. 

ii.  Evaluation of view factor between complex curved surfaces. 

iii. Development of a heat transfer code, which can calculate radiation heat exchange between 

     surfaces. 

iv. Coupling of radiation heat transfer code with a 3-D heat conduction code for the solid. 

 

7. WORK CARRIED OUT SO FAR : 

 

The project was sanctioned in May '99 and project associates were recruited on the project 

immediately. In the past six months, a solid modeller has been developed which can create axisymmetric 

primitives such as spheres, cylinders, cones or general axisymmetric solids. These primitives can be 

combined through Boolean operations such as union, intersection etc. Nonaxis;.'ffimetric prismatic objects 

(control surfaces) could also be attached to the basic axisymmetric shapes. These objects can be 

discretized into a 3-D mesh or a surface mesh of triangles. 
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Using the surface mesh, view factors between curved surfaces can be evaluated through a separate 

code which has been developed. The view factor evaluation is based on the equation 

 

 A1F1-2  = ƒƒ       Cos ß1 Cos  ß2           

                           A1A2                   r
2 

 

where ß1 and ß2 are the angles made by the line joining two elemental areas dA1 and dA2 with the 

respective normals of these surfaces and r is the length of the line joining the two areas. Since the surface 

meshes are made up of small triangular elements, the double integral over the surfaces AI and A2 is 

evaluated as a double summation for all the triangular element combinations of the two surfaces. The 

distance r is taken as the distance between the centroids of the triangular elements. At present, the view 

factor evaluation code is applicable only for directly viewing curved surfaces (i.e. the option of 

eliminating hidden parts is not available). However, during the course of present study, it is intended to 

incorporate the cases of partly visible surfaces in the view factor calculation procedure. 

 

After evaluating the view factor between surfaces, the net heat exchange between isothermal 

surfaces can be calculated using radiation enclosure theory. A general radiation heat transfer code is under 

development, which can handle an enclosure with diffuse isothermal surfaces, and some windows open to 

the ambient. 

 

8. RESULTS 

 

In Fig. I, examples of the primitive solids created by the code and the shapes of the finally 

assembled solid are depicted. The surface mesh on the solid geometry is also illustrated. A general 

structured/unstructured mesh generation procedure is under development, which can produce a refined 

mesh at any place of interest. 

In Figs. 2-5, the surface meshes generated for various plane and curved surfaces are shown. The 

code has been validated for the case of self-view factor for the cylindrical surface (inside surface) shown 

in Fig. 5. The exact value of the view factor (analytically calculated) is 0.2 while the value predicted by 

the present code is 0.1936. In table I, the results of net heat 'transfer between the surfaces shown in Fig. 2 

-4 are presented. The data used for these examples are: 

 

T1 = 1000 K, έ1 = 0.8, T2 = 400 K, έ2= 0.5 and Tamb = 300 K. 

 

 9. FURTHER WORK 

The view factor code is to be generalized to account for shrouding - or partial view between surfaces. 

Also the view factor code needs to be extended for handling heat exchange between nonisothermal surfaces. It is 

also intended to couple the radiation heat transfer code with a 3-D heat conduction code for solid objects. 

 

Table 1 

 

Sl. No. Geometry 
View Factor Heat Transfer (kW /m

2
)  

FI-2 Ql Q2  

1 Fig. 2 0,1452 45.55 4.23  

2 Fig. 3 0.2053 45.65 5.59 i 

3 Fig.4 0.2625 45.78 6.9  

dA1dA2 
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DISCRETE VORTEX SIMULATION OF OCILLATORY 

FLOW - STRUCTURE INTERACTION IN SEGMENTED 

LARGE SOLID ROCKET MOTORS 

 

PROJECT NUMBER:  ASE/99-00/055/ISRO/RISU 

 

INVESTIGATORS 

 

From lIT    :        Dr. R I Sujith 

         Dr. S R Chakravarthy 

         Dept. of Aerospace Engineering 

 

From ISRO    :        Dr. M S Padmanabhan 

         Shri. Rajaram Nagappa 

 

3. VALUE OF THE PROJECT  :        Rs. 6.35 lakhs 

 

4. STARTING DATE    :        07-05-1999 

 

5. CLOSING DATE    :        07 -05- 2001 
 

6. OBJECTIVES 

 

Large solid rocket motors (SRMS) are conveniently assembled with segmented grains. The grains 

are-terminated by a coating of inert material, usually a type of epoxy resin, to inhibit the propellant from 

burning from the sides. In general, grains can be inhibited fully or partially, including the possibility of no 

inhibition at all. The inhibitor when present bums substantially slowly when compared to the propellant. A 

combination of geometries for the main port flow can exist in such situations: 

 

1. An annular ring of inhibitor protruding into the port flow perpendicular to the motor axis;  

 

2. A combination of protruding inhibitor and an adjacent cavity caused by propellant surface regression, 

usually in the case of partial inhibition; 

 

3. A cavity between segments of varying geometry, in the absence of inhibitors. As an aside similar 

situation would prevail in hybrid rocket motors where diaphragms are deliberately introduced at 

different axial locations to enhance the regression rate of the fuel grain. 

 

All of the above configurations will result in the establishment of shear layer instabilities. leading to 

shedding of vortices periodically. The vortex shedding phenomena can have direct bearing on the SRM 

performance as well as affect indirectly through interaction with the acoustic environment in the motor cavity. 

 

In this context, the objective of this investigation is to perform cold flow simulations of the flow past 
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blunt bodies using the discrete vortex method, and to investigate the phenomenon of vortex-structural and 

vortex-free stream oscillation interactions. 

 

7. STAFF IN POSITION   :       Shri. R Krishna Mohanraj Project Associate 
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8. WORK CARRIED OUT SO FAR : 

 

Viscous incompressible flows at high Reynolds numbers are generally characterized by highly 

localized regions of vorticity such as boundary layers, separation bubbles, wakes, mixing layers and jets. In 

two-dimensional flows, an appropriate technique to understand the mechanisms that govern the dynamics of 

these regions is provided by the discrete vortex simulation. In this, the rotational region is represented by 

small discrete vortices. The convection of these vortices due to the interaction among themselves and the free 

stream describes the evolution of the flow field in a Lagrangian frame. 

In the present work; the effect of free stream velocity on the vortex shedding behavior from a flat 

plate is investigated using the discrete vortex simulation. The model is inviscid and rotational and satisfies the 

no-slip condition at the solid wall. In this model, the boundary layer on the plate is replaced by vortex sheet 

having a strength distribution such that the velocity on the surface is zero. The sheet is then discretized into 

small, discrete vortex blobs of non-zero core radius. These are marched at regular intervals by which the 

vortices are convected into the wake of the plate. But for the sake of simplicity, it is enough to introduce just 

two vortices each time and also it is enough to satisfy the no-slip condition at the tips of the forward surface 

of the plate. This approximation is justified from the experimental results done in the past. 

 

The vortices introduced in this fashion induce a non-zero normal velocity on the surface of the 

cylinder. But this is taken care of by considering the images of the vortices with respect to the cylinder. The 

velocities' at each vortex due to all the vortices and their image vortices and the free stream is obtained and 

are marched. A second-order scheme is used .in marching. Viscous diffusion is ignored in the model. The 

velocity in the resulting flow field at a fixed point in the flow is stored and the results are obtained by 

applying FFT to the data. The vorticity of the blobs is distributed in a core instead of concentrating at a point. 

This helps in avoiding the problem of singular velocity field in the flow field of the vortex blob. In this 

fashion, the numerical error arising due to singularity is avoided. As the vortices are released into the flow 

field, the number of vortices keeps on increasing. The computational time increases proportional to the square 

of the number of vortices. Hence the need for a process which reduces the number of vortices arises. One way 

is to remove the vortices from the flow field whenever the contribution due to the velocity field near the plate 

is negligible and the other is vortex merging. 

 

In vortex merging, the vortices closer than a minimum distance are replaced by a single vortex. 

During merging, care is taken to conserve the first, second and third moments of the vorticity distribution. 

This fixes the strength, position and core radius of the new blob. 

A code was developed to implement this method. The case studied in this work was the vortex 

shedding under steady free stream. The dynamics of the vortices was found to depend on the marching 

scheme strongly in the beginning. The first order marching scheme in time is less accurate than the second 

order scheme. However, the second order scheme drives the computations into two modes between which the 

calculations are switched alternatively, leading to spurious oscillations. This led to the investigation of an 

appropriate marching scheme. Finally, a mixed scheme was used for this purpose. That is, for some time 

steps, the second order and the rest of the times the first order scheme was used. The choice of optimum time 

step for marching was also found to be crucial since both, the total computation time and accuracy are 

important. 
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The program was successfully bench marked for free stream flow past a flat plate normal to the flow. 

The value of Strouhal number obtained is in excellent agreement with the experimental value obtained by 

Fage and Johansen (1927) and Knisley (1990). 

 

9. FURTHER WORK 

 

Investigation of the effect of an oscillatory free stream on the vortex shedding from a flat plate. 

 

 

 

INVESTIGATORS   

 IIT    : Dr. R I Sujith 

Dr. S R Chakravarthy 

Dept. of Aerospace Engineering 

 

ISRO    : Dr. M S Padmanabhan 

VSSC, Thiruvananthapuram 

 

VALUE OF THE PROJECT   : Rs. 6.35 Lakhs 

 

STARTING DATE    : 07.05.1999 

 

CLOSING DATE    : 06.05.2001 

 

OBJECTIVES:  

 

1. To perform cold flow simulations of the flow past blunt bodies usihg the discrete 

2. vortex method 

 

3. To investigate the phenomena of vortex-structural and vortex-free stream oscillation interactions 

4. To implement the methodology for axi-symmetric geometries representative of solid rocket motors 

 

5. To attain better understanding of the conditions for combustion instability in segmented large solid 

rocket motors based on the flow-vortex-structure interactions in the port flow. 

 

STAFF IN POSITION   : One project associate 

 

WORK CARRIED OUT 

 

The discrete vortex method consists of computation of the dynamics of discretized vortex blobs injected 

into the flow field       from       the      geometrical         surface     at its points of flow separation. There are 

two aspects to such computation. First, a steady state flow field is generated 
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around a desired geometry by considering a distribution of vorticity bound to the surface of the geometry so 

as to satisfy the zero normal velocity boundary condition applicable to inviscid flows. Second, vortex blobs 

are "injected" into the flow field and. convected, by marching them according to the velocity-induced by all 

other vortices in the flow field as given by the Biot-Savart law. 

 

Initial work was done to characterize the flow past a circular cylinder. Fig. 1 shows the typical vorticity 

distribution for this case. The next step was to compute the flow past a circular cylinder with the incoming 

flow having an oscillatory component, in order to examine the occurrence of lock-on of the vortex shedding 

in the cylinder wake with the forced oscillation of the 'free-stream. Fig. 2 shows a fast-Fourier-transformed 

plot of frequencies of variation of flow velocity at an arbitrary point in the flow field, for cases with slightly 

different free-stream oscillatory frequency compared to the natural vortex shedding frequency for quiescent 

flow. It can be seen that the vortex shedding locks on to the frequency of incoming oscillations. 

 

Ordinarily, since the velocity induced by all other vortices in the flow field has to be computed at a 

given' vortex in order to match it in a Lagrangian manner at a given time step as per the methodology, the 

number of operations -would be of the order of n2, where n is the number of vortices injected into the flow 

field. For typical computations, this number becomes very large, and the computations are correspondingly 

time-consuming. In order to accelerate the speed of computations, a fast algorithm has been implemented in 

this study, by which, the computational speed varies as n log n, for n vortices. Fig. 3 shows this variation for a 

typical run. As part of the implementation, merger of closely spaced vortices with conservation of the net 

vorticity, and removal of vortices convected out of the computational domain are employed in order to reduce 

the computational time. 

 

In the last six months, the computer code for performing calculations for axisymmetric geometries has 

been implemented as it is closely relevant to the solid rocket motor geometry. The code has been verified by 

comparing the results obtained for a sphere with exact solutions available in the literature. Fig. 4 shows such a 

comparison of the surface velocity variation, without and with curvature correction employed. Obviously, the 

curvature corrected result shows better agreement with the analytical solution. The axisymmetric formulation 

has been employed for several cases besides the sphere, such as ellipsoid, disc, orifice in an infinite wall, and 

an orifice in a duct. The last one corresponds to the solid rocket geometry. 

 

As mentioned earlier, the first part of the methodology involves the simulation of the steady state 

inviscid flow field with the help of a bound vortex distribution. As of the present, this task has been 

completed for the rocket motor geometry, namely an orifice in a duct. Fig. 5 shows the corresponding 

streamline pattern. 

 

The next part, namely the vortex release to simulate unsteady viscous flow, has been completed for 

preliminary cases such as the sphere and the circular disc normal to the flow. Fig. 6 shows a sequence of 

vortex release images computed for the case of the circular disc normal to the flow, 
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FUTURE WORK PLAN: 

 

 The present computations for vortex release in axisymmetric geometries will be concluded soon, 

particularly for the case of the orifice in a duct. 

 The effect of free-stream oscillations will be investigated for the above geometry, once the case with 

uniform incoming flow is computed. 

 

The problem of structural vibrations and their interaction with the flow oscillations will be addressed in 

the last phase. 
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DEVELOPMENT OF GENERAL PURPOSE 

CODE FOR ESTIMATION OF RADIANT 

HEAT FLUX IN SOLID ROCKET MOTOR 

 

PROJECT NUMBER:MEE/99-00/057ISRO/SPVE 
 
 
 
INVESTIGATORS    : 

 

From lIT    : Dr. S P Venkateshan 

Dr. C Balaji 

Dept. of Mechanical Engineering 

 

From ISRO    :             Dr. B C Pillai 

Dr. M S Padmanabhan 

VSSC, Trivandrum 

 

3. VALUE OF THE PROJECT  : Rs. 8.14 lakhs 
 

4. STARTING DATE    : 02-08-1999 

 

5. CLOSING DATE    : 01-08-2001 

 

6. OBJECTIVES 

 

It is proposed that a detailed study of the complex radiation effects of heat transfer be carried out so 

to accurately calculate the heat flux inside a solid propellant rocket motor. The computational model will be 

developed so as to calculate the radiation interaction of the walls, gas and particles in an axisymmetric 

geometry. The main aim of the computer program will be to calculate, based on the temperature distribution 

inside the cavity of arbitrary geometry, the .local heat fluxes at different locations inside the cavity and at the 

cavity walls. 

 

7. STAFF IN POSITION   : Shri. K Karthikeyan, Project Associate 

 

8. WORK CARRIED OUT SO FAR: 

 

The Literature survey has been done in detail. The Discrete Ordinates Method (DOM) proves to be a 

useful tool in solving radiative heat transfer problems in participating media. It is the least time cosuming 

method when compared to all other methods cited in literature. Hence S4 or S6 discrete ordinte 

approximations can be used with high accuracy. 

 

 

 

With a view to build up capacity for handling axisymmetric and 3D problems, the following problem 

was taken up for investigations. 
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 A solid cylinder of radius R and length Z was considered as shown in Fig. 1 and a two dimensional 

steady state conduction analysis was performed. 

The problem was formulated with a set of boundary conditions. A set of algebraic equations obtained by 

the above procedure was solved using Gauss-Siedel iterative procedure and a convergence criterion of IE - 5 

percentage error on temperature was used. 

 

 
9. RESULTS 

 
The axial and radial temperature variations are plotted by taking sample values for relevant 

properties. Heat transfer from the surface is also calculated for the same. 

 

10. FURTHER WORKS 

 

I. The steady state three-dimensional conduction analysis of hollow cylinder governed by Laplace equation is 

to be solved. The inside boundary condition is that of prescribed temperature while the top half about the axis 

is subjected to either convective or radioactive boundary condition and the bottom half is insulated. A finite 

volume approach is to be used. 

 

       2. Methodology for calculating radiative heat flux inside the solid rocket motor propellant: Since the radiative 

transfer is in the presence of participating media, the radiation on the walls is to be calculated using the 

Radiosity-irradiation technique and the radiation inside the gas using Discrete Ordinate Method. Viewfactors 

will be determined using available formulae from the literature or the contour integration method. The above 

will form the starting point for the development of a general computer program. 

 

 

 

 

 
 

INVESTIGATORS   

 IIT    : Dr. S P Venkateshan 

Dr. C Balaji 

Dept. of Mechanical Engineering 



216 

 

 

ISRO    : Dr. B C Pillai 

Dr. M S Padmanabhan  

VSSC, Trivandrum 

 

VALUE     : Rs.8.14 1akhs 

 

STARTING DATE    : 02.08.1999 

 

CLOSING DATE    : 01.08.2001 

 

0BJECTIVES 

 

The study aims at developing a general-purpose computer program for the estimation of radiant heat flux in a solid 

rocket motor. The Radiosity Irradiation Technique will handle the radiation on the walls. The radiation inside the gas 

will be modeled using well-known techniques like the Finite Volume Method (FVM). The problem is quite formidable 

and involves large-scale computations. In view of these, computations will be performed on a high-end personal 

computer. The study is completely numerical and does not require the establishment of any new experimental facilities. 

The deliverable will be a user-friendly program which ISRO could make use of to estimate radiant heat transfer rate in 

such systems. Also recommendations will be given for any additional measurements that may be required at VSSC, for 

validating the numerical model. 

 

 

STAFF IN POSITION   : (1) Mr. K. Karthikeyan, 

              Project Associate, since August 1999 

 

(2) Mrs. Lakshmi Suresh, 

             Project Technician, since August 1999 

 

WORK CARRIED OUT 

 

In order to- gain sufficient background for handling complicated three dimensional analysis of cylindrical 

enclosures with a participating medium, the following two cases have been work out. 

i. Rectangular Enclosure with one hot wall and three cold walls. 

ii. Rectangular Enclosure with adiabatic top and bottom wall and conducting sidewalls. 

 

The Schematic of the geometry is shown in Fig.1(a) and 1(b).  The following assumptions were made in the study. 

a) Steady state exists in the enclosure 

        b)The medium is a homogeneous, gray participating medium (constant absorption coefficient and   

            thermal conductivity) 

 c) The walls are diffuse and gray 

Governing Equation: 

Equation of Radiant Transfer: The equation of transfer for a gray homogeneous medium is given by 

dl 
-(K+σ

s 
) I + KIb + σ

s I 



217 

 

ds   =   

where 

 

I(r,s) 1  

       4π 

 
 

where the left hand side gives the rate of change of intensity over a path length and on the right hand side, the first term 

gives the attenuation of intensity due to absorption and outscattering, second term gives augmentation of intensity due to 

emission and third term gives the increase due to in - scattering. 

 

Energy Equation 

∆
2
 T = div (qR ) 

where qR= radiant flux; T = Temperature 

 

Numerical Procedure: 

The numerical technique used for discretisation is the fmite volume method. The entire domain is divided into Nx 

and Ny control volumes and the solid angle of 2 π (and not 4 π due to symmetry) is divided into NΦ and Nγ directions as 

shown in figure 2 (b - c). Fig. 2a shows a typical control volume over which the governing equation (I) is integrated. 

This yields an expression for nodal directional intensity in terms of neighboring nodal directional intensities. Thus the 

number of equations to be solved is Nx x Ny x NΦ x Nγ. Once the nodal directional intensities is obtained, the average 

intensity is calculated. This will be used in the discretized equation of (2) to obtain the nodal temperature distribution. 

The total heat flux on the walls (the sum of radiant and conduction flux) is then calculated. 

 

  ƒ4π I(r,s’)Φ(s’s)dφ’ 
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TABLE I: Grids used for various Aspect Ratios 

 

 Number of control volumes 

Aspect ratio A   

 Case(i) Case(ii) 

0.25 40 X 10 40 X 10 

0.50 30 X 15 40 X 20 

1.0 35 X 35 21 X 21 

2.0 25 X 50 25 X 50 

4.0 25 X 100 25 X 100 

 

TABLE II: Range of each Parameters 

 

 Range 

Parameter   

 Case(i) Case(ii) 

Aspect ratio, A 0.25 - 4 0.25 - 4 

Temperature T R 0.5 - 0.8 0.5 - 0.8 

EmIssivity, £ 
0.05 - 1 for 25 2 Nrc2 490  

 0.05 - 1 

 0.25 - 1 for 490 2 Nrc2 4900  

Radiation - Conduction 
25 - 4900 25 - 490 

Parameter, Nrc 

Optical thickness, '"C 0.01 - 10 0.01 - 3 

 

CONCLUSIONS: 

1. The effects of various parameters like aspect ratio, temperature ratio, emissive radiation conduction interaction 

parameter, optical thickness on the temperature distribution and heat transfer rate have been analyzed. 

2. The effect of radiation in the medium results in the formation of thermal boundary layer near the hot and cold walls. 

The crowding of isotherms near the hot and cold wall is more intense for the case of higher radiation-conduction 

interaction parameter coupled with low emissivities. 

3. Correlations for dimensionless conduction, radiation and total hear transfer rate along  the hot wall are suggested. 

 

FUTURE WORK: 

 

Three dimensional modeling of radiation in cylindrical enclosures with participation medium is currently being 

carried out. 
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APPENDIX - A 

 

Non Dimensional Parameter 

 1. Radiation conduction parameter 

 

 Nrc = 4σT
3

HL 
                                             k 

       2. Conduction radiation parameter 

 Nrc =   kk 

                                          4σT
3

H 

. 
3. Optical thickness 

 

't = KL 

 

4. Aspect Ratio 

 

A=B / L 

 

5. Temperature Ratio 

 

TR=Tc/TH 

 

6. Emissivity 

 
E 
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Development of advanced phase unwrapping algorithms 

in digital photoelasticity 

 

Project Number:APMO 1 02058ISROKRAM 
 
Investigators 

 

 IITM   : Dr. K Ramesh 

 

     ISRO   : Dr. S. Annamala PiIlai, VSSC 

 

Value of the Project   : Rs. 7.56 lakhs 

 

Starting Date    : 16-05-2001 

 

Closing Date    : 15-05-2003 

 

Objectives 

 

I. To device algorithms for accounting for isochromatic-isoclinic interaction in photoelasticity. 

2. Development of a robust phase-unwrapping algorithm, which is suitable for even multiply-     

    connected bodies. 

3. Application of the above techniques for solving practical problems that are of interest to        

    VSSC, Trivandrum. 

 

Staff in Position   : Mr. Madhu K R (Project Associate) 

 

Mr. Kannan L (Project Technician) 

 

Work Carried Out 

 

            One of the ways to minimize the influence of isochromatics on isoclinic information is to use white 

light. With this in view a fully balanced white light source has been fabricated.  The various components for 

setting up a digital photo mechanics facility have arrived and would be integrated. 

 

A comprehensive software is developed in VC++ to grab the images and to time average them. There 

is option to save the images at required time intervals, and also the history 

of information of time. This software is hardware dependent and works for all Coreco imaging products. 

It is proposed to de-link frame grabbing and image analysis. As a first step of developing stand-alone 

packages for digital image processing, the RA Wand BMP image formats were studied. A software code is 

developed to read the intensity values from such files. 
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Software for three-fringe photo elasticitY is also being. developed. This will give the total fringe 

order; based on the calibrated RGB data. 

 

9. Future work 

 

A few more of the samples of stress frozen slices received from VSSC will be grabbed and analyzed 

using the software mentioned. The software also will be refined for introducing more userfriendly features 

and additional modules to enhance their capability. 
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Virbo-acoustic response of launch vehicle structures 

using statistical energy analysis experimental studies 

and  structural fuzzy 

 

Project Number : APMO 102059ISROSNAR 

 

Investigators 

 

 IITM   : Dr. S Narayanan Dr. S Swarnamani 

Dr. P Chandramouli 

 

     ISRO   : Mr. S A Palaniswamy, VSSC  

Mr. K L Handoo, VSSC 

 

Value of the Project   : Rs. 19.67 lakhs 

 

Starting Date    : 16-05-2001 

 

Closing Date    : 15-05-2003 

 

 

Objectives 

 

1.  To develop a compendium of experimental data for the SEA parameters, modal densities,    

     dissipation loss factors and coupling loss factors through well designed experiments on 

      typical    launch vehicle structures 

2.   Experimental validation of the analytical SEA predictions with respect to structural 

             response and sound transmission characteristics. 

3.   To develop a theoretical model based on fuzzy structure concept for including 

                    structural complexities. 

 

 

Staff in Position   : Mr. V V Phani Kiran (Project Associate) 

 
Work Carried Out 

 

Literature survey has been done on the experimental aspects of SEA with respect to structures used in 

launch vehicle and space applications covering the aspects such as the sound field environment response of 

the structures, the tests that are required to be conducted to identify the structural frequencies, modes and 

modal densities and loss factors etc. and related instrumentation requirements such as accelerometers, modal  
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shakers, microphones and data acquisition units. Quotations for such items required for conducting 

the tests are being processed. A project Associate has been appointed and a detailed plan for conducting the 

experiments has been made and some simple experiments have been carried out. 

 

Plan for Further Work   : 

 

Experimental studies related to the sound and vibration tests on structures will be undertaken to assess 

the structural response and related parameters such as natural frequencies, mode shapes modal densities and 

coupling loss factors. 

Identification of boundary is very important in photoelasticity. The use of a drafting package such as 

AutoCAD is studied and an algorithm is developed to merge the boundary drawn using AutoCAD to image 

files. 

 

Plan for Further Work 

 

A systematic study would be carried out on the influence of background illumination of 

various phase shifting algorithms. A comparative study of various techniques for isoclinic determination 

would be carried out. Algorithms to use commercially available polariscope would be developed for 

extending PST to field problems. The algorithms developed would be validated experimentally. 

 

 

Investigators 

    From IITM     : Dr. S. Narayanan  

Dr. S. Swarnamani 

Dr. P. Chandramouli 

 

    From ISRO     : Sri. S. A. Palaniswamy 
       Sri. K. L. Handoo 

3. Value     : Rs.19.67 Lakhs 

 

4. Starting date    : 16.5.2001 

 
5. Closing date     : 15.5.2003 

 

6. Staff in position    : Mr.V.V. Phani Kiran 

7. Scope and Deliverables 
 

The Scope includes 

 Develop experimental data for SEA parameters such as modal density, coupling loss 

factors (CLF) and dissipation loss factors (DLF) based on well designed experiments 
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on typical launch vehicle  structures 

 Experimental validation of analytical SEA based on structural response and sound 

transmission  measurements 

 Develop theoretical model based on fuzzy structure concepts to include appendages 

and electronic packages 

 SEA formulation and validation with experiments 

Deliverables : 

 Database of experimental SEA parameters such as modal densities, CLF and DLF for  

    various structural systems and their connections (beam-beam, plate-beam, plate-shell  

    and shell-beam), structural-acoustic connections and systems 

 Software incorporating structural fuzzy models using SEA parameters obtained from 

experiments 

8. Work Schedule for the total period 

Plan experiments; literature review and recruit 6 project staff 

Fabrication of structures; equipment ordering and preliminary experiments on stiffened shells 

17 

 

 Fuzzy structure modeling, fabrication of further models; DLF and CLF - determination for  

           different structural joints 

 Embedment of fuzzy structure module into SEA software and fine tuning of experiments 

 Acoustical tests. Verification of SEA/Fuzzy structure results with experimental results on  

           complete structural systems 

 Report preparation 

 

9. Work carried out till date 

 Literature review on experimental SEA techniques has been carried out and papers related to  

         structural fuzzy have also been gathered. Three channel technique proves to be efficient in  

          estimation of modal density from point mobility in the presence of feed back noise due to  

          exciter-structure interaction. Power Injection Method (PIM) is widely accepted method for  

          insitu determination of Dissipation Loss Factor (DLF) and Coupling Loss Factor (CLF) for  

          different structural combinations. 

 Detailed experimental plan for SEA parameters completed 

o Two meetings with Dr. S. A. Palaniswamy, VSSC, have been held in July  

         2001 and 2002 to review progress 

 5 honeycomb panels and two aluminium panels received from VSSC have been tested using  

        acoustic excitation 

o Random to identify structural natural frequencies and then sinusoidal around each  

        identified natural frequency 

 Modal density from experiments obtained and correlated with analysis; damping loss factors 
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determined (see Figure 1 and Figure 2). 

 Two channel dynamic signal analyzer, accelerometers, PC data acquisition system have 

arrived. Shipment from VSSC consisting of stiffened curved panels, isogrid heat shield have 

arrived. Instrumentation required for point mobility measurement and power injection method is 

ready and results will be presented in the meeting. 

 Fuzzy structure theory: A review is presented in brief below 

Finite element and SEA are efficient for structural-acoustic prediction in low and high 

frequency ranges respectively. The analysis of medium frequency range remains very difficult due to the role 

played by the structural complexity (see Figure 3). In order to improve the modeling of structural complexity 

in the medium frequency range, Fuzzy Structure Theory has been introduced by Soize at ONERA in 1986. 

The structural complexity in a launch vehicle is constituted by all the equipment units and internal electronic 

board, frames attached to the spacecraft fuselage. According to fuzzy structure theory spacecraft fuselage 

forms the primary or master structure which can be modeled using conventional deterministic approach. The 

complement to the master structure is 
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10. Future work 

 

 The stiffened curved panels and isogrid section panels have arrived and are being tested.  

             Detailed CLF and DLF studies on these would be completed 
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 Fuzzy structure modeling, fabrication of further models; DLF and CLF determination for  

            different structural joints 

 Embedment of fuzzy structure module into SEA software and fine tuning of experiments 

 Acoustical tests; Verification of SEA/Fuzzy structure results with experimental results on complete  

             structural systems 

 Report preparation 

 

 

Investigator(s) 

 

(a) IITM    : Dr. S. Narayanan 

  Dr. S. Swamamani  

  Dr. P. Chandramouli 

 

(b) ISRO    : Shri. S. A. Palaniswamy, Group Head, VSSC , 

        Shri. K. L. Handoo ,Scientist G, VSSC 

 

Value of the Project (Rupees in lakhs) :19.66 

 

Starting Date     : 16/051200 I 

 

Closing Date     : 30/06/2004 

 

Objectives 

Develop experimental data for SEA parameters like Modal densities, Dissipation loss factors 

(DLF), Coupling loss factors (CLF) for typical launch vehicle structures. The structural 

combinations of interest for determining the CLF and DLF are like beam-plate, plate-plate, plate-

shell, shell-acoustic. Validation of analytical SEA is carried out using the SEA parameters from 

experiment. Structural response and sound transmission is evaluated using SEA parameters from 

experiments. Developing theoretical model based on fuzzy structure concept and includes 

appendages and 'electronic packages. Finally conducting acoustic tests for fully assembled launch 

vehicle structure and validation these results with response calculated from SEA formulation and 

Structural Fuzzy. 

 

Work carried out till December 

Modal density for honeycomb panel, isogrid and stiffened shell structures is carried 

out using point mobility method. Modal density for stiffened panel with various 

interconnecting junctions such as bolted, riveted, welded and epoxy joints are evaluated 

through point mobility measurement. Determination of CLF for these junctions is being 

carried out using the Power Injection Method. Frequency averaged loss factor is calculated 

from steady state energy flow technique for spacecraft components. Experimental set up 

required for measuring point mobility is as shown in Figure I. After the estimation of SEA 

parameters for typical launch systems the vibration response is to be calculated from the 

energy balance relations. This will be validated with further experiments on fully assembled 

structure in acoustic test. 
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Investigator( s) 

 

(a) IITM    : Dr. S. Narayanan 

 

(b) ISRO    : Sri. S. A. Palaniswami 

 

Value of the Project (Rupees in lakhs)   : 19.67 

 

Starting Date      : 16/0512001 

 

Closing Date      : 31/10/2004 (extended) 

 

Scope of work 

 
 

 Develop experimental data for SEA parameters such as modal density, coupling loss factors 

(CLF) and dissipation loss factors (DLF) based on well designed experiments on typical 

launch vehicle structures 

 Experimental validation of analytical SEA based on structural response and sound transmission 

measurements 

 Develop theoretical model based on fuzzy structure concepts to include appendages and electronic 

packages 

 SEA formulation and validation with experiments 

 

Work Schedule for the total period 

 Plan experiments; literature review and recruit 6 project staff 

 

 Fabric'ation of structures; equipment ordering and preliminary experiments on stiffened 

shells 

 

 Fuzzy structure modeling, fabrication of further models; DLF and CLF determination for 

different structural joints 

 Embedment of fuzzy structure module into SEA software and fine tuning of experiments 

 

 Acoustical tests. Verification of SENFuzzy structure results with experimental results on complete 

structural systems 
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 Report preparation 

 

Deliverables 

 Database of experimental SEA parameters such as modal densities, CLF and 

 DLF for various structural systems and their connections (beam-beam, platebeam, plate-shell 

and shell-beam), structural-acoustic connections and systems 

 Software incorporating structural fuzzy models using SEA parameters obtained from 

experiments 

 

Work completed to date:  

 Model densities, DLFs and CLFs for about 5 different launch vehicles structures completed 

 

 Fuzzy structures modeling based on Type I fuzzy carried out for a panel with several SDOF 

oscillators ( simulating packages) 

 Final draft report submitted prior to the last cell meeting 

 

 Measurements carried out at NAL in December 2004 and the results are being processed to predict 

CLFs and radiation resistance for honeycomb ana stiffened panels (this was the only item pending) 
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Procurement of Equipment: 

 The following items have been procured and commissioned 

 

 HP 35670A 4-channel FFT Analyzer .Laser vibrometer 

 

 National Instruments data acquisition card with driver software Labview 

  Harmonie, 4-channel noise and vibration data acquisition system from 01 dB - Stell of France 

 Accelerometers and microphones with accessories from 01 dB- Stell of France. 
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Investigations for ground based autonomy 
 

Project Number:CSEO 1020601SRODEEP 
 

Investigators 

 

 IITM   : Dr. Deepak Khemani  

      Dr. P Srinivasa Kumar 

 

     ISRO   : Dr. C G PatH, MCF  

Mr. K S Jaganath, MCF 

 

Value of the Project   : Rs. 6.65 lakhs 

 

Starting Date    : 16/05/2001 

 

Closing Date    : 15/05/2003 

 

Objectives 

 

Automated spacecraft health analysis: Currently the health of a satellite is tracked by monitoring about 

300 parameters, about half of which are plotted; generating thirty to forty sheets per day per spacecraft.  

Engineers look at these plots, and make observations about the -health of the spacecraft. A large amount of 

such data along with the observations/comments of the engineers is available. The objective is to study this 

data and build a system that can learn the various patterns that are being used for classification. 

 

Staff in Position   : Mr. Kiran Kumar Penta (Project Associate)  

Mr. K Prasanna (Project Associate) 

 

Work Carried Out 

 

Visits to MCF Hassan and discussions helped to understand present systems at work and to identify 

the areas in which techniques in AI can be applied to bring more autonomy in their operations. Detailed 

discussions were also held about various subsystems in Geosynchronous satellites, in particular about the 

'attitude and orbit control systems'. Several subcomponents such as sensors, actuators, control unit circuits etc 

participate in proper functioning of the satellite in achieving its mission. So the health status of each of these 

components together determines the working condition of the satellite. 
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To keep track of health of these critical components, several parameters such as temperature, voltage 

etc. are monitored. There are around 300 parameters to be kept track, some requiring frequent observation. At 

present all the health information is down linked, parameters are plotted. Alarms are generated whenever 

values cross the operational limits. This requires huge manpower with increasing satellites. Moreover with 

this procedure, false alarms due to spikes in observed parameters cause unnecessary concern, while the 

abnormal behavior of a system is not caught until the parameter crosses the limits, which in most cases is too 

late. It is observed that this part of 'Health monitoring' procedure can be automated. 

 

Two possible subtasks are identified under this health monitoring. 'Real time advisor' to monitor the 

critical, frequently observed parameters as they are down linked and to generate alarms. The other is an 

"Offline Health summarizer" that runs at less frequency, may be once in a day or when involved, to conclude 

the health status of the satellite as a whole as well as the sub systems. 

 

 

 

. Investigators   : 

 

    From IIT    : Dr. Deepak Khemani  

Dr. P Sreenivasa Kumar 

 

    From ISRO    : Dr. C G Patil  

Dr. K S Jaganath . 

3. Value of  Project    : Rs.6.65 Lakhs 

4. Starting date   : 16.05.2001 

5. Closing date    : 15.05.2003 

6. Staff in position   : Mr.Kiran Kumar Penta 

 

Mr.K Prasanna 

7. Objectives 

 Automated satellite health analysis: the health of a satellite is monitored by tracking about 300 

parameters. Complex, laborious task of reasoning about health of satellite observing the values of these 

parameters is, currently being done by domain experts. Goal is to capture trends of these parameters and summarize 

about the satellite health. Our objective is to achieve this goal, by designing an appropriate CBR system. 

 

8. Work carried out till date 

The health of Indian geo-synchronous satellites is maintained manually from ground station located at 
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MCF, Hassan. Satellite can be viewed as a combination of several subsystems such as thermal, power, attitude 

& orbit control (AOC), electrical etc. Health status of satellite is monitored by looking at the values of parameters 

corresponding to various devices in each subsystem. For example, temperature values of thermometers located at various 

locations on satellite measure the thermal condition of their surroundings. 

Readings of such parameters from satellite are down linked to ground monitoring stations at the rate 

of I frame per second. Each frame contains values of various parameters that are being monitored. Not all 

parameter values are available in each frame. But over a cycle of 8/16 frames all values are available. 

Broadly, there are two kinds of variables. They are Status parameters and analog parameters. Status parameters 

indicate status of some devices. Analog parameters reflect the measured value of a real valued variable. Satellite health 

monitoring engineers on ground look at the values of analog parameters and diagnose the state of the satellite. If any 

change is required, commands are given to change the state of status parameters. Among all the available hundreds of 

analog parameters that are 

observed, there are a few identifiable parameters in each subsystem that are critical. Such critical parameters 

are important because, their values almost exactly reflect the state of the subsystem in question. Usually such 

critical parameters are the only ones that are observed by ground engineers, for continuous health monitoring 

of satellite. 

Currently most analog parameters are automatically checked against limits stored in a database. Once 

the parameter value crosses the limit, an alarm is raised, requiring the ground' controller to take a corrective 

action. Corrective action is typically, to change the state of some status parameters, which in turn influence 

the values of analog parameters. A drawback of relying only on this method is that, it may b_ quite late before 

one gets a hint that something is not in order. For example, some parameters like those in thermal subsystem 

are very slow changing and will take very long time to touch limits even in case of an anomaly. This problem 

is also serious in the case of fast changing critical parameters, like the ones in AOCS. To overcome this, 

ground staff monitors such parameters' trends continuously. This clearly puts undesirable high demands on 

human resources. 

9. Proposed Approach to satellite health monitoring 

One approach to monitoring and diagnosis is to use a model based approach: However, with the large 

number of factors interacting in complex ways, it is difficult to arrive at a qualitative model of satellite, which 

captures the possible scenarios on a satellite. Moreover, modeling can only be done with an intricate 

understanding of the artifact, and the natural thing to do is to build the required models during the design 

phase. Functional approximation of the satellite behavior too will not be possible for the same reasons. 

A popular approach in diagnostic domain is currently is 'Case Based Reasoning' (CBR) based expert 

system. 

  CBR is an approach towards expert systems which is based on the principles  

   "Similar problems have similar solutions" and 

"Problems are often similar". 
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CBR is an experience based learning technique. A 'case' is an incident from past. It constitutes a problem 

encountered in the past, along with the solution for the problem. Note that during monitoring, telemetry data is the 

problem, and the "solution" is an interpretation of the data. One way a case can be stored is as a set of attribute 

value pairs. Some attributes are associated with the problem, while others represent the solution. Several such 

'cases' each capturing a scenario in the domain, together form a repository of experience. This 'case base' is 

searched when a new situation arises for consulting experience. Closeness of a new case with the cases 

existing in the case base is calculated, based on attribute values. In case a close match is found, the solution is 

reused. Otherwise, a new solution is generated and this new incident, tagged with 'what is to be done', is 

stored as another case in the case base. The solution may be obtained by a human expert, or from another 

problem solving process. 
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         Case constructor: This builds the query cases from the streaming telemetry data online. Case 

schema acts as the template to decide how many points for each variable  need to be sampled to build a 

case. 

 

 Case base builder: This would extract cases from past data available in data archive. Goal of 

this step is to store as many diverse possible scenarios in the satellite domain as possible in to the case 

base. The more the number of varieties of cases, the more implicit" knowledge about satellite in the 

CBR system. This step might require domain expert to validate the storage of each case in the case 

base. As mentioned earlier indexing issues for the stored cases need to be addressed for faster retrieval. 

 

 CBR engine: This is a customized implementation of the CBR cycle of 4Rs, namely, retrieve 

revise reuse and retain. Given a query case, best matching case is retrieved from the case base. This 

matching requires that a similarity measure be defined to compare attributes. In satellite domain this 

similarity measure may not be based on a simple Euclidian distance between attribute values as in 

traditional CBR systems. Sophisticated time series comparing techniques like time warp distance may 

need to be considered. 

 

10. Future work 

 

 Scope of the project is to provide a design of a CBR based health monitoring system and 

build a prototype demonstrating the 'proof of concept' supporting the suggested solution. 

 

Following several visits and presentations to MCF, there has emerged an acute need for a . demonstration 

system. To facilitate this data of a set of parameters recommended by MCF has been procured and a CBR 

prototype system is being implemented. This will involve an illustrative system with a case structure being 

defined by the IIT team. 

A design document of a CBR based health monitoring system is also being prepared. 

 

 

 

 

Investigator( s) 

 

(a) IITM     : Dr. Deepak Khemani 

          Dr. P Sreenivasa Kumar 

 

(b) ISRO     : Dr. C G Patil 

          Shri.K S Jaganath 

 

Value of the Project (Rupees in lakbs)  : 6.65 

 

Starting Date      : 16/05/2001 
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Closing Date      : 15/05/2004 

 

Objectives 

Automated satellite health analysis: The health of a satellite is monitored by tracking about 

300 parameters. Complex, laborious task of reasoning about health of satellite by observing the 

values of these parameters is, currently being done by domain experts. Our goal is to automate the 

task of monitoring. We propose to do this by detecting anomalies/events in telemetry data using 

CBR framework. 

 

Staff in position     : Kiran Kumar Penta   

  K Prasanna 

 

Work carried out till December 

 

Project Description: 

Recollecting from past experience and reusing the solution is an important aspect of human 

reasoning. Case Based Reasoning (CBR) is a methodology, which facilitates automating such 

reasoning. CBR is a four step cycle that Retains past instances, Retrieves them when a similar 

problem is seen again, revises the past experience if required and Reuses on the assumption that 

'similar problems have similar solution'. Central to this CBR cycle is the repository of past 

experiences, commonly known as case base. 

In such a setting, a query case may be said to be anomalous if there is no case in the case base that is 

similar to the query case. While an anomalous case definitely needs to be notified to the human 

agent by an alarm, there might be other regularly seen patterns that require human attention. Such 

known patterns one is looking for are known as events. If the query matches any event, the human 

agent again needs to be notified. 

 
Issues involved in building such an application are, 

 1. What constitutes a case? 

We define a case to be trends of a set of satellite system parameters. The length of trend, and 

sampling rate, range of values of each parameter might be different and in current implementation, domain 

expert should provide them. 

 2. When is one case Similar to another? 

We define a simple Euclidean based distance measure to calculate the similarity between two instances. 

Two cases are said to be similar if the distance between them is not greater than a user defined tHreshold. 

 

Design of the System: 

 

At run time, the Online Case Extractor constructs case from the streaming telemetry data, based on 

the Schema specified. Search routine takes the resultant query case and a user defined similarity threshold to 

search for similar instances in the case base. If the search results in empty return, then the query case is 

assumed to be novel and hence notified to the domain expert. Even if the search result is not empty but the set 

contains cases, which require human intervention, human expert is alerted. In the second case, the close 

matches retrieved from case base are displayed for the convenience of the expert to recall instead of 

reanalyzing current situation. The design of the prototype system built is shown M ffigulC{p.ert observes that 

the comments associated with the retrieved case are not appropriate, he may edit them and store the case back 

in the case base. Other wise, if he feels the fetched match itself is not appropriate or the query case is an 

anomaly, he might add the query as new case, with appropriate analysis to the case base. 

The Case Base, thus grows continuously, learning with each addition of a new case. Underlying 
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assumption in CBR systems is that, with such continuous learning, over a period of time the model of the 

physical system becomes implicitly specified in the Case Base. Observe that, the model is no where specified 

explicitly in the CBR System thus avoiding the usual bottleneck of Knowledge acquisition. 
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Investigations for onboard autonomy of spacecraft 
 

 

Project Number:CSEOI020611SRODEEP 

 

 
Investigators 

 

IIT    : Dr. Deepak Khemani  

Dr. P Srinivasa Kumar 

 

ISRO    : Mr. A Venkateswarlu  

Mr. V K Agarwal  

ISRO Satellite Centre 

 

Value of the Project   : Rs.6.65 lakhs 

 

Starting Date    : 16/05/2001 

 

Closing Date    : 15/05/2003 

 

Objectives 

 

To design a software architecture for autonomy of spacecraft, and to work towards its implementation to 

reduce ground dependence in a phased manner. 

 

Staff in Position   : Mr. Bharat Ranjan Kavuluri (Project Associate) 

Mr. Senthil U (Project Associate) 

 

Work Carried Out 

Two visits were made to ISAC (Bangalore). The first visit was aimed at arriving at an 

understanding of the project. The details of the satellites working in general and at the avenues of 

work in spacecraft autonomy were studied. During the second visit, based on the pool up of the 

studies and views about the autonomy system, a rough outline of the project was arrived.  
 

The basic functions of the autonomy module are  

 

1) Planning and execution 

2) Data summarization and analysis  
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3) Failure recognition and recovery. 

 

For these it is required to 

 

1) 2) 3) 

 

1) Identify an architecture for the autonomy module 

2) Identify and develop different components of the module 

3) Develop algorithms which are to be used in different components of the autonomy module and 

4) Identify and develop software that will help in modeling and testing the efficacy of these  

            algorithms. 

Some progress towards these goals have been made. The key requirements as regards the 

autonomy architecture were identified. Also an extensive study of the Deep Space I remote agent 

architecture was performed and were able to gather lot of details from the material available. A study 

of different planning s/w like ASPEN and CASPER were made to identify the necessary features of 

these s/w. Two reports were made relating to discussions on the architecture and on the studies in the 

planning area. Further material in this regard is being gathered and are working to arrive at the 

architecture for the spacecraft autonomy module that satisfies the requirements. 

 

Plan for Further Work   : 

 

After arriving at the architecture, the efforts will be towards the identification of the 

components and s/w that is required for the autonomy module. Also a program towards a phased 

implementation of this module and identification of the work to be done in different phases will be 

arrived for implementing the project. 
 

 

Investigators 

 

    From  IIT     : Dr. Deepak Khemani  

Dr. P. Srinivasa Kumar 

    From ISRO     : Dr. A. Venkateshwarlu  

Dr. V. K. Agarwal Rs. 6.65 Lakhs 

3. Value of the project     :  

4. Starting date    : 16.05.2001 

5. Closing date    : 15.05.2003 

6. Objectives 
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To perform a detailed study of Remote Agent architecture of NASA's Deep Space I (DS I) mission 

and Automated Scheduling and Planning Environment (ASPEN). The main objective of the project is to 

arrive at the pseudo-code level understanding of the above systems and do the 

 Conceptualization and  

 Architectural design. 

7. Staff in position    : Mr. Bharat Ranjan Kavuluri  

Mr. Senthil U 

 

8. Work carried out till date 

 A major goal articulated by the ISAC team was arriving at a clear and detailed understanding of the 

software architecture needed for autonomy. This has been identified as the major goal of the project. It is 

hoped that this will lead to a blueprint of an autonomy framework that can be exploited in the future attempts 

to build autonomy into specific satellites. The primary goals identified are conceptualization and architectural 

design.  

Remote Agent: 

Remote Agent (RA), an Artificial Intelligence (AI) system automates some of the tasks normally 

reserved for human mission operators and performs these tasks autonomously onboard the spacecraft. These 

tasks include activity generation, sequencing, spacecraft analysis, and failure recovery. The remote agent 

architecture mainly consists of Mission Manager (MM), Planner/Scheduler (PS), Smart Executive (EXEC), 

and Mode Identification and Recovery (MIR). 
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Investigator(s) 

 

(a) IITM     : Dr. Deepak Khemani 

          Dr. P Srinivasa Kumar 

 

(b) ISRO     : A Venkateshwarlu   

  V K Agarwal 

 

Value of the Project (Rupees in lakhs)   : 6.65 

 

Starting Date      : 16/0512001 

 

Closing Date      : 15/05/2004 

 

Objectives 

To design a software architecture for autonomy of spacecraft, and to work towards an implementation 

to reduce ground dependence in a phased manner. 

Work Schedule for the total period: 

JULY 2002: Identification of the requirements and study of related systems 

JULY 2003: Draft of autonomy architecture and demonstration of some autonomy functions. 

 Deliverables: 

The Phase I will provide the following, 

  Conceptualization 

  Architectural design 

  Interface definitions 

 Data structures and data base design (for management of flight dynamics data, calibration 

data of various elements, failure history data, restoration data for system changeover, health 

assessment data limits, fault signatures etc...) 

 Realization with computer simulation 

 Working software demonstrating the phase I activities of ISRO viz., automation of routine 

schedule of payload operations; attitude rotations and biases needed for above; different 

types of telemetry data collection in real time/playback mode; some season dependent 

corrective demands. 

 

Staff in position     : Bharat Ranjan Kavuluri  

           Senthil U 

 
Work carried out till December 

 

Till Jan 2002: 

 

We made two visits to ISAC (Bangalore). In our first visit we got acquainted with the details of the satellites 

working and in general at the avenues of work in spacecraft autonomy. In our second visit, we were able to 

pool up our studies and their views about the autonomy system and arrive at a rough outline of what we  
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should accomplish in this project. We were able to identify the key requirements as regards the autonomy 

architecture. We studied the Deep Space I remote agent architecture [4] and different planning s/w like 

ASPEN [3] and CASPER [2] and were able to identify the necessary features of theseTill Aug 2002: 

 

We attended a workshop on micro-satellite development organized by ISRO and Anna Univ. We made 

one more visit to ISAc. A major goal articulated by the ISAC team was arriving at a clear and detailed 

understanding of the software architecture needed for autonomy. This has been identified as the major goal of 

the project. It is hoped that this will lead to a blueprint of an autonomy framework that can be exploited in the 

future attempts to build autonomy into specific satellites. The primary goals identified are: 

I. Arriving at an in-depth understanding of the models and algorithms deployed in 

the RA architecture. 2. Focus on the ASPEN system for the planning module. 3. Work towards designing 

a planning framework. Identify and demonstrate some 

 planning algorithms, in the context some plausible scenario [1] 

 

Till Dee 2002: 

 

We have arrived at a relatively deeper understanding of the RA architecture now. We know that we will have 

to develop/arrive at the following components 

 I. A declarative modeling language which helps in capturing the domain knowledge 

 of the ISRO scientists. This model should be sufficient for both planning and health 

 checking. 

 2. A planning module which works with the above model 

 3. A health-checking module which works based on the above model 

We studied the RA architecture in detail and identified the different mod ules in the system which '."':' 

had to develop or study. We decided after discussions with ISRO counterparts that we would investigate 

planning algorithms like graphplan in spacecraft planning scenario and study the available planning 

languages. 

 

Till July 2003: 

 

We have made another visit to ISAC in March 2003. We proposed a demo which 

demonstrates continuous planning. Our counterparts wanted a system in which they can enter the 

high level goals to be achieved and the start time and end time for each goal on a twenty four 
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10.02: (switch_on_antenna a1 hassan) [5.0] 

10.02: (switch_on_camera cl hassan) [5.0] 

10.02: (turn_camera cl chennai hassan) [7.0] 

17.03: (take_image c1 hassan insat) [10.0] 

40.01: (turn_camera cl hassan chennai) [7.0] 

40.01: (switch_on_camera c1 chennai) [5.0] 

47.02: (take_image cl chennai insat) [10.0] 

70.02: (turn_antenna a1 chennai bangalore) [7.0] 

70.02: (switch_on_camera c1 bangalore) [5.0] 

70.02: (turn_camera c1 chennai banga10re) [7.0] 

77.03: (take_image cl bangalore insat) [10.0] 

87.04: (download_image a1 hassan bangalore insat) [10.0] 

87.04: (switch_on_camera cl hassan) [5.0] 

130.01: (turn_antenna a1 bangalore delhi) [7.0] 

130.01: (switch_on_antenna a1 delhi) [5.0] 

130.01: (turn_camera c 1 bangalore d,elhi) [7.0] 

137.02: (take_image c1 delhi insat) [10.0] 

147.03: (downloadjmage a1 bangalore delhi insat) [10.0] 147.03: 

(switch_on_camera c1 hassan) [5.0] 

190.01: (tum_antenna a1 delhi mumbai) [7.0] 

190.0 I: (switch_on_antenna a I mumbai) [5.0] 

190.01: (tum_camera cl delhi mumbai) [7.0] 

197.02: (take_image cl mumbai insat) [10.0] 

207.03: (download_image a1 delhi mumbai insat) [10.0] 207.03: 

(switch_on_camera cl hassan) [5.0] 

    220.0 I: (tum- camera c 1mumbai nagpur) [7.0] 

220.01: (switch_on_antennaa1 nagpur) [5.0] 

227.02: (take_image c1 nagpur insat) [10.0] 

250.01: (tum- antenna a 1 mumbai kanpur) [7.0] 

257.03: (download image al mumbai kanpur insat) r10.0 

 

Figure 3. Plan generated 

 

We are also working on preparing a report on the various component_ uf autonomous remote agent 

architecture, the details of possible implementations and the advantages and drawbacks of each of them. 

Procurement of equipment: No new procurement has taken place. 

List of papers published     : Nil 

 

Remarks/Future work plan 

 

 In the next few months we plan to. 

 A. Write a report on the architecture of the Remote Agent 

 B. Refine the demo, and prepare a documented version of the software with a report. 
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Development of HDL cores for FPGA 

implementation of demodulator for satellite 

data 

 

Project Number:ELEO 102062ISROSSRI 

 
Investigators 

 

IIT     : Dr. S. Srinivasan  

Mr. H Renganathan 

 

ISRO     : Dr. K S Das Gupta, SAC 

 

Value of the Project    : Rs. 4.621akhs 

 

Starting Date     : 16-05-200 I 

 

Closing Date     : 15-05-2003 

 

Objectives 

 

Currently, the demodulator is being implemented on ADSP 21020 processor. This poses a limit on its 

speed of operation and data throughput. The main objective of this project is to come up with a design that 

can work at speeds exceeding 64 Kbps. This needs execution of the following steps. 

 

 1.  As a first step, the demodulator algorithm has to be evaluated with a view to accommodate  

                  co-design/parallel implementation.  

2. Feasibility studies are to be done in fragmentation of the selected demodulator into  

      modules amenable to hardware implementation 

3. Design the various modules and evaluate them for speed and performance.  Based on the  

       results, go back to step 2, if necessary 

 

4.  Optimise the design for implementation on a parallel architecture of DSP and FPGA. 

 

Staff in Position   : So far the work has been done with the help of research  

scholars and  M.Tech students. 

Work Carried Out   : 

Progress has been made as scheduled. A new algorithm was developed and implemented in 

'C' language. Fragmentation of the scheme (step 2) into modules is being done. Studies have also  
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been initiated in FEC techniques for the decoder that would boost the demodulator 

performance. The details of work carried out are given below. 

 

  Design of QPSK demodulator 

As a first step, the QPSK demodulator algorithm had to be split into two parts, such that one part could be 

implemented on ADSP 21020 and the other part on an FPGA. This is with a view to achieve a data rate higher 

than the present rate of 64 Kbps. We wanted to try out an algorithm independent of the currently used 

algorithm for improved performance. The software implementations of the algorithm has been carried out in 

'c' language. 

 As a next step, the algorithm was modified to make it more suitable for hardware implementation. The 

algorithm employs timing carrier recovery and detection techniques that are different and more efficient 

than the currently used algorithm. The new scheme automatically goes for carrier and timing 

recovery, if the offset is large. This approach makes it work much faster. 

Studies have also been carried out on various structures for Interpolating FIR and Nyquist filters 

and an optimal design has been frozen. Simulation studies and optimization with respect to FPGA 

implementation are being carried out. 

 

Design of FEC decoder 

Forward Error Correction (FEC) methods provide a method to detect and correct errors in transmitted 

data. Recent developments in FEC techniques have made the application of turbo product codes (TPC) 

possible in high speed secure satellite 

communication. The Block Turbo Decoder has very good error correction capability. It gives an improvement 

of 1.5 to 2 dB compared to Reed Solomon Viterbi decoder for Bit Error Rates (BER) of 10-7/10-8 in the 

Additive White Gnessian Noise (A WGN) environment. The scheme also offers a wide range of flexibility in 

performance, complexity and code rate. 

 

   Through the use of iterative decoding of a product of extended Hamming codes and soft-input, 

soft-output decoding, the error correction capability is greatly enhanced. 

 

About 70% of the decoder design has been completed. VHDL Modules have been developed and 

simulated on ALTERA platforms for a single 32xl row decoding. VHDL module design for 

calculating soft-output values are under development. 
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Plan for Further Work 

 

1. Design of DSP codes and HDL cores for the selected demodulator will be . completed. 

2. Simulation of the HDL cores for FPGA implementation will be done.  

3. Simulation of the complete demodulator including the DSP and FPGA based operations will be 

carried out. 

             4.   Integration of the FEC decoder with the demodulator will be carried out (in addition to the  

                   committed deliverables). 

 

 

. Investigators  

     From IIT     : Dr. S. Srinivasan, 

       Dr. Devendra Jalihal,  

Mr. H. Renganathan 

 

     From ISRO     : Dr. K. S. Das Gupta 

 

3. Value of the project     : Rs.4.62 Lakhs 

4. Starting Date     : 16.05.2001 

5. Closing Date    : 15.5.2003 

 6. Objectives 

The main objective of the project is to come up with the design of a demodulator for satellite data that 

can work at speeds above 64Kbps. 

 

7. Staff in position    : A project officer is appointed on the project 

 

8. Work completed till date 

 

For high speed implementation of the demodulator, the use of DSP processor ADSP 21020 

was found to be inefficient in terms of speed. So; the QPSK demodulator algorithm had to be split such that 

part of it could be carried out by the ADSP 21020, while the other part could be implemented on FPGA, with 

their operations overlapping in time. This step was taken with the constraints of a data rates higher than 

64Kbps in view. Considerations of hardware implementation necessitated changes in the demodulator 

algorithm. 

             The algorithm was modified to make it best suited for hardware implementation. The new algorithm 

thus arrived at, employs timing, carrier recovery and detection techniques that are different from the currently 
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used algorithm. 

 

The partitioning of the resultant architecture into modules that could be implemented by DSP and the 

ones that are to be implemented on FPGAs was carried out. 1 fie block diagram of the architecture partitioned 

is given here. 

 

28 
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Development of an advanced ultrasonic NDE 

method for imaging of tight cracks in thin 

shells. 

 

Project Number:MEE0102063ISROKRIS 

 
 

Investigators 

 

IIT     : Dr. Krishnan Balasubramanian  

Mr. G Jothinathan 

 

ISRO     : Mr. B C Bhaumik, QDPC 

 

Value of the Project    : Rs. 8.23 lakhs 

 

Starting Date     : 16-05-2001 

 

Closing Date     : 15-05-2003 

 

Objectives 

 

1.   Investigate methods for the use of TOFD method employing a very high frequency   

      transducer with very short pulse. This is not feasible in thick structures due to attenuation  

      and beam spread that will limit the sensitivity of inspection. But, since the shell structure  

      is thin, use of high frequency may potentially be acceptable. High frequency will also  

      improve the sensitivity to tight cracks, since the wavelength becomes very small. Also,  

      this will allow us to detect smaller defect sizes. 

 
2. Explore the feasibility of advanced signal processing to improve defect detectability and sizing.  

      This can involve analysis in the time-frequency domains such as wavelets and removing material  

      noise using adaptive signal processing. 

3. Investigate the feasibility of other approaches that are more suitable to the inspection of 

thin shell structures, such as guided Raleigh and Plate wave modes. 

 
Staff in Position     : MsJ Ezhil (Project Associate) 

Ms.R Uma Bharathi (project Associate) 

 

Work Carried Out 

 

1.   Recruitment of Staff and Students: One Ph.D student and 2 Project Associates were recruited for  

      this project. They have been trained in the hardware and software aspects of Ultrasonic NDE. 
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2.   Procurement of equipment and testing (PC, AID): Due to malfunctioning of the Analog-Digital  

      converter card, a new 100 MHz card was procured from National Instruments, USA. Also, PC's  

      were procured for model development and data acquisition. 

3.   Design of X- Y Scanner: A multi-purpose X- Y scanner was designed and fabricated. Stepper  

      motors were procured and integrated with the motion control hardware. This has been tested. 

4.   Probe Design Software Development: The key to the TOFD technique is the probe design. A user friendly  

      GUI based software has been developed for the selection of angle, height, probe separation, and  

      probe frequency using LAB VIEW. This software will provide the area of coverage of the    

      ultrasonic beam for any specific set of parameters. 

5.   Travel to VSSC and discussion: Prof. Krishnan Balasubramaniam visited VSSC,  

      Tiruvananthapuram for 2 days and held fruitful discussions with the collaborator and other team members   

      at YSSC. Sample design protocols were discussed and finalized. 

6.   Probe Holder Design and Fabrication: The spring loaded transducer holder has been designed and a   

      prototype has been fabricated and is currently undergoing testing. 

 
7. Fabrication of EDM notch on the maraging steel sample provided by VSSC: The weld-free  

       maraging steel sample has been machined using EDM process and 3 bottom drilled holes    

       have been machined. The height of each are I mm, 2 mm and 3 mm with a diameter of  

       0.5 mm each. 

       8.  Data Acquisition and Data Analysis (preliminary Results): Data was acquired from the  

            maraging steel sample with simulated defects. Both 2.25 and 5 MHz. frequency probes were  

            used in the data collection. Using the sample that was provided by VSSC, and the TOFD  

            system that is developed through this project, signals have been recorded and analysed. It  

            was found that the multiple cycle ring down of the card created a wider pulse than that was  

           desired. This reduces the resolution of detection due to super-positioning of adjacent echoes.  

           Hence, it is proposed to procure a sharp spike pulser / receiver (Panametrics 500PR at cost of  

          Rs. 1.10 Lakhs) and transducers (4 transducers at cost of Rs.15,000 each) with short            

          ring-down must also be custom built for this purpose. Vendors for both these requirements  

          have been identified. 

 
Plan for Further Work 

 

1. Procurement of Pulser / Receiver (Panametrics 500 PR) and custom designed probes with  

       short ring-down (spike pulse) for improved resolution for fine defects. Also specially  

       fabricated probes. 
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   2.    Improve the probe design software and probe holder for automated data acquisition. 

   3.   Acquire more samples with weld and simulated defects from VSSC 

   4.   Data collection using different frequencies and different angles of probes.  

   5.   Data processing, imaging and flaw quantification software development using advanced   

         algorithms such as adaptive filtering, for improving signal to noise ratio and to improved  

         accuracy of crack sizing. 

   6.  Demonstration of the technique on simulated samples.  

   7.  Final Report with design specifications on the technique. 

 

 

. Investigators 

 

   From IIT    : Prof. Krishnan Balasubramaniam 

      Sri. G. Jothinathan 

   From ISRO    : Sri B. C. Bhaumik 

3. Value of the project   : Rs.8.23 Lakhs 

4. Starting Date    : 16.05.2001 

5. Closing Date    : 15.5.2003 

 

6. Objectives 

 

 Investigate  methods  for  the use of TOFD method employing a  very high frequency transducer with 

very  short  pulse.  This is not feasible in thick structures due to  attenuation and beam spread that will  

limit  the  sensitivity of  inspection.  But,  since  the  shell structure is thin, use of high frequency may  

potentially  be  acceptable.  High  frequency will also improve the sensitivity to tight cracks, since the  

wavelength  becomes  very  small.   Also,  this  will allow us to detect smaller defect sizes. Also, high  

resolutions canner  must  be  useful  to  spatially  scan  the  transducer  with the required precision for  

imaging tight cracks. This will be developed at IITM. 

 Explore the feasibility of advanced signal processing to reduce the dead zone.   This can involve  

      analysis in the time-frequency domains such as wavelets. 

 Investigate double-reflection methods, ie. use the second skip distance, to reduce the dead zone 

caused by the ring cycle of the transducers at the entry surface to the shell structure. 

 Investigate the feasibility of guided wave approach, that are more suitable for rapid inspection of thin 

shell structures Raleigh and Plate wave modes. 

 Investigate methods for profiling the crack geometry ie. Shape of the crack using SAFTTOFD hybrid 

approach. 
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7. Staff in position   : Mr. J.Ezhil 

      Ms. R.Uma Bharathi 
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Pre- and Post-deformation studies on 

superplastically formed Ti-6A1-4V 

 

Project Number:MEEO 102064ISROSSBH 

 

Investigators 

 

IIT     : Dr. S S Bhattacharya 

Dr. Ganesh Sundara Raman 

 

ISRO     : Mr. S K Singh. VSSC 

 

Value of the Project    : Rs.7.16Iakhs 

 

Starting Date     : 16-05-2001 

 

Closing Date     : 15-05-2003 

 

      Objectives 

 

          The superplastic behaviour of the titanium alloy, Ti-6AI-4V, in the temperature range of 850-950°C 

and in the strain rate range of 10-3 S-I to 10-4 sol is to be characterized. The ambient temperature tensile 

properties of the material before and after superplastic deformation will be estimated and quantified. 

Qualitative metallographic analyses of the material under different test conditions are to be performed. The 

mechanical response of the material under the test conditions will be analysed with a view to understand the 

operating mechanisms. Finally, attempts will be made to try and predict the changes in the mechanical 

properties, as a rough estimate, in terms of the constitutive equation of flow. 

 

 

Staff in Position     : Ms. Bulusu Sri Devi (Project Associate) 

 

Work Carried Out 

 

a)    Design of specimen. 

       A dog-bone type, tensile specimen for testing the Ti-6AI-4V sheets was designed for carrying  

       out the high temperature superplastic test. This design is considered crucial, as the specimen size  

       after deformation should be large enough for a smaller test coupon to be machined from the  
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       tested gauge region and at the same time should be fully contained within the uniform  

       temperature zone of the furnace in the testing machine. For the study of the post-deformation  

       characteristics, a sub-size specimen, corresponding to ASTM E8 specification will be  

       considered. 

 

b)    Grip design 

       A suitable pin grip for the testing of the large samples has been designed. A stainless steel rod has been  

       procured and the grips are presently being fabricated. 

 

c)   Literature survey 

  

     A survey of relevant literature pertaining to the superplastic deformation of Ti-6AI-4V has been carried  

     out and stress-strain rate flow has been collected. Information from the literature has also been collected   

     concerning the room temperature and instrumentation. 

 

d)  Computerisation and instrumentation 

     A Computer program (in the form of a user-friendly software) is being developed for the direct  

     acquisition of the deformation data from the testing machine. This software will also have the  

     capacity for controlling the machine. 

 

e)  Supply of material 

     The Ti-6AI-4 Y sheets are presently being machined and prepared at YSSC,   

     Thiruvananthapuram, to be sent to IIT Madras for the tests. 
Plan for Further Work 

 

a) Perform high temperature superplastic tensile tests on Ti-6AI-4V specimens to characterize the  

        deformation behaviour in the temperature range of 850-950°C and strain rate range of       

        10
-3

S
-1

 to 10
-4

S
-1

. 

      b)     Carry out room temperature mechanical deformation studies to determine the change in the  

              properties subsequent to superplastic deformation. 

     c)    Analyze the mechanical response (stress-strain-strain rate- temperature) data for determining the  

             constitutive equation based on a grain/interface boundary controlled flow approach. 

      d)    Analyze the microstructure of the as-received material as well as the tested specimen. 

      e)    Compare the results obtained from the metallographic and microstructural analysis to the  

             mechanical response in terms of modifications in the constitutive equation. 
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. Investigators    :  

 

    From IIT     : Dr. S. S. Bhattacharya  

Dr.Ganesh Sundara Raman 

    From ISRO     : Sri S. K Singh 

3. Value of the project    : Rs. 7.16 Lakhs 

4. Starting date    : 16.05.2001 

5. Closing date     : 15.05..2003 

6. Objectives 

 To characterize superplastic Ti-6AI-4V in the temperature range of 850- 950°C and in the  

             strain rate range of 10
-3

s
-1

 to I0
-4

S
-1

. 

 To estimate the ambient temperature tensile properties of the material before and after  

             superplastic deformation. 

 To perform a qualitative metallographic analysis of the material under different test  

             conditions. 

 To analyze the mechanical response of the material under the test conditions with a view to  

             understand the operating mechanisms. 

 To try and predict the change in the mechanical properties, as a rough estimate, in terms of  

             the constitutive equation of flow. 

 

7. Staff in position    : Mr. P. Surya Prakash Rao 

8. Work carried out till date   : 

 A survey of relevant literature pertaining to the superplastic deformation of Ti-6AI-4V has been 

carried out and the mechanical response of the material in terms of stress-strain-strain rate flow data collected. 

The strain-rate sensitivity values of Ti-6AI-4V in the temperature range of 790-950
o
C usually lie between 

0.69 to 0.85 at low strain rates, usually in the range of 10
-4

 to 10
-5

s
-l
. Use of faster strain rates allows 

significant decrease in the time of forming, which is of great importance for industrial application as it 

increases the opportunity of using superplastic deformation for mass processing of products. Data obtained 

during superplastic deformation of Ti-6AI-4V under an earlier programme has been analysed to determine the 

activation energy using a grain boundary sliding controlled flow approach to superplastic deformation. An 

activation energy value about 200 kJmol
-1

 was obtained using the phenomenological variant of this approach. 
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Investigator(s) 

 

(a) IITM     : Dr. S. S. Bhattacharya 

                      Dr. Ganesh Sundara Raman 

 

(b) ISRO     : Shri S. K. Singh 

          Shri. Bhanu Pant 

 

Value of the Project (Rupees in lakhs)   : 7.15 

 

Starting Date      : 16/05/2001 

 

Closing Date      : 31/05/2004 

 

Objectives 

 

Scope of work 

a) To characterize superp]astic Ti-6AI-4V in the temperature range of 850- 950°C and in the 

 strain rate range of 10-3 s-1 to 10-4S-1. 

b) To estimate the ambient temperature tensi]e properties of the material before and after 

 superp]astic defonnation. 

c) To perform a qualitative metallographic analysis of the material under different test 

 conditions. 

d) To analyze the mechanical response of the material under the test conditions with a view 

to understand the operating mechanisms. To try and predict the change in the mechanical properties, as a 

rough estimate, in terms of the constitutive equation of flow. 

 

Work Schedule for the total period 

 

The following tabular column gives the scheduling of the principal work elements (in tenns of the starting 

month and the time required for a particular work element): 

 

S1. Principal Work Element 
 Starting No. of 

 month months 

1 Pre-defonnation 

material) 

studies (on as-received 1 12 

      

2 Superplastic defonnation studies  10 10 

3 Post-deformation mechanical propertIes 18 4 

4 Data analysis    22 3 

5 Microstructure & Metallographic studies 25 5 

6 Further data analysis   30 5 

7 Report preparation    35 1 

The work scheduling is indicated for the overall period of 36 months. This includes the one-year extension 

that was granted by the JPC meetings in 2003. 

 

Deliverables 

 a) Stress - strain - strain rate response of superplastic Ti-6AI-4V in the temperature 

 range of 850-950°C and in the strain rate range of 10.3S.1 to 10-4S.I. 
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 b) Ambient tcmpcraturc tensile properties of the material before and after 

 superplastic defonnation. 

 c) Qualitative metallographic analysis of the material under different test conditions. 

 d) To provide a constitutive equation for flow of the material under superplastic 

 conditions. 

 

Staff in position     : Mr. Kothapalli Praveen 

 

Work carried out till December 

 

Work completed as on date 

Literature survey 

A survey of relevant literature pertaining to the superplastic deformation of Ti-6AI4Y has been 

carried out and the mechanical response of the material in terms of 

stress-strain-strain rate flow data collected. The strain-rate sensitivity values of Ti6AI-4Y in the 

temperature range of 790-950°C usually lie between 0.69 to 0.85 at low strain rates, usually in the 

range of 10-4 to 1O-5s-'. Use of faster strain rates allows significant decrease in the time of forming, 

which is of great importance for industrial application as it increases the opportunity of using 

superplastic deformation for mass processing of products. Data obtained during superplastic 

deformation of Ti-6AI-4Y under an earlier programme has been analysed to determine the activation 

energy using a grain boundary sliding controlled flow approach to superplastic deformation. An 

activation energy value of about 200 kJmor1 was obtained using the phenomenological variant of this 

approach. 

 

Computerization and instrumcntation 

An instrumentation unit comprising of a controller for the testing machine was procured under 

another programme and installed in the testing machine. This unit has been interfaced with the 

computer procured under this project. For the testing scheme under this project a user-friendly 

computer software program was developed and finetuned for the direct acquisition of the deformation 

data from the testing machine. The software incorporates the facility for online monitoring of the 

progress of the test, as well as gives a display of the instantaneous parameters of the mechanical 

properties. 

 

Fabrication of adaptor and specimens 

A tensile specimen of a dog-bone type, for testing the Ti-6AI-4Y sheets was designed for 

carrying out the high temperature superplastic test. Specimens have been machined from the 

plate samples sent by the ISRO. A pin grip/adaptor unit for the mounting of the specimens 

during testing was designed and fabricated from stainless steel. 

 

Hardness measurements 

Hardness measurements were carried out on specimens of Ti-6AI-4V (as received material). 

The hardness values range typically from about 386 - 412 YHN. The average hardness value 

in the rolling as well as width direction was found to be 412 YHN and in the thickness 

direction was 399 VHN. The tensile strength computed from the hardness measurement was 

1235 MPa. 

Microstructure Analysis (as-received material) 

Using metallographic techniques the microstructure of the as-received alloy was studied. The 

average 2D-grain size of the material was found to be 18 J-lm. The anisotropy in the grain 

structure was also studied. A small degree of anisotropy is was present in the rolling 
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direction. 

 

High temperature superplastic deformation studies 

Superplastic tensile specimens were deformed to a true strain level of 1.0 (176% elongation) 

at temperatures of 1123 and 1173 K and at constant strain rates of 1.0 x 1003 and 3.0 x 10-4 

S.I. The constant true strain rates were maintained through the programmable controlling 

unit, which required that the crosshead speed of the testing unit be increased linearly as a 

function of the specimen elongation. 

 

Post-deformation studies 

     a)  Room temperature mechanical properties 

From the superplastically deformed specimens, tensile coupons as per ASTM standards (E8 

sub-size) were machined and tested for the strength and ductility parameters. The densities of 

the samples were also measured in a sensitive balance (using the Archimedes principle) to 

get an idea of the degree of cavitation taking place during superplastic deformation. No 

drastic change in the strength properties after superplastic deformation could be observed. 

However, a significant change in the ductility as well as density could be noted. 

 

          b)    Metallographic studies 

Metallographic studies on a deformed specimen indicated a small reduction in the anisotropy 

of the grain structure (possibly a concomitant of the superplastic deformation process). Also, 

the grain size following superplastic deformation was found to be about 18J-lm in the case of 

the material superplastically deformed to a true strain of 1.0 at 1173 K and 3.0 x 10-4 S.I. A 

similar homogenisation of the anisotropy was observed in case of all the specimens deformed 

superplastically. 

 

           c)   Fractographic studies 

The fracture surfaces (following room temperature tensile deformation) were studied using a 

Scanning Electron Microscope. The fracture surface obtained from the tensile specimen 

made from the as-received material was compared to that obtained from the superplastically 

deformed sample. A simple rupture failure was observed in the case of the superplastically 

deformed samples. The presence of cavities was not observed in the case of the as-received 

material. 

 

      d)  Data analysis 

The load-elongation curves obtained from the high temperature (superplastic) tensile tests 

were analysed by a power formulation of a constitutive equation for superplastic flow. The 

deformation parameters under isothermal deformation conditions were computed. 

 

       e)  Simulation studies 

Using a standard Finite Element Analysis software (MSC Marc), the superplastic tensile test 

specimens were modeled using 3D elements in order to determine the defoffi1ation profiles. 

From symmetry considerations, it was sufficient to model one 
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List of papers published     : Nil 

 

Remarks/Future work plan 

 

Work plan for the remaining period: 

 

a)  Comparison of results obtained on the material supplied by ISRO with a 

commercially available material of a different grain size. 

 b) Analysis of the microstructure at a quantitative level using an image analyser. 

 c) To correlate the deformation data in terms of an artificial neural network for 

 prediction of the post-deformation properties. 

 d) Perform a few cQnfirmatory superplastic tensile tests on Ti-6AI-4V specimens in the 

      temperature range of 850-950oC to different true strain levels. 

       e) Impact tests on superplastically deformed specimens in order to determine the change 

       in the toughness and the analysis of dynamic deformation data. 

       f)   Analyze the mechanical response (stress-strain-strain rate-temperature) data for 

  determining the constitutive equation based on a grain/interface boundary controlled 

  flow approach. 
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Expert systems for welding of aerospace 

Alloys 

 

Project Number:METO I 02065 ICSRKPRA 

 
Investigators 

 

IIT     : Dr. K Prasad Rao  

Dr. M Kamaraj 

 

ISRO     : Dr. P P Sinha, VSSC 

Mr. K Chenniappan, VSSC 

 

Value of the Project    : Rs. 6.00 lakhs 

 

Starting Date     : 16-05-2001 

 

Closing Date     : 15-05-2003 

 

Objectives 

 

a)     To develop WELDING PROCEDURE SPECIFICATION EXPERT SYSTEM for aluminum 

        alloys used for aero-space applications and 

 

b)     To develop WELD DEFECT PREDICTION AND DIAGNOSIS EXPERT SYSTEM for  

  aluminum alloys used for aero-space applications. 

 
Staff in Position    : Mr. S R Koteswara Rao (Senior Project  Officer) 

 

Work Carried Out 

 

Work has progressed in the following four areas: 

 

1. Data Acquisition: Data has been collected regarding the welding procedures and parameters 

being used for different Aluminum alloys (2219, 1441,6061,7020) and some titanium alloys   

(C.P.Ti, Ti-6AI-4Y) by referring to various standards, handbooks, monographs and research papers. 

The data so acquired has been segregated and tabulated in such a way that it facilitates abstraction. 

Databases are being built using MS-ACCESS. 

 

2. Knowledge Engineering: Tabulated data is carefully analysed and common features are 
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identified. These common features are used in formulating rules that govern the process, resulting in 

abstraction of the data. These rules are being used in creating a knowledge base or a rule base which 

can represent the data collected. Three such rule bases for design of weld joints, welding procedure 

selection for aluminum alloys and for titanium alloys have already been developed. Refinement of 

these rule bases will be carried out in consultation with experts in the field from ISRO and industry. 

 

3. Development of Expert System Modules: Expert system shell, CLIPS, has been chosen as the tool to 

develop the modules owing to its simplicity, functionality and excellent interfacing capability with 

conventional languages like C++. Three different modules of code related to joint design, process selection 

for aluminum alloys and titanium alloys have been developed and are found to be working satisfactorily. 

These modules are written in such a way that they can be updated easily even as further data is collected. 

 

4. Development of User Interface: For one of the ES Modules developed on joint design, user 

interface with graphics capability is developed using YC++ and is found to be working satisfactorily. 

However, these user interfaces have to be updated even as more expert system modules are getting 

added. 

The following papers have been presented / accepted for presentation: 

 

a) 'Application of Expert Systems in Welding Engineering: An Overview' S.R.Koteswara  

     Rao, K. Prasad Rao, M.Kamaraj, KChenniappan, P.P.Sinha; National Welding Meet  

     2001, 6th September 2001, Kochi 

 

b) Development of an Expert System Module for weld joint design using CLIPS and VC++':  

     S.R.Koteswara Rao, K.Suman Nelson, KPrasad Rao, M.Kamaraj, KChennaiappan,  

     P.P.Sinha; NWS 2001, 7-9 Jan 2002, Chennai. 

 

 

Plan for Further Work   : 

 

 1.   Alpha and Beta testing of the code already generated 

2.   Visits to research labs and fabrication facilities to collect comprehensive data 

3.   Identifying four experts in the field and upgrading of the existing systems in consultation  

       with them 

4. Knowledge engineering in remaining areas such as defect identification, repair and  

       testing of aluminum alloy welds 

5.   Upgrading the user interfaces 

6.   Documentation for the software being generated 
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Investigators     : 

 

    From IIT     : Prof. K. Prasad Rao  

Dr. M. Kamaraj 

Dr. P. P. Sinha, 

 

    From ISRO     : Mr. Chenniappan 
 

3. Value of the Project     : Rs 6.00 Lakhs 

4. Starting date    : 16.05.2001  

5. Closing date     : 15.5.2003 

6. Objectives 

 To develop WELDING PROCEDURE SPECIFICATION EXPERT SYSTEM for aluminum alloys  

    used for aerospace applications and 

 To develop WELD DEFECT PREDICTION AND DIAGNOSIS EXPERT SYSTEM for  aluminum  

    alloys used for aero-space applications. 

7. Staff in Position    : Mr S.R.Koteswara Rao 

8. Work Carried out till date 

Work has progressed in the following areas:  

Data Acquisition 

Data has been collected regarding the welding procedures and parameters being used for different 

Aluminum alloys (2219, 1441,6061,7020) and some titanium alloy (C.P. Ti, Ti-6AI-4V) by referring to various 

standards, handbooks, monographs and research papers. The data so acquired has been segregated and tabulated in such 

a way that it facilitates abstraction. In addition to the data that has been collected earlier data about mechanical properties 

of welds, post weld heat treatments and filler metal compositions have been collected for about 20 commercially used 

aluminium alloys. The other properties such as physical, thermal, chemical and corrosion properties of the same 

alloys have been collected and organized into tables. 

Knowledge Engineering 

 Tabulated data is carefully analysed and common features are identified. These common features are used in 

formulating rules that govern the process, resulting in abstraction of the data. These rules are being used in creating a 

knowledge base or a rule base which can represent the data collected. Three such rule bases for design of weld joints, 

welding procedure selection for aluminum alloys and for titanium alloys have been already developed. Refinement of 

these rule bases will be carried out in consultation with experts in the field from ISRO and industry 

 

Development of Expert System Modules 

Expert system shell, CLIPS, has been chosen as the tool to develop the modules owing to its 

simplicity, functionality and excellent interfacing capability with conventional languages like C++. Four 
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different modules of code related to joint design, process selection for aluminum alloys, titanium alloys and 

maraging steels have been developed and are found to be working satisfactorily. These modules written in 

such a way that they can be updated easily even as further data is collected: Review of the logic used in 

developing the rules for the above systems is being done and some changes in CLIPS codes are incorporated. 

 

Building of Data-Bases using MS-Access 

 

All the above said data has been organized and different data bases have been built using MS-Access. For 

retrieval and convenient presentation of the data to the user, user interfaces to these databases are designed 

coding for the same is in progress. 

 

User Interface 

 A number of user friendly windows for input and output have been developed using VC++. 

These will be integrated to the expert system modules and access databases in due course of time. 

 

9. Future Work 

 Integration of various modules of expert systems in to one single package. Integrating the front end 

panels with the CLIPS modules developed and with the ACCESS databases. Creating a package out of these 

integrated modules. Alpha testing of the system, beta testing and evaluation of system performance by four 

experts each from ISRO and industry, Incorporating the corrections necessary, Report writing and creating the 

documentation and help files necessary for the system and submission. 
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Representation of composite materials in 

solid modelling for finite element analysis 

through  PATRAN 

 

Project Number:METO 1 020661SROTSPR 

 
 

Investigators 

 

IIT     : Dr. T S Prasanna Kumar 

 

ISRO     : Mr. R K Srinivasan, ISRO Satellite Center 

 

Value of the Project    : Rs.I0.94 lakhs 

 

Starting Date     : 16-05-200 I 

 

Closing Date     : 15-05-2003 

 

Objectives 

ISRO Bangalore is engaged in the design, development, manufacture and assembly of satellite 

systems to meet the Indian space program. The sub-systems that go into the final assembly of a 

satellite system have to meet stringent design requirement for assured performance in the harsh 

space environment. Geometrical modeling of the components is done using I-DEAS v 7 software. 

Preprocessing is done using PATRAN v 9. The geometry and the mesh are then taken to the analysis 

software, MSC NASTRAN and / or NISA. 

 

ISRO Satellite Centre, Bangalore has been using all the above modules in their design 

department and has felt a need for enhancing their visulization capabilities. The objective of this 

project is towards meeting this specific requirement of ISRO. 
 

 
 

 I-DEAS +   MSC Patran   MSC 

 Laminates and   Preprocessor +   NASTRAN I 

 Structures   Laminate   NISA 

  
 Modeller 

  

    

UG interface 
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Fi1l. Software suite being used at ISRO Satellite Center for the designing of satellite components and systems. 

 

Open I-DEAS is an open architecture tool kit used for customizing application with IDEAS. It 

provides a single API with four primary components for accessing I-DEAS functionality and data 

viz., Command, Geometry, FEM and Data Management. Open IDEAS combines the power of 

interactive I-DEAS with the programming power of C++ utilizing the inter-object communication 

standard CORBA. 

 

        MSC 

  IDEAS + 
 

UG 
... 

   MSC Patran 
 
  NASTRAN I 

  . 

  Laminates and  interface    Preprocessor    NISA 

  Structures      + Laminate   

      Modeller   

  Enhanced       

  composites       

  visualization       

  capabilities       

  using Open 1-       

  DEAS an C++       

 

Fig 2. The proposed enhancements will be within the I-DEAS environment using the bridge software 

module, Open I-DEAS 

 
Staff in Position    : One Project Associate 

 
Work Carried Out 

 

 Hardware and software installed as per plan 

            I-DEAS Master Series 8 and Open I-DEAS software suite installed on PIII 800 MHz,   

            Windows NT platform with 512 MB RAM and 32 MB graphics card 

 Product for bench mark identified 

            The composite cylinder (GSL V Option) has been identified as a bench mark product for  

            developing the necessary software enhancements. The existing method of designing the  

            geometry, the lay-ups and the meshing procedure using IDEAS has been documented to  

            serve as the base paper. A general specification (0
th

 version) for the enhancement has been  

            drawn, after discussion with the ISRO scientists. 
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 A prototype of the client application developed. 

 
Plan for Further Work 

 

Research on Open IDEAS programming will be taken up. The information on 01 technology is very 

scarce. Whatever information that is available is scattered and available in disjointed pieces. 

Identification of a reliable source of information is of utmost importance. 

 

The prototype that has been developed will be enhanced further following the classical 'water fall 

model' with continuous feed back from the users. It is expected that the software will undergo 

several evolutionary steps before developing the fully satisfactory module. 

 

Meanwhile, alternative routes to provide the solution, other than the 0l-CORBA-C ++ route also will 

be explored. 

 

 

Investigator     : 

    From IIT      : Dr. T.S.Prasanna Kumar 

    From ISRO     : Mr. RKSrinivasan 

3. Project Cost     : Rs.I0.94Iakhs 

4. Starting Date    : 16.05.2001 

5. Closing Date     : 15-.05.2003 

6. Staff in position    : One Project Associate 

7. Work Carried out till date   : 

Product for bench mark identified 

The composite cylinder (GSL V Option) was identified as a bench mark product for developing the 

necessary software enhancements. The existing method of designing the geometry, the lay-ups and the 

meshing procedure using IDEAS was documented to serve as the base paper. 

Software development 

 It was initially envisaged that the application was to be integrated with I-DEAS through a 'shared data 

base', with the design data coming from I-DEAS. This required a thorough knowledge of the I-DEAS data 

management, its file structures and data access through Open I-DEAS programming. A prototype was 

developed in Dec 2001. 

Meanwhile, alternative routes to provide the solution, other than the OI-CORBA-C++ route were also 

explored. A s a result, a stand-alone design package with. extensive visual feed backs was developed to aid 

the design of the composite cylinder. Once the design was done externally to I-DEAS, the data was used to 
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produce macro files which were nm from within IDEAS. A brief outline of the features of the application 

package follows. 

The composite cylinder made up of carbon fiber fabrics with the fiber oriented at different angles is 

thought to be made up of the following parts: 

Segments 

 A segment is a part of the cylinder which has the same nominal diameter as the cylinder and 

represents a part of the cylinder; A cylinder is made up of a number of segments placed one on top of the 

other. Within each segment, the fabric extends over its entire length without any break. Thus, a new segment 

has to be identified along the length of the fiber wherever the fabric discontinues. Each segment is identified 

by a number, which starts with I (one) from the bottom of the cylinder and extends continuously to the top. 

Each segment will be associated with the starting height and end height, which gives the length of the 

segment. 

Fabric Sections 

The cross section of the composite cylinder wall is built up of a central honey comb section, which is 

about 10 mm thick and carbon fiber fabrics on both sides of the honey comb extending to different lengths. 

The orientation of the fabric can be either symmetric or anti-symmetric about the' honey comb core, but the 

material and the winding heights of the fabric are unaltered on either side of the core. Hence for designing the 

composite cylinder, only the outer half of the wall section is considered. Laminate Designer, provides for 

defining the fabric material fiber direction and the heights to which the fabric is wound, through an interactive 

GUI (Graphical user interface). 

For this purpose the outer half section of the cylinder wall is imagined to constitute, initially, a certain 

maximum layers of fabrics over the entire length of the cylinder. The layers and segments (which are defined 

in pervious section) can be thought of as cells dividing the total length of the cylinder into a two dimensional 

array. Now, designer can populate these cells by specifying the fabric properties. If a particular fabric extends 

beyond one segment of the cylinder continuously, then, it can be treated as one section of the fabric 

 

Stiffeners 

 

Stiffeners are fabrics which are found only on the outside of the cylinder. They are asymmetrical 

about the cylinder axis extending over a part of the cylinder surface. The Gill is used to get a visual feedback 

of the position, of the individual .fabric across the layer structure of the composite cylinder. How to query the 

database through the GUI is explained in the user manual. Details such as the fabric direction, layer numbers, 

layer structure during the design stage after assembly etc., can be obtained through the use of the GUI. The 

user can then modify the database until a satisfactory result is obtained. 

Data preparation for export to IDEAS 

 Once the number of layers, stiffeners etc are decided, additional data for. finite element analysis of 
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the cylinder under the IDEAS version 9 environment is generated. 

 Running .prg files under I-DEAS 

At the end of any session with Laminate Designer, three program files will be available which contain 

the geometric and material database of the composite cylinder. These program files are then run in the IDEAS 

in the usual way. At the end IDEAS would have created the composite cylinder with all its layer structures of 

base cylinder and stiffeners and will have created as many laminate definitions as there are distinct patches on 

the cylinder surface. The geometry will be available in the bin, which can be used in the usual way and all the 

laminate definitions are available in the directory. Each of the laminate definitions can be examined for its 

number of layers, properties etc. The cylinder can now be meshed interactively for finite element analysis in 

the normal way as is done in IDEAS. 
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Silver doped indium oxide thin films for 

space applications 

 

Project Number:PHYO 1 020671SROASUB 

 
Title of the Project    : Silver doped indium oxide thin films for  

                                                                                     space applications 

 

Project Number    : PHYO 1 020671SROASUB 

 

Investigators 

 

IIT     : Dr, A Subrahmanyam  

Dr. M S Ramachandra Rao 

 

ISRO     : Dr. C L Nagendra, LEOS 

 

Value of the Project    : Rs. 8.96 lakhs 

 

Starting Date     : 16-05-200 I 

 

Closing Date     : 15-05-2004 

 

Objectives 

 

 1.  To evaluate the optical and electrical properties of silver doped indium oxide (AIO) thin films  

           by state-or-art deposition techniques. 

 2. Evolve the desired properties suitable for low reflecting tunable neutral density  filters reflective  

           coatings and Si photo-detectors. 

      3. Study the performace of the Ala thin film coatings and applications of the coatings for space borne  

          Optical Systems and detectors. 

 

 

Staff in Position    : Mr. K Srinvasan (Project Associate) 

Work Carried Out 

1. Reactive Electron Beam Evaporation: 

Pure powders (99.99%) of Silver Oxide (Ag2O) and Indium oxide (In203) are mixed in the proportion 

80:20 (mol%) and has been prepared in the form of pellets. These pellets are the starting materials 

for the reactive electron beam evaporation. 
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Indium doped silver oxide (80:20 composition) thin films have been prepared on soda lime and 

single crystalline silicon substrates have been prepared with the following growth parameters: 

 

Substrate temperature: 1850 C 

Chamber pressure with oxygen is: 4.0 x 10-4 milli bar (corresponds to a MFC reading of 4.0 % of the  

full scale deflection). 

 

The electron beam filament current is varied in the range of 10 mA to 40 mA in steps of       

5 mA. (the electron beam current controls the evaporation rate of the film). The electron  

beam voltage is kept constant at 3.8 kV. 

 

The Indium + Silver alloy composition is varied to 90 : 10 (mol%), 70 : 30 (mol%) and the  

films are grown by varying the electron beam current. 

 

2. DC Magnetron Sputtering Technique: 

 

A DC magnetron target consisting of 80 : 20 (Atomic %) of Ag : In has been prepared from pure 

metals (99.99%); the alloying is prepared in the vacuum furnace. 

 

The argon pressure is kept constant at 13.5 % of full scale of MFC (corresponding to      

 28 seem). 

 

Magnetron power is kept at 40 watts 

Time of sputtering is 2.0 minutes 

 

 

Investigators     : 

From lIT      : Dr. A. Subrahmanyam 

                                                                                                        Dr. M.S. Ramachandra Rao  

 

From ISRO      :  Dr.C.L. Nagendra 

 

3. Value of the project      :  Rs.8.96 Lakhs 

4. Starting Date     :  16.05.2001 

5. Closing date      :  15.05.2004 



292 

 

6. Objectives 

 To evaluate the optical and electrical properties of silver doped indium oxide 

(AIO) thin films by state-of-art deposition techniques. 

 Evolve the desired properties suitable for Low reflecting tunable neutral 

density filters reflective coatings and Si photo-detectors. 

 Study the performance of the Ala thin film coatings and applications of the 

coatings for space borne Optical Systems and detectors. 

7. Staff in position   : Mr. K. Srinivasan 

   Mr. N. Jeevaraj 

8. Work carried out till date 

 The proposed work involves preparation of silver doped indium oxide (AIO) thin-films by 

three techniques: 

 reactive electron beam evaporation (indium oxide + Silver oxide) 

  reactive DC Magnetron Sputtering (indium + Silver metals) 

 ion beam sputtering (indium oxide + Silver oxide) 

 

The AIO thin films will be prepared on glass and single crystal silicon substrates. The electrical resistivity, ρ, 

(in the temperature range 30 -350°C), optical absorption, α., (in the wavelength range (300 -1100 nm) will be 

studied as a function of growth parameters: The growth parameters in the three techniques are: 

Reactive electron beam evaporation 

 Starting from Indium Oxide and Silver oxide powders, several thin films of Silver doped 

Indium Oxide (AIO) thin films have been prepared for different compositions ofIn203 +Ag20 

 -substrate temperature (200 -300°C) 

-evaporation rate (beam current (40 -100 mA) 

 -silver content in the films 

DC Magnetron sputtering 

-sputter gas (argon) flow rate (20 -100 seem) 

 -oxygen gas flow rates (0-20 seem) 

 -Magnetron power (20 -60 watts) 

-Silver content in the films  

Ion beam sputtering (using Kauffmann Source) 

-Sputter gas pressure 

 -Reactive gas pressure 

-Silver content in the films 

 

It may be noted that the AIO films sputtering techniques (DC Magnetron and Ion beam) will be prepared at 

room temperature (30°C). 
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Reactive Electron Beam Evaporation 

Pure powders (99.99%) of Silver Oxide (Ag2O) and Indium oxide (In203) are mixed in the  

proportion 80:20 (mol%) has been prepared in the form of pellets. These pellets are the  

starting material for the reactive electron beam evaporation. 

Indium doped silver oxide thin films have been prepared on soda lime and single crystalline 

silicon substrates have been prepared with the following growth parameters: 

Substrate temperature: 185 °c 

Chamber pressure with oxygen is: 4.0 x 10 -4 milli bar (corresponds to a MFC reading of 4.0 

 % of the full scale deflection). 

The electron beam filament current is varied in the range: 10 mA to 40 mA in steps of 5 mA. 

 (the electron beam current controls the evaporation rate of the film). The electron beam 

voltage is kept constant at 3.8 kV. 

The Indium + Silver alloy composition is varied to 90:10 (mol%), 70:30 (mol%) and the films 

 are grown by varying the electron beam current. 

 

DC Magnetron Sputtering technique 

ADC Magnetron target consisting of80: 20 (Atomic %) of Ag:ln has been prepared from pure  

metals (99.99%); the alloying is prepared in the vacuum furnace. 

The Argon pressure is kept constant at 13.5 % offill! scale ofMFC (corresponding to 28 seem). 

 Magnetron power is kept at 40 watts 

Time of sputtering: 2.0 minutes 

Oxygen in the chamber is varied in the limits: 0- 9.0 % offull scale of MFC.  

All films are prepared at room temperature (27C). 

Characterization techniques . 

 All the films grown: by reactive electron beam and reactive DC Magnetron techniques have 

been characterized for: 

 

1.  X- ray Diffraction  

2.  Hall effect 

3.  Four probe conductivity at room temperature 

4.  Temperature variation of resistivity (in the range 30 -250 C) 

5.  Ellipsometry 

6. Optical absorption 

These data are presently being analyzed. 

Technical summary of the work 

Silver oxide thin films have been prepared on soda lime glass substrates at room temperature (300 K) 
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by reactive DC Magnetron sputtering technique using pure silver metal target; the oxygen flow rates have 

been varied in the range 0.00 -2.01 seem. The X-ray diffraction data on these films show a systematic change 

from metallic silver to silver (sub) oxides. The electrical resistivity increases with increasing oxygen flow. 

The films show a p-type behavior (by both Hall and Seebeck measurements) for the oxygen flow rates of 0.54 

seem, 1.09 seem and 1.43 seem. The refractive index of the films (at 632.8 nm) decreases with increasing 

Oxygen content and is in the range: 1.167 -1.145, here as the p-type films show a higher refractive index 

(1.186 -1.204). The work function of these silver oxide films has been ,measured by Kelvin Probe technique. 

The results, in specific, the p-type conductivity in the silver oxide films have been explained on the basis of 

the theory of partial ionic charge proposed by Sanderson. 

 

During the interaction with Dr Nagendra has indicated that the samples are to be prepared on Silicon 

substrates. Ten samples of Silver doped Indium oxide (Ag:ln 10:90 atomic %) by reactive electron beam 

evaporation have been prepared on glass and Silicon substrates and characterization is being carried out on 

these samples. 

 

The EDAX data on these reactive electron beam evaporated samples have shownt the silver content 

in the films are varying with electron beam current; also, the Scanning Electron Microscopy (SEM) results on 

these sample show that the grain size of these samples is dependant on electron beam current. 
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Investigator(s) 

 

(a) IITM     : Dr.A.Subrahmanyam 

          Dr. M.S.Ramachandra Rao 

 

(b) ISRO     : Dr.c.L.Nagendra, LEOS, ISRO 

 

Value of the Project (Rupees in lakhs)   : 8.96 

 

Starting Date      : 16/05/2001 

 

Closing Date      : 15/05/2004 

 

Objectives 

 

I. To evaluate the optical and electrical properties of Silver doped indium oxide (Ala) 

      thin films by state-of-art deposition techniques 

2. Evolve the desired properties suitable for Low reflecting tunable density filters 

            reflective coatings and Si photo-detectors 

3. Study the performance of the AlO thin film coatings and applications of the coatings 

      far space borne Optical Systems and detectors. 

 

Staff in position     : Mr. S Srinivasan 

  Mr. Ullash Kumar Barik  

  Mr. A N J eevaraj 

 

Work carried out till December  

Work as stated in the proposal: 

 The proposed work involves preparation of silver doped indium oxide (AIO) thin films by three techniques. 

(1) Reactive electron beam evaporation (Indium oxide + Silver oxide) 

 (2) Reactive DC Magnetron Sputtering (Indium + Silver metals) 

The Ala thin films will be prepared on glass and single crystal silicon substrates. The electrical resistivity, p 

(in the temperature range 10K to 300K), optical absorption, a. (in the wavelength range 300nm to 11 OOnm) 

will be studied as a function of growth parameters. The growth parameters in the three techniques are:  

I. Reactive Electron Beam Evaporation: 

Starting from Indium Oxide and Silver Oxide powders, several thin films of Silver doped Indium Oxide 

(AIO) thin films have been prepared for different compositions of In2O3 + Ag2O 
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-Substrate temperature (from Room temperature to 300°C) 

 -Evaporation rate (beam current from 40 to 100mA) 

 -Silver content in the films 

2. DC Magnetron Sputtering: 

 

-Sputter gas (argon) flow rate (20 to 100 seem)  

-Oxygen gas flow rates (0 to 20 seem)  

-Magnetron power (20 to 60 watts) 

-Silver content in the films 

It may be noted that the AIO films by DC magnetron sputtering technique will be prepared at room 

temperature.  

Electron beam evaporation 

Pure powders (99.99%) of Silver Oxide (Ag2O) and Indium Oxide (ln203) mixed in the proportion 

5:95 mol% has been prepared in the forn1 of pellets. These pellets are the starting material for the reactive 

electron beam evaporation. 

Silver doped Indium oxide thin films have been prepared on Soda lime glass and single crystalline silicon 

substrates have been prepared with the following growth parameters: Substrate temperature: 200°C 

Chamber Pressure with Oxygen is: I x 10-4 mbar (corresponds to a. MFC reading of 4.0% of the full scale 

deflection). 

 

The electron beam filament current is varied in the range: 20mA to 40 mA in steps of 5mA. (The electron 

beam current controls the evaporation rate of the film). The electron beam voltage is kept constant at 5 KV. 

 

AgInO (5:95mol%:Ag2O: In2O3) Data Table: 
S. Ebeam Thickne Refractive Work Resistivity Carrier Hall 

1 
N Current ss(nm) Index function (10-2Ώcm) Concentration mobility 

o. (mA)   (eV)  (10 20 cm-3) (cm-2V-1s-l)  

1 20 119.0 1.291 4.450 1.292 2.457 0.197  

2 25 124.0 1.329 4.612 4.172 2.278 0.657  

3 30 140.0 1.357 4.462 1.260 2.132 2.326  

4 35 145.0 1.376 4.501 1.372 8.798 0.51 S  

5 40 138.0 1.367 4.413 0.721 2.768 3.131  

 

DC Magnetron Sputtering technique: 

A DC magnetron target consisting of 5:95 At% of Ag:In has been prepared from pure metals (99.99%); the 

alloying is prepared in the vacuum furnace. 

Growth parameters: 

The argon pressure is kept constant at 28% of full scale of Mass flow controller Magnetron power is kept at 

50 watts 

Time of sputtering: 20 minutes 
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Oxygen in the chamber is varied in the limits: 25-28% of full scale of Mass flow controller. All films are 

prepared at room temperature (27°C). 

In this composition, Films have been prepared on both glass and quartz substrates. 

These films are characterized by the above mentioned characterization techniques. The data are being 

analyzed. 

AgInO (5:95At%) Data Table: (DC Magnetron Sputtering) 

S.  O2 Thickness Refractive Work Resistivity Carrier Hall 

N  (mfc) (nm) Index functions(eV) (10-2 Ώcm) Concentration mobility 

o       
(10 19cm-3) 

(cm-2 V-1 s-1) 

        

1 25 182.0 1.236 4.640 2.158 2.399 12.071 

2 26 164.0 1.196 4.660 2.443 3.195 8.007 

3 27 173.5 1.228 4.510 11.290 1.797 3.081 

4 28 188.0 1.1 99 4.710 15.450 2.039 1.984 

 
Ob Observations; 

-70 to 80 % of Transmission is observed in the visible region 

-Films coated on quartz substrate gives the very good absorption in the UY region  

-Resistivity of these films increases with increasing the Oxygen content 

-Hall mobility is decreasing gradually by increasing the Oxygen content in the films 

-X-ray diffractogram shows the amorphous nature of these films 

 

List of papers published    :Nil 

 

Remarks/Future work plan 

The work plan as stated in the proposal will be carried out. Work is progressing without any problem. 

Work being executed 

 The optical constants of Ag doped 10 films are being evaluated with the support of 

Dr. Nagendra. 

The last part of the work, namely, study the performance of the AlO thin film coatings and 

applications of the coatings for space borne Optical Systems and detectors is being carried out by depositing 

these films on Silicon substrates to evaluate the filter characteristics of these coatings. 

 
 
 

 
Investigator(s) 

 

(a) IITM   : Dr. A. Subrahmanyam 

 

(b) ISRO   : Dr. C. L. Nagendra 

 

Value of the Project (Rupees in lakhs) : 8.96 

 

Starting Date     : 16/05/2001 

 

Closing Date     : 31/10/2004 

 

Objectives: 
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1. To evaluate the optical and electrical properties of silver doped indium oxide (Ala) thin films by    

     state of art deposition techniques: Reactive electron beam evaporation DC Magnetron sputtering  

     techniques 

 

  2. Evolve the desired properties suitable for low reflecting tunable density filters  reflective coatings 

                and Si photo-detectors 

  

  3. Study the performance of the Ala thin film coatings and applications of the coatings  for space  

                 borne Optical Systems and detectors. 

 

Work as stated in the proposal: 

 The proposed work involves preparation of silver doped indium oxide (AlO) thin 

films by three techniques: 

 

 reactive electruu beam evaporation (indium oxide + Silver oxide) 

 

 reactive DC Magnetron Sputtering (indium + Silver metals) 

The AIO thin films will be prepared on glass and single crystal silicon substrates. The electrical 

resistivity, ρ, (in the temperature range 30 -350°C), optical absorption, α, (in the 

wavelength range (300 -1100 nm) will be studied as a function of growth parameters: 

 

Reactive electron beam evaporation 

 Pure powders (99.99%) of silver oxide and Indium Oxide are mixed in the proportion 

80:20 (mol%) has been prepared in the form of pellets. These pellets are the starting material for the reactive 

electron beam evaporation. 

-Substrate temperature (200 -300°C) 

 -Evaporation rate (bean1 current (40 -100 mA) 

 

. -Silver content in the films 
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Nanocomposites as light sensors 
 

 

Project Number:RSIO 1 020681SROTPRA 
 
 

Investigators 

 

IIT     : Dr. T Pradeep 

 

ISRO     : Dr. C L Nagendra, LEOS 

 

Value of the Project    : Rs. 7.50 lakhs 

 

Starting Date     : 16-05-2001 

 

Closing Date     : 15-05-2003 

 

Objectives 

 

1.     Preparation and characterisation of suitable nanocomposite materials with appropriate  

        molecular surfaces for improved light sensing efficiencies.  

2.     Development of appropriate nanoceramic materials for efficient charge separation. 

3.      Modification of 1 and 2 for the development of novel light sensors. 

4.      Carry out investigations on design and development of planar photosensor devices,  

         incorporating organic and inorganic moieties, having substantial responsivity in the solar  

         spectrum similar to silicon devices. Characterisation of the fabricated devices with appropriate  

         metallisation pads for electrical termination and perform device characterisation. 

 

 

Staff in Position    : One Junior Research Fellow 

 

Work Carried Out   : 

 

Procurement of equipment and compilation of literature completed. Creation of infrastructure, 

measurement facilities, procurement of chemicals, process synthesis and characterisation of 3D 

mono layers, nanoceramics and testing of the initial prototype, development of synthetic strategies 

for the organic light harvesting molecules are in progress. 
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Plan for Further Work 

 

 1. Investigations of the various nanocomposites for potential light harvesting  applications. 

      2. Optimising synthetic methodologies, characterisation by various parameters. 

      3. Development of a planar photosensors with suitable metallisation pads and  characterisation of   

          the devices in collaboration with LEOS. 

     4. Comparison of the device performance with standard silicon photosensors,  explore the  

         possibility of their application in space-borne systems. 

 

 



302 

 



303 

 

 



304 

 

 
 
 

 
 



305 

 

Investigator(s) 

 

(a) IITM     : Dr. T. Pradeep 

 

(b) ISRO     : Dr. C. L. Nagendra 

 

Value of the Project (Rupees in lakhs)   : 9.1 

 

Starting Date      : 16/05/2001 

 

Closing Date      : 15/01/2004 

 

Objectives 

 1. Preparation and characterisation of suitable nanocomposite materials with 

          appropriate molecular surfaces for improved light sensing efficiencies. 

 2. Development of appropriate nanoceramic materials for efficient charge 

          separation. 

 3. Modification of 1 and 2 for the development of novel light sensors. 

 4. Carry out investigations on design and development of planar photosensor devices, incorporating  

          organic and inorganic moieties, having substantial responsivity in the solar spectrum similar to silicon  

          devices. Characterisation of the fabricated devices with appropriate metallisation pads for electrical  

          tennination and perform device characterisation. 

 

Staff in position     : One JRF, appointed converted to CSIR,  

  and another person appointed Project 

  assistant available 

Work carried out till December 

1. Instruments were purchased, staff appointed and the project work started in due course. With local   

    resources, we set-up a photocurrent measurement facility. This has a Xe-arc source, photodiode  

    detector, and a Kiethley 2700 multimeter. Both the set-ups have been interfaced with computers. 

  2. Several chemical systems were developed with Ag@TiO2 and Au@TiO2. Similar materials have  

          been made with TiO2. We used several approaches to make  materials, one such approach is  

          based on monolayers. 

We incorporated light sensing molecules on the surface of these nanomaterials. The materials so developed 

were incorporated on the surface of conducting glass surfaces. For this several dye molecules have been 

synthesized. 

The system is stable and has been tested for several hours. We have demonstrated the device to Dr. 

Nagendra in his laboratory. 

 

 

The device mentioned above has a main defect that its electrolyte is highly volatile, which prevents 

its use as a long time device. In order to get rid of this problem we have modified the electrolyte and 

two different approaches have been adopted for this purpose. This was the aspect we were supposed 

to complete in the extension period, 

1.  Polymer - ionic liquid: Quasi-solid-state gel electrolyte approach 

We adopted the ionic liquid approach in order to solve the drying up of electrolyte upon 

heating. Here we have used a polymeric gel containing the ionic liquid. 3 ml of 

I-methyl, 3-propyl imidazolium iodide containing 0.5 M iodine and 0.45 M Nmethyl 

benzimidazole was mixed with 300 mg of polyacryionitrile, sonicated and heated to 80°c. 
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The hot gel obtained was cooled down in a dessicator, Later it was pressed, between the dye 

coated TiO2 electrolyte and graphite coated plate to get a sandwich. The set up showed 

equivalent efficiency of liquid electrolyte cell and showed long-term stability as well as 

thermal stability up to 80°C. 

2.  Solid polymer electrolyte approach. 

We have incorporated polyacrylonitrile based solid electrolyte in the second approach. Here 

a thin film of -1 0 micrometer thickness was pasted over the graphitecoated electrode. This 

approach has been modified further, by doping fullerene (C6o) into the polyelectrolyte 

matrix. The device showed an increment in energy conversion efficiency. 

Fabrication of solar cell 

Solid-state photo electrochemical cell was fabricated by sandwiching the. 

electrolyte film and dye sensitized TiO2 film. The configuration of the photoelectrochemical cell 

is FrO -TiO2 dye - solid electrolyte - graphite – FrO (fluorine doped tin oxide plate). For 

comparison, a similar cell was fabricated using 3methoxy-propionitrile based liquid electrolyte, in place of 

polyacrylonitrile. The cell was illuminated from backside through the TiO2 coated glass surface. 

Fullerene doped electrolyte film was prepared by dipping the electrolyte film in a toluene solution of 

fullerene for 5 minutes, followed by air-drying. The cell was fabricated using similar methodology as 

mentioned above. 

The performance characteristics of the devices are given below. 

Type of cell Electrolyte Type Photocurrent 

(mA / cm-2) 

Potential 

(mV) 

Power 

(mW / cm-2) 

Silicon - 7.15 552 3.95 

TiO2-RuN3 dye Liquid 2.1 700 1.47 

TiO2-RuN3 dye Ionic liquid – polymer gel 1.1 610 0.671 

TiO2-RuN3 dye  Solid polymer 0.3 530 0.159 

TiO2-RuN3 dye Solid polymer + C60 1.4 710 0.994 

 

   

Light absorbing dye in a selective window 

The characteristics of the light absorbing dye and the corresponding light sensing electrode 

are given below. It is to be noted that the electrode is responsive only to a specific window of the 

electromagnetic radiation. It is very clear from the ICPE curve that Ru N3 dye incorporated TiO2 

film shows higher energy conversion efficiency between 400 to 600 nm in the visible region. This 

explains the reason why we adopted Ru N3 dye for our device. 

 

List of papers published 

 

1. Freely dispersible Au@TiO2, Au@ZrO2, Ag@TiO2 and AgZrO2 core-shell nano particles: one   

    step synthesis, characterization, spectroscopy and optical limiting properties, Renjis T. Tom, A.  

   Sreekumaran Nair, Navinder Singh, M. Aslam, C. L. Nagendra, Reji Philip, K. Vijayamohanan and  

   T. Pradeep, Langmuir, 19 (2003) 3439-3445. 

2. ZrO2 bubbles ffom core shell nanoparticles, A Sreekumaran Nair, Renjis T. Tom, 

   V. Suryanarayanan and T. Pradeep, 1. Mat. Chern., 13 (2003) 297 -300. 

3. Detection and extraction of endosulfan by metal nanoparticles, A. Sreekumaran 

               Nair, Renjis T. Tom, and T. Pradeep; J. Environ. Monitoring, 5 (2003), 363-365. 

4. Nonlinear light transmission through oxide-protected Au and Ag nanoparticles: An investigation in  

    the nanosecond domain, M. Anija, Jinto Thomas, Navinder Singh, A. Sreekumaran Nair, Renjis T.  

    Tom, T. Pradeep, Chern. Phys. Lell., 380 (2003) 223 - 229. 
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Development of NDE Techniques for 

Bond Interface Evaluation in Rocket Motor 

 

Project No  

 
 

2. Investigators    : ICSR11SRO-IlT(M)/MEFJO 1-02/069/KRIS 

    From lIT    :  Prof. Krishnan Balasubramaniam 

    From ISRO    :  Sri. K Venkata Rao 

 

3. Value of the project   :  Rs.13.26 Lakhs 

4. Starting Date    : 27.02.2002 

5. Closing Date    : 26.02.2004 

6. Objectives 

 To evaluate the feasibility of using other methods such as electro-magnetic waves 

and optical methods for imaging the disbonds. A detailed literature survey will be 

conducted and a comparative report will be prepared. Based on concurrence with the 

collaborator from SHAR, the appropriate technology will be pursued. Based on the 

current literature survey that we have conducted in the last 12 months, ultrasonic 

methods appear as the most promising. Hence, in this proposal, this will be addressed 

in more detail. 

 To conduct studies on the use of a medium frequency ultrasonic reflection based 

method, using frequencies in the 50-250 kHz. range in a pulse echo mode, for 

addressing the second rubberpropellant interface (need I). This work effort will 

include the development of an analytical model that will have the capability to 

measure resonance and reflection/transmission characteristics in multilayered media. 

 

 To design and develop an experimental prototype apparatus that will demonstrate the 

feasibility of the NDE technique for the second interface bond evaluation need. Here, 

advanced signal processing methods will be developed to reduce the effect of the 

attenuation of ultrasound in the rubber insulation layer. 

 

 

 To investigate a low frequency acoustic resonance method for the evaluation of the 

inhibitor-propellant interface NDE. Here, the resonance model developed earlier will 

be employed WI' calculation of the resonant modes of vibration of the free inhibitor 

layer and the effect of change in boundary condition due to the presence of solid 

propellant. 

The project deliverables include: 

 

  A detailed final report that includes the literature survey on current methods, the 

experiments conducted during the work effort, the results obtained, the discussion on 
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impact of the results, conclusion on the most promising approach to solving these 

problems, and design specifications of a proposed prototype system for evaluation of 

the 2nd bond layer problem. 
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……………………………………………………………… 

 

Investigator(s) 

 

(a) IITM     : Dr. Krishnan Balasubramaniam 

 

(b) ISRO     : Dr. K Venkata Rao 

 

Value of the Project (Rupees in lakhs)  :.13.25 

 

Starting Date      : 27/02/2002 

 

Closing Date      : 26/02/2004 

 

Objectives 
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Scope of Work 

 

1.  To conduct studies on the use a medium frequency ultrasonic reflection based method, using 

frequencies in the 50-1000 kHz. Range in a pulse echo mode, for addressing the second rubber-

propellant interface (need 1). This work effort will include the development of an analytical model 

that will have the capability to measure resonance and reflection/transmission characteristics in multi-

layered media. 

2.  To design and develop an experimental prototype apparatus that will demonstrate the feasibility of the 

NDE technique for the second interface bond evaluation need. Here, advanced signal processing 

methods will be developed to reduce the effect of attenuation of ultrasound in the rubber insulation 

layer. 

3.  To investigate a low frequency acoustic resonance method for the evaluation of the inhibitor-

propellant interface NDE. Here, the resonance model developed earlier will be employed for 

calculation of the resonant modes of vibration of the free inhibitor layer and the effect of change in 

boundary condition due to the presence of solid propellant. 

4.   To evaluate the feasibility of using other methods such as electro-magnetic waves for imaging the  

disbonds. 

 

Work Tasks Proj!osed and the Current status 

 

Sub 

task 

No. 
Description 

Proposed 

Time 

(months 

after 

start- 

date) 

Deadline 

for 

Completion 

(based on 

start date 

of 

27/0212002) 

Current Status 

I Experimental protocol 0-6 26/8/2002 100% completed. PulserIReceiver 

 decisions and procurement   and AID converter under 

    procurement. 

2 Test sample design and 1-9 26/11/2002 60% completed. SHAR has 

 fabrication;   provided a partial fulfillment of 

    samples requested in Feb 2002. 

    Also, additional samples are 

    required to validate the techniques 

3. Model Development for 1-12 26/02/2003 100% completed. Preliminary 

 Ultrasonic and   results indicate feasibility of both 

 Electromagnetic Waves in   techniques at specific experimental I 

 Multi-layered Media   parameters. 

4 Experimental setup 1-14 26/04/2003 100% completed. A scanner and 

 design, fabrication, and   data acquisition system have been 

 system mtegration   designed, fabricated and 

    integrated. Probe holder system 

    requires some modifications. 

5 Data Collection 7-18 26/08/2003 70% completed. Data was 

    collected on the samples provided 
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    by SHAR until now. Additional 

    samples are cuITntly under I 

    fabrication at SHAR and data must 

    be collected on these samples for 

    this task to be completed. 

6 Data Analysis, 12-23 26/01/2004 60% completed. The initial results 

 interpretation, and   are encouraging. Further test 

 destructive assays   samples are expected for the 

    validation of the algorithms. 

7 Final report 23-24 261212004 0 % completed. 

     

 
Deliverables 

 

The following are the deliverables at the end of this project: 

 

1. A final report documenting all of the relevant results, and a detailed description of how the 

results were obtained and discussion on the relevance of the results for the NDE of cracks in 

welds. 

2. A CD-ROM consisting of the Probe Design Software and Data Processing and Imaging 

Software that will be developed through this project. 

3. A demonstration of the technique at IITM on samples with simulated defects 

 

Staff in position     : Mr. Suman Tammana  

           Mr. S. Arun 

 
Work carried out till December 

 

The work efforts undertaken during this reporting period for the two needs are provided below: 

 

Need I: Second Interface Bond Evaluation (Rocasin Rubber-Propellant Interface): 

A new technique has been developed for evaluation of the rocasin rubberpropellant interface 

that has shown initial promise. There is no known literature on this technique. This technique uses a 

dual element transducer in a pitch catch mode. The key to the success of this method is the use of the 

following: 

 An excitation of the transmitter at frequencies below the center frequency of the 

transducer. 

An unusually long tone burst pulse excitation that is significantly long compared to any 

traditional NOT experiment (20 _sec). Spectral Analysis for the received signal. 

Spectrum analysis was carried out on the bonded sample (steel + rubber + propellant) 

provided earlier by SHAR. In the testing method adopted a dual element transducer was used. 

Transducer having central frequency of I MHz was excited at 0.7 MHz and used for experimenting 

on the bonded structure. 

MA TEC TB 1000, a high-energy pulser/receiver card, was used for pulsing the transducer. 

Screen shot of the experimental set up used is shown in Figure 1 it also shows the P/R settings used 

for the experiments. There was no filter set for the transducer frequency this was done so that we 

excite all the higher order frequencies also. Extraction of the information from the recorded R.F 

signal is not easy as all the multiples reflections from the steel rubber interface overlap. Power 

spectrums of the recorded signals were ct-t'lined and it was observed that the first and the third 
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harmonics of the frequency were always present prominently. 

With the settings shown in the Figure I for the pulser/receiver and scope the experiment was 

carried out on the bonded structure. The RF record (see Figure 2) of the signal did not give any 

direct information but in the power spectrum analysis it was found that the frequency between the 

first and the second harmonic showed clear differences in amplitude and frequency for various cases 

present in the bonded structure. The sensitivity of the frequency and amplitude was dominating only 

for that particular frequency range (between the first and second harmonic) and was not observed for 

the higher order resonant modes. The bonded structure had different cases that could be studied. The 
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Figure shows the sample required for evaluation of Rocasin Rubber- Propellant Interface. 

 

Maraging Steel  

                  Only 

 

 

 

(No rubber or 

                    propellant) 

Maraging Steel 

                  and Rocassin  

                  Rubber 

                  Insulation  

                   Only 

 

 

(No-propellant) 

Maraging Stee, 

                  Rocassin 

                  Rubber, and 

Propellant with 

all bonds being 

                  good. 

Maraging Steel, 

 Rocassin Rubber 

                 and Propellant 

                 with disbond 

                 between the 

                 Rubber and 

                 Propellant 

 

List of papers published     :Nil 

Remarks/Future work plan 

Due to unforeseen delays in receipt of test samples for the Steel-Rocasin RubberPropellant case studies, the 

project duration has to be extended in order to allow the team to conduct experiments on these samples when 

they become available. The following is the list ofwori<. efforts that must be completed before the final report 

becomes available: 

1.  Receipt of Test samples with good and simulated defects at the I 5t and 2nd interfaces of 

the Maraging Steel, Rocasin Rubber, Propellant samples from SHAR. 

2.  Collection of Ultrasonic Data at IITM on these samples using the new method 

   proposed here. 

3.  Data Analysis and establishment of the technique based on the sample set 

   provided by SHAR for both the needs. 

4.  Final Report Writing. 

 

……………………………………………………………………… 

 

Investigator(s) 

 

(a) IITM   : Dr. Krishnan Balasubramaniam 

 

(b) ISRO   : Dr. K. Venkata Rao 
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Value of the Project (Rupees in lakhs)  : 13.95 

 

Starting Date     : 27/02/2002 

 

Closing Date     : 31/12/2004 

 

Objectives: 

 

1. To evaluate the feasibility of using methods such as electro-magnetic waves and optical 

 methods  for  imaging  the   disbonds.   A   detailed   literature   survey  will  be  conducted  and a 

      comparative report will be prepared. Based on concurrence with the collaborator from SHAR, the  

      appropriate technology will be pursued. Based on the current literature survey that we have conducted in  

      the last 12 months, ultrasonic methods appear as the most promlsmg. 

2. To conduct studies on the use of a medium frequency ultrasonic reflection based method, using  

frequencies in the 50-250 kHz. range in a pulse echo mode, for addressing the second rubber- 

propellant interface (need 1). This work effort will include the development of an analytical model 

that will have the capability to measure resonance and reflection/transmission characteristics in 

multi-layered media. 

 

3. To design and develop an experimental prototype apparatus that will demonstrate the feasibility of  

    the NDE technique for the second interface bond evaluation need. Here, advanced signal  

    processing methods will be developed to reduce the effect of the attenuation of ultrasound in the  

    rubber insulation layer. 

 

To investigate a low frequency acoustic resonance method for the evaluation of the inhibitor-

propellant interface NDE. Here, the resonance model developed earlier will be employed for 
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Laser Induced Fluorescence For Spray Diagnostics 
 

Project No   ICSR/ISRO-IIT(M)/ ASE/O 1-O2/070/RISU 
 

2. Investigators 
 

From lIT     : Dr. R.I. Sujith 

Dr. R.N. Govardhan 

 

From ISRO     : Dr. K. Ra1l1amurthi 

       Shri Varghese Thannikkal 

3. Value of the Project     : Rs4.6 Lakhs 

4. Starting date    : 27.02.2002 

5. Closing date     : 26.02.2003 

 

6. Objectives 

 

 To perform measurements of cone angle, spatial dispersion and Sauter Mean 

Diameter (SMD) on sprays 

 Investigate the effect of acoustic oscillations on the behaviour of sprays 

 

7. Staff in Position    : Ms. T. Anjana 

 

8. Work Carried out till date 

 

Preliminary experiments were performed to investigate spray formation, using laser diagnostics and digital 

imaging as detailed in the previous report. Detailed experiments were performed to study jet divergence in presence of 

self-induced acoustic oscillations. The self-induced acoustics was first systematically studied. This was followed by 

visual qualitative and quantitative experiments to determine jet divergence. Mie-scattering images of the jet seeded with 

micron sized oil droplets indicated sudden large divergence of jets in the presence of self-induced acoustics. Using 

ensembie averaged images the jet divergence was quantified, and this was verified and confirmed by velocity 

measurements in the jet. 

 Since the last progress report, the investigators made a five day experimental campaign at LPSC. Detailed plans 

and preparations were made prior to departure to ensure smooth running of experiments keeping in mind some of the 

challenges faced during the first experimental campaign. Extensive experiments were done on Nitrogen jets and a few 

cases were also done with Helium. 

The objective of this work is to obtain an instantaneous image of a spray. Such an image would give an insight 

into the nature of the fluid dynamic processes that are involved in spray formation. A better understanding these 

processed will lead to capability to obtain sprays that are well suited for the applications involved. 
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Development of generalized radiative transfer model including  

           Scattering for retrieval of geophysical parameters from 

             Microwave remote sensing observation from satellites 

 

 

Project No  ICSR/ISRO-IIT(M)/MEE/O 1-02l071/SPVE 

 
 

2. Investigators 

 

From IIT    : Prof. S.P. Venkateshan  

Dr. C. Balaji . 

From ISRO    : Dr. MS. Narayanan 

 Dr. v.K Agarwal 

 Dr. B.S. Gohil 

3. Value      : Rs.IO.35Lakhs 

4. Starting Date    : 27.02.2002 

 

5. Closing Date     : 26.02.2004 

6. Staff in position    : Mr. V. Swaminathan 

 

7. Objectives of the study 

 The prime responsibility will be the development of a radioative transfer model with scattering 

incorporated fu I filling their requirements of system studies and development Of retrieval algorithms for high 

frequency radiometer systems and some features of the model will include the following 

 Scattering -based radioative transfer. 

 Applicable to microwave frequencies up to 300 GHZ 

 Hydrometers in the form of different clouds  

Multi-layer 

Varying altitude 

Spatially distributed 

Varying extent 

 

 Raindrops 

Spherical  

Oblate 

 Ice / snow particles 

     Hails and others 

 

8. Work carried out till date 
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An inverse analysis is presented for estimating absorption and scattering coefficients for a two layer 

participating medium from the known temperature profile. A finite volume method is used to 

 discretize the governing radiative transfer equation and the .inverse radiation problem is solved through the 

minimization of the sum of square residuals between calculated and observed temperature, utilizing the 

conjugate gradient method. The effects of the measurement errors on the accuracy of the inverse analysis are 

investigated. Furthermore, the existence and uniqueness of the solutions can be easily identified. 

An excellent review of literature pertaining to thermal radiation in participating media along' with the 

methods presently used for solving such class of problem with their strengths and limitations are discussed in 

Howell (1988). Ho and Ozisik (1989) have reported an inverse radiation analysis for determining single 

scattering albedo and optical thickness from the exit intensities of an isotropically scattering slab of finite 

thickness. Inverse problem that deals with the prediction of the temperature distribution in plane-parallel 

medium from the data .ofthe radiation intensities exiting the boundaries is given by Li and Ozisik (1992) and 

Liu"(2000) have considered inverse analysis for simultaneous estimation of temperature profile and 

absorption coefficient for a non-scattering gray, one dimensional semitransparent slab with transparent 

boundaries from the knowledge of the exit radiation intensities. Park and Yo on (2000) have presented inverse 

radiation analysis for estimating radiative parameters from the temperature measurement in three-dimensional 

participating media, where radiation and conduction occur simultaneously. 

The inverse radiation problem considered in this work is concerned with estimation of absorbing and 

scattering coefficients for a two layer gray participating medium between two parallel, isothermal, infinite 

diffuse plates. In which each layer has different absorbing-emitting and scattering medium. Using the finite-

volume method proposed by Raithby and Chui (1990) to obtain the temperature profile solves the forward 

problem from the governing radiative transfer equation. The inverse problem is formulated as an optimization 

problem which minimizes the least square discrepancy between the measured and the calculated temperature 

profiles and solved by using conjugate gradient method. 

 

9. Future work 

An inverse method is presented for simultaneous estimation of absorption and scattering coefficient 

for both the layers of participating medium between two parallel, diffuse, isothermal, infinitely long plates 

from the knowledge of temperature profile available at a set of discrete points. The inverse problem is 

formulated as an optimization problem and solved by using conjugate gradient method. Noisy input data have 

been used to test the performance of the proposed method. The results show that the parameters can be 

estimated with a reasonable accuracy even with noisy data. The algorithm can be extended to the inverse 

radiation analysis for the simultaneous estimation of parameters in a non-gray multiple layer participating 

medium. 

 

……………………………………………………………… 
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Investigator(s) 

 

  (a) IITM     : Dr. S P Venkateshan  

            Dr. C. Balaji 

 

 

(b) ISRO     : Dr. M.S. Narayanan 

  Dr. R.M. Gairola 

  Dr. A.K. Varma 

                                                                                              Dr. V.K. Agarwal 

  Dr. B.S. Gohil 

                            Space Application Centre. Ahmedabad 

 

Value of the Project (Rupees in lakhs)   : 10.35 

 

Starting Date      : 27/02/2002 

 

Closing Date      : 25/07/2004 

 

Objectives 

The prime responsibility will be the development of a radiative transfer model with scattering 

incorporated fulfilling their requirements of system studies and development of retrieval algorithms for high 

frequency radiometer systems and some features of the model will include the following 

 Scattering -based radiative transfer 

  Applicable to microwave frequencies up to 300 GHZ . 
  Hydrometeors in the form of different clouds  

Multi-layer 

Varying altitude 

Spatially distributed 

Varying extent 

 Raindrops 

Spherical 

Oblate 

 Ice / snow particles 

 Hails and others 

 

Staff in position     : Mr. V. Swaminathan   

               Ms. Lakshmi Suresh 

 

Work carried out till December 

 A direct analysis for estimation of brightness temperatures in a realistic, multilayered cloud 

hydrometeor profiles over the entire range of microwave frequencies (6.6-183 GHz) were presented. The 

atmosphere is modeled as nongray, absorbing, emitting. anisotropically scattering and non-isothermal 

vertically inhomogeneous layers. The governing time-independent radiative heat transfer equation through the 

atmosphere is solved using finite volume method. Results of particular cases are compared to that published 

earlier. Inverse analysis using genetic algorithms for simultaneous estimation of atmospheric constituents 

(Cloud liquid water content, Rainfall rate, Ice content) from the data obtained through remote sensing for a 

three layer cloud model is also presented. 

A finite volume method for radiation has been used to determine the microwave radiances leaving the 
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top surface of a realistic atmospheric model. The results of the finite volume method have been demonstrated 

starting from a single layer to a multilayer cloud model with and without scattering constituents and are 

compared with benchmark solutions and other approximate solutions. Inverse analysis using genetic 

algorithms for simultaneous estimation of atmospheric constituents (Cloud liquid water content, Rainfall rate, 

Ice content) from the data obtained through remote sensing for a three layer cloud model is presented, The 

results show that the parameters can be estimated with reasonable accuracy. 

 

List of papers published 

 1. Swami nathan, Y., Balaji, c., and Yenkateshan, S.P., "Parameter Estimation in a 

             Two- Layer Planar Gray Participating Medium," AIAA Journal of Thermophysics 

              and Heat Transfer, 2004 (to appear). 

                     2. Swami nathan, Y., Gairola, R. M., Balaji, c., and Yenkateshan, S.P., "Finite 

              Volume Based Estimation of Microwave Radiances From a Multi-Layered Cloud 

                Model," AIAA Journal of Thermo physics and Heat Transfer, (communicated). 

 

Future work plan 

The inverse problem for estimation of atmospheric constituents will be extended from three layer 

cloud model to thirty layered cloud model which will represent the atmosphere in a better way. 

 

……………………………………………………………. 

 

 

 
Investigator(s) 

 

(a) IITM    : Dr. S. P. Venkateshan 

 

(b) ISRO    : Dr. V. K. Agarwal 

  Dr. R. M. Gairola 

 

Value of the Project (Rupees in lakhs) : 15.58 

 

Starting Date     : 15/09/2004 

 

Closing Date     : 15/03/2007 

 

Objectives: 

 

The study aims at effective and robust retrieval of geophysical parameters like cloud, rain, ice over 

sea as well as land surfaces from the data (brightness temperature) obtained by remote sensing satellites at 

different microwave frequencies. The prime responsibility will be the development of a radiative transfer 

model including polarization and scattering by atmospheric constituents. Retrievals in satellite meteorology 

are traditionally based on models that consider only emission. Various methods of retrieval algorithms like 

statistical, neural network, Bayesian algorithms, genetic algorithms will be developed and the best method 

will be recommended for retrieval under different conditions. The major threat in the retrieval algorithms is 
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that non-uniqueness fuld the speed of computation, both of which cannot be compromised and this poses a 

great challenge in terms of understanding the physics of the problem as well as computational skills. 

 

Work carried out: 

The radiation transfer through an atmosphere over a range of microwave wave 

frequencies from 6.6 to 85 GHz which is of importance in the satellite remote sensing of clouds and 

precipitation for global estimation of rainfall is considered. A recently developed and efficient finite 

volume method is used to solve the governing radiative transfer equation (without polarization) to 

obtain the intensity of radiation leaving the atmosphere in the 

 

microwave region. The inverse problem of obtaining the radiation properties of the participating 

medium is solved through the minimization of the sum of square of residuals between the calculated 

and known intensities at different microwave frequencies, using genetic algorithms. It is observed 

that the time consumed for retrieving the parameters by solving the direct problem of the radiative 

transfer repeatedly in the process of optimization, turns out to be very high and poses a challenge. In 

order to tackle this, a three layered atmosphere model is used to generate simulated profiles of 

atmosphere with various different possible realistic combin,ations of atmospheric constituents. All 

the generated profiles are solved for the microwave intensity of radiation leaving the atmosphere. 

The above process generates a huge set of input and output data which represents the transfer of 

radiation through the atmosphere. An Artificial Neural Network (ANN) is employed to simulate and 

predict the intensity leaving the atmosphere using the generated data set. It is observed by the 

process of combining ANN and GA, the retrieval of the parameters is achieved with less CPU time 

and within acceptable level of accuracy. This proves to be an _ffective method to determine 

simultaneously multi-parameters in a multilayered participating medium. 
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Transient Natural Convection and Stratification in  

Cryogenic Propellant Tanks 

 

 
Project No   ICSRlISRO-IIT(M)/MEE/O 1-02/072/BVSS 

 

 

2. Investigators 

From lIT     : Prof. B.V.S.S.S. PRASAD 

Dr. G. Venkatarathnam  

Prof. S. Srinivasa Murthy 

 

From ISRO      : Dr. K Ramamurthi 

3. Value of the Project     :  Rs. 10.47 Lakhs 

4. Starting date     : 27.02.2002 

 

5. Closing date      : 26.02.2004 

 

6. Objectives 

 Detailed analysis of stratification in cryogenic propellant tanks taking into account the 

following parameters: 

 large Rayleigh number conditions prevalent inside the tanks  

 practical geometries of tanks such as etched tanks. 

 different aspect ratios [LID] of the tanks, especially large LID values 

 transient influences such as acceleration 

 

7. Staff in Position     : Mr. Prasanth Kumar Samala 

 Mr. M. Venkata Ramana 

 

8. Work carried out till date 

 In order to reduce stratification inside the cryogenic propellant tanks, roughness elements are often 

used in them. In the past one year, the research studies are focussed to address the effects of  roughness in the 

form of ribs on the inner walls of a circular cylinder. Numerical studies are carried out to investigate the 

transient process of heating and stratification of cryogenic fluid (LH2) at a constant heat flux, with adiabatic 

bounding surfaces. 

The governing axi-symmetric Navier stokes euations and energy equation are solved with Boussinesq 

approximation. As the Rayleigh numbers are very high and some vortical flow patterns are plausible in the 

flow, realizable k-E turbulence model is used. Unstructured mesh together with fine structured mesh near wall 

is employed. 
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Numerical computations are carried out for the rib roughened cylinder for different parameters such 

as height to pitch ratio of the ribs and aspect ratio of cylindrical tank. Figure 1 shows the physical model and 

Figure 2 shows velocity contours for a typical example of the rib-roughened tank. 
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……………………………………………………………………… 

 
Investigator(s) 

 

(a) IITM     : Dr. B.Y.S.S.S. Prasad 

  Dr. G. Yenkatarathnam 

  Dr. S. Srininivasa Murthy 

 

(b) ISRO     : Dr. K. Ramamurthi 

 

Value of the Project (Rupees in lakhs)  : 10.46 

 

Starting Date      : 27/02/2002 

 

Closing Date      : 26/02/2004 
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Objectives 

 The main objective of the present work is to conduct numerical investigations on the 

 transient natural convection and stratification behavior in the propellant tanks, taking into 

 account the variations in 

  the ullage space in the tank (0 to 40%) 

  Rayleigh number (based on incident heat flux and diameter) (1013 to 1018) 

  aspect ratio (length to diameter ratio) of the tank (4-12) 

  whether the inside surface of the tank is smooth or artificially roughened. 

 Wall heating conditions (side, top and bottom walls insulated/subjected to heat flux) .  

 pressure in the ullage space and (hence evaporation at the liquid-vapor interface) for partially 

filled tank (1.0-1.7 bar) 

 

Staff in position     : Mr. Prasanth Kumar Samala 

         Mr. Sivakumar.S 

Work carried out till December 

 

  Fully filled tanks: 

Progress reports #1 (August, 2002) and #2 (July, 2003) contain the following: 

  Validation of the code for fully filled tanks with some bench work for both smooth and     

       ribbed conditions individually 

 Analysis considering different combinations of aspect ratios, Rayleigh numbers (side wall 

heating) and comparison of stratification 

 Stratification analysis of ribbed tank over the smooth tank, comparison between different  

      rib-height-to-pitch ratios for the ribbed tank, etc. 

 Partially filled tanks: 

       Some preliminary results are obtained by incorporating mass transfer due to evaporation in   

       the homogeneous mixture model. 

       Dimensionless temperature profiles for different 

(i) aspect ratios and 

(ii) Rayleigh numbers (with sidewall heating) are presented. 

 

 (iii)  Transient variation for a particular aspect ratio and Rayleigh number is 

presented up to a time of 300 seconds. 

For the above parameters, studies are carried out and the results presented in Progress Report #2, 

July 2003. 

 

The following are reported in the present report: 

  Modified formulation incorporating 

   a) initial pressure distribution, considering hydro-static pressure variation in the 

      liquid and specified vapor pressure in the ullage space, 

   b) saturation temperature as a function of vapor pressure, 

   c) modified evaporation (mass source) equation with the inclusion of variations in 

      specific heat and latent heat of evaporation, 

   d) the operating density of the secondary phase (vapor) as a function of pressure and 

       temperature 

   e) Provision for varying the turbulent Prandtl number 

 Results with the above formulation are validated with the experimental data of Barnett 
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        [1] 

  Study of the effect of roughness on stratification of fully filled LH2 Tank 

The above details regarding formulation and results are given in the annexure. 

 

List of papers published 

1. Tarun Kumar Khurana, B.V.S.S.S. Prasad, S.Srinivasa Murthy and K. Ramamurthi, The Effect of 

Circumferential Ribs on Thermal Stratification in A Liquid Hydrogen Tank, 17th National and 6th ISHMT-

ASME Heat and Mass Transfer Conference, Jan 200'+, India. 

 

Remarks/Future work plan 

 

As per the original objectives, numerical investigations showing the stratification! mixing in LH2 tanks have 

to be carried out for various physical geometries, acceleration values, wall heating conditions and ullage 

pressures for partially filled tanks with and without rib roughness taking into account evaporation at the 

interface. 

Most of the proposed aspects of the work are completed for certain values of the parameters. They need to be 

completed for extended range of input values. 

 

……………………………………………………………………… 
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Modeling of Propellant Slurry Flow in Solid  

Rocket Motors 

 

Project No  ICSR/ISRO-IIT(M)/MEE/O 1-02/073ffSUN 

 

1. Investigators 

From lIT    : Prof. T. Sundararajan,  

Dr. Srinivas Jayanti, 

Dr. S. R. Chakravarthy 

From ISRO    : Sri. S. K. Athithan 

2. Value of the Project     : Rs. 7.43 Lakhs 

3. Starting date     : 04.03.2002 

 

4. Closing date     : 03.03.2004 

5. Objectives 

  To study the maldistribution in the non-Newtonian propellant slurry flow   during  

         the stage of pouring over the mandrel. 

      To study the settling characteristics of different batches of propellant slurry during  

         the casting of the solid propellant motor. 

Methodology 

 The flow of the propellant slurry during both the pouring and the settling 

stages involves a free surface flow problem. In order to track the shape of the 

free surface at each instant., it is decided to use the VOF (volume of fluid) 

method. 

 In the initial stages it is planned to use the commercial softwares such as 

FLUENT & CFX on model problems as well as for the flow problem 

corresponding to the actual geometry to predict the shape of the interface 

during the pouring and settling phases. 

 In order to have a better appreciation ofthe numerical simulation, it is also 

decided to develop an in-house flow code, which can handle non-Newtonian 

free surface flow problems. 

 To study the rheological behavior of the propellant slurry flow, the power law 

model will be employed and studies will be carried out for different values of 

power law indices. 

7. Summary of the progress achieved 

 During the period under review numerical simulations have been carried out on model 'dam 
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break' problem using the commercial softwares FLUENT & CFX. Using FLUENT, the dam-break problem 

was studied for the case of Newtonian flow. The computational domain consists of a rectangular block (in 20) 

with the length of 3m and overall height of 1. 8m. It is partially filled with water, as shown in Fig.l, and rest 

of the domain is filled with air. The shape of the free surface is tracked and studied at various times starting 

from the time t=O, at which initial free surface profile 
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Investigator(s) 

 

(a) IITM     : Dr. T.Sundararajan  

  Dr. S.Jayanthi 

  Dr. S.R.Chakravarthy 

 

(b) ISRO     : Shri.S.K.Athithan 

 

Value of the Project (Rupees in lakhs)   : 7.42 

 

Starting Date      : 04/03/2002 

 

Closing Date      : 03/03/2004 

 

Objectives 

 

 1. To study the maldistribution in the non-Newtonian propellant slurry flow during the 

     stage of pouring over the mandrel. 

           2. To study the settling characteristics of different batches of propellant slurry during the 

     casting of the solid propellant motor. 

METHODOLOGY 

 1. The flow of the propellant slurry during both pouring and settling stages involves the 

   evolution of free surface. In order to track the shape of the free surface at each instant, 

   VOF (volume of fluid) method is used. 

 2. Fluent (commercial software based on Finite volume method) and In-house code are 

    used to track the free surface in model problems. 

          3. To validate the free surface predicted by Fluent and In-house code, experiments are 

   carried out for model problems. Experiments are also planned for the case of scaled 

  down model of actual geometry. 

         4. The In-house code will be applied for actual flow conditions and geometry. The 

  Power law model will be used as an approximation for flow behavior of propellant 

  slurry and numerical simulations will be carried out for different power law indices. 

 

Work carried out till December 

 

The pouring of propellant slurry over the mandrel and the settling characteristics of 

different batches of slurry during casting of the solid rocket motor are complex in nature and the 

problem is studied in steps. To start with free surface flows are studied for model problems like dam-

break and cavity fill. These model problems are numerically simulated using Fluent, CFX (both are 

commercial soft wares used to study fluid flow problems) and our In-house code. To evaluate the 

results obtained from numerical simulations experiments have also been carried out. Aims of the 

experiment are to get the free surface profiles and the velocity fields at different time steps. The 

numerical simulations are compared with experimental results. After successfully simulating the 

model problems, computations are carried out for the propellant pouring process over the mandrel. 
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During the period under review (August 2003 to January 2004) the In-house code is 

improved to obtain flow field in liquid and gaseous phases. Experiment has been carried out for 

dam-break problem using PIV (Particle Image Velocimetry), in order to have velocity field data at 

different time steps. Results ITom the In-house code are compared with experimental results. Figure 

1 shows the ITee surface profiles obtained from the In-house code and the experiment (PIV) for the 

dam-break problem with an initial height of 0.12m (Figure 1.a); the experiment and computed 

interface shapes at a time of 0.14s after the onset of dam collapse are shown in Figures 1._ and 

l.c.Figure 2 shows the corresponding velocity field. Figures 3 and 4 show the variations in u and v 

components of velocity with respect to height at x=O.1 m (x is the coordinate axis aligned to the 

length of the geometry). 

The numerical results for dam-break flow are also compared with experimental results 

available in literature and the corresponding results are shown in Figures 5 and 6.1t is evident from 

the above results that the code developed in house predicts the evolution of the interface shape 

correctly, at all times. 

The in-house code has also been applied for liquid flow over a cylindrical mandrel. The 

geometry and problem descriptions are shown in Figure 7.Two cases are taken for study. In the first 

case, water is taken as fluid and in the second case HTPB is taken with viscosity index n=0.5 

corresponding to shear thinning behavior. The interface profiles obtained at different time steps are 

shown in Figures 8 and 9.These figures illustrates the occurrence of wavy profiles on the interface 

during the pouring operation. 

 

List of papers published    : Nil 

 

Remarks/Future work plan 

1. To study the pouring process when done in batches. 

2. To study the curing process after pouring and incorporation of time-dependent 

     viscosity variation for the mix. 

3. Experimental study for the scaled down model of the actual geometry. 
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Development of Quality Assured process Technology for  

                   ITOcoatings on Aluminized Kapton Films  

                              for Space Applications 

 

Project No  ICSRlISRO-IIT(M)/PHY /01-02/074/ ASUB 

 

1. Investigators 
 

FromIIT     : Dr. A. Subrahmanyam 

Dr. M.S. Ramachandra Rao 

From ISRO     :  Mr. R Ratnakar 

2. Value of the project     : Rs.3.24 Lakhs 

3. Starting Date      : 08.04.2002 

4. Closing date      : 31.03.2003 

 

5. Objectives 

 To develop a quality assured process technology for desired properties of ITO 

coatings on Aluminized kapton films. 

 To diagnose optically the plasma in the magnetron process for an 

assured repeatability of the ITO coatings. 

 

6. Staff in position     :  Mr. K. Thigarajan 

7.Work carried out till date 

The work involved preparation of tin doped indium oxide (ITO) coatings by reactiv_ DC Magnetron 

Sputtering using Indium and tin metal target. 

The ITO thin films will be prepared on Aluminized Kapton films and glass plates. The-electrical Resisitivity, 

Optical absorption will be studied as a function of growth parameters. The growth parameters are: 

- sputter gas (argon) 

- oxygen flow rate (0-20 sccm) 

              -              magnetron power (20 - 60 watts). 

 The DC Magnetron sputtering system has been set up and trial runs on Glass plates have been 

made to set the growth parameters. 

Since the work involves development of TECHNOLOGY, the entire work is divided into THREE 

major parts: 

 To test the adhesion of the ITO films on Kapton sheets  
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 To achieve the desired optical and electrical properties 
 To fine tune the parameters for quality assurance / space qualification tests 

 

 

 To achieve the repetability of the process through the Optical emission 

spectrum of the magnetron Plasma. 

The first set of twenty samples (prepared during April - August 2002) have shown good' adhesion to Kapton. 

One problem that is noticed is that Kapton started curling after ITO coatings. It is uspected that the heat generated during 

the ITa coating process (due to the bombardment of Ions / atoms at high veleocities may be the cause). In the next 

runs, it is proposed to increase the distance between the target and substrate. 

The second problem encountered is the wide variation of film sheet resistance; this variation is a 

result of non uniform coatings since the substrate is kept static during the coatings process. Ifthe substrate 

(Kapton) is rotated, uniformity can be achieved (to within + / -5%). 

In order to minimize the curling effect on _apton after ITa coatings, the distance between the target - 

substrate has been changed from 6.0 cm to 12 cm. It is observed that the films with high sheet resistance (> 5 

K ohms per square) have not shown the curling effect. 

In order to improve the uniformity of the coatings over the large area (13 cm * 13 cm), a rotation 

mechanism has been incorporated into the sputtering chamber. The rotation is achieved by vacuum 

compatible (sealed) DC Motor working at 9 - 12 volts; the rotation speed is 15 revolutions per minute (at 09 

Volts DC). 

Forty samples have been coated with ITO under different growth conditions: Argon and Oxygen flow 

rates. The magnetron power is kept constant at 45 watts (the Plasma striking voltage is between 280 - 310 

volts) and the sputter time also is kept constant at 30 minutes. Along with the Kapton sheets a glass substrate 

is also coated with ITO over an area of 5 cm * 5 cm. 

Relative humidity tests have been conducted (by heating the ITO coated samples in a steam chamber 

for 30 - 45 minutes). It is observed that the sheet resistance, of the samples has increased by 2 - 4% and the 

adhesion is quite strong. However, the aluminum coated on the other side of Kapton is observed to be peeling 

off when ITO coated Kapton is heated in steam). 

 Evaluation of these ITO coated Kapton for infra red emission, optical absorption and sheet resistance 

measurements along with space qualification tests is awaited. 

 

8. Future work 

After a detailed analyses of the results collected so far (on seventy samples), a meeting is being 

organized between the Investigators during the third week of January and the course of action will be 

discussed and the work will be executed. 
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Nonlinear Steepening of Acoustic Waves into 

 Shock Waves in Variable Area Ducts in the Presence of Entropy 

Gradients 

 

 

Project No  ICSR/ISRO- IIT(M)! ASE/02-03!075IRISU 

 

Investigators 

From lIT    : Dr. R.I. Sujith 

Dr. S. R Chakravarthy  

From ISRO    : Dr. K. Ramal1lurthi 

Value of the Project    :  Rs. 1.26 Lakhs 

Starting date    : 04.09.2002 

 

Closing date     : 03.09.2004 

Objectives 

 To obtain an analytical criteria to predict the time and location of shock formation in variable 

area ducts in the presence of entropy gradients.  

 

Staff in position     : Mrs. Karedla Kanaka Durga 

Work carried out till date 

In the standard linear theory of propagation of sound waves propagate with constant energy and 

uniform wave speed. If thermo-viscous effects are significant, the amplitude (energy) of a wave decreases due 

to damping and after some time the wave almost disappears. However, in the case of a finite amplitude wave 

traveling in a region where the damping is not very high, nonlinear effects come into picture. The 

compressive part of a wave pulse travels faster than the expansiv_part and hence wave crests tend to catch up 

with wave troughs. As a result of this effect, the local slope of the wave increases and steepening of the wave 

occurs. The steepening of the wave will eventually lead to the shock 

In this work, the waveform distortion of a traveling wave is analyzed till the shock formation. A wave 

pulse, which is discontinuous in its first derivative, is launched into a quiescent field. The wave pulse is either 

pure compressive or expansive. The waveform distortion of this traveling wave is investigated in a duct with 

variable area of cross section and in the presence of entropy gradient. Entropy gradient is caused by a change 

in the mean temperature along the direction of propagation of wave. A general criterion for the steepening of 

compression wave into shock is developed. The location of shock is calculated in a variety of ducts and for 

different entropy gradients. 
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 An evolution equation for the slope of wave front has been obtained. It is found that in converging 

ducts, all compression waves, whatever is the value of initial slope, steepen into shock at some finite  

distance. The shock formation distance in a converging duct is always less than the shock formation distance 

for plane wave in homentropic flow. On the other hand, in case of diverging ducts, 

 

compression waves mayor may not evolve into shock depending upon the area variation of the duct.  

In some diverging ducts every compression wave front becomes discontinuous and in some other diverging 

ducts (highly diverging like exponential horns), only those compression wave fronts having their initial slopes 

greater than a critical value will steepen into shock. An expansion wave never steepen into shock. The 

expansion wave either relaxes or tends toward a permanent form independent of its initial slope.  

 

Future work 

 

The future plans will involve deriving an analytical criterion for shock formation in the presence of 

entropy gradients and base flow. After that, the results from the experimental program at LPSC will be 

studied and efforts will be made to apply the results from this study to explain these results. 

 

 
Investigator(s) 

 

(a) IITM     : Dr. R. I. Sujith 

             Dr. S. R. Chakravarthy 

 

(b) ISRO     : Dr. K. Ramamurthi 

  Liquid Propulsion Systems Centre (LPSC) 

 

Value of the Project (Rupees in lakhs)  : 4.853 

 

Starting Date      : 04/09/2002 

 

Closing Date      : 03/09/2004 

 

Objectives 

 To obtain an analytical criteria to predict the time and location of shock formation in 

variable area ducts in the presence of entropy gradients. 

 

Staff in position     : Mrs. Karedla Kanaka Durga 

 

Work carried out till December 

Work schedule 

The project is organized as follows: 

             1) Literature Survey  2 months 

2) Analytical criteria for shock formation in 
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     variable area ducts               9 months 

3) Analytical criteria for shock formation in 

 variable area ducts with entropy gradients           11 months 

 4) Consolidation of results, 

 comparison with the experimental results 

 at LPSC, report writing                                                    2 months  

 Total 24 months 

In the standard linear theory of propagation of sound, a plane wave in a homentropic  environment 

propagates with constant energy and uniform wave speed. If thermo-viscous effects are significant, the 

amplitude (energy) of a wave decreases due to damping and after some time the wave almost disappears. 

However, in the case of a finite amplitude wave traveling in a region where the damping is not very high, 

nonlinear effects come into picture. The compressive part of a wave pulse travels faster than the expansive 

part and hence wave crests tend to catch up with wave troughs. As a result of this effect, the local slope of the 

wave increases and steepening of the wave occurs. The steepening of the wave will eventually lead to the 

wave 'breaking', with multi-valued solutions of the wave equation being obtained (Whitham 1974). In the 

context of 

acoustic wave propagation, multi-valued solutions are meaningless. In fact, at this point, the solution of wave 

equation becomes discontinuous (shock). 

By using the method of characteristics, it is possible to analyze such a problem when a plane 

compression wave is propagating in a constant area duct having uniform entropy (homentropic field). In this 

simple case, the characteristics have a constant slope, and the Riemann invariants are constant along the 

characteristics. These simplifications can be used predict the time and location of shock formation (Liepmann 

& Roshko 1957). 

The wave front expansion is used to investigate the effect of varying cross section and entropy 

gradient on a traveling wave. Pure compression and expansion waves have been considered. These waves 

have discontinuity in the first derivative of the wave front. An evolution equation for the slope of wave front 

is obtained. It is found that in converging ducts, all compression waves, irrespective of their values of initial 

slope, steepen into shock at some finite distance. If a converging duct reaches zero area at some point, shock 

will form before this point. The shock formation distance in a converging duct is always less than the shock 

formation distance in a constant area duct having homentropic flow. On the other hand, in case of diverging 

ducts,compression waves mayor may not become shock depending upon the area variation of the duct. In 

some diverging ducts every compression wave front blows and in some other diverging ducts (highly 

diverging like exponential horns), only those compression wave fronts having their initial slopes greater than 

a critical value will steepen into shock. An expansion wave moving in a diverging duct always relaxes. In a 

converging duct, an expansion wave front either relaxes or tends toward a permanent form independent of its 

initial slope. 

For a compression wave front, the effect of entropy gradient is more or less similar to that of area variation. 

Increasing entropy gradients oppose the shock formation (similar to the diverging duct) and decreasing 

entropy gradients favour the shock formation (similar to converging duct). An expansion wave front always 

relaxes in entropy gradients whether it is creasing or decreasing. 

 

List of papers published    : Nil 

 

Remarks/Future work plan 

 

 Analytical criteria for shock formation in variable area ducts with mean flow. 

 Consolidation of results, comparison with the experimental results at LPSC, report writing. 

 

. 
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Improvement of Mechanical Properties of 

                                 2219 AI- -alloy welds 

 

 
Project No  I CS R/I S R 0- lIT (M)/MET /02-03/07 6/KP RA 

 

2. Investigators 

From lIT     : Prof.K. Prasad Rao  

Dr. M. Kamaraj 

From ISRO     : Dr. P. P. Sinha. 

Mr.Jayara111an. 

 

3. Value of the Project      : Rs 17.62 Lakhs 

4. Starting date     : 1.10.2002 

 

5. Closing date      : 30.9.2005 

6. Objectives 

To improve the mechanical properties, especially the yield strength and fracture toughness 

(KIc or JIc), of 2219 alloy welds (thickness: 15 mm) by the application of 

 advanced welding techniques such as arc oscillation and pulsed current modes 

of TIG welding 

 filler materials with modified compositions 

  application of suitable gas composition of Ar +He 

 optimum heat input values 

 PWHT with and without thermo-mechanical treatments 

 Microstructural evaluation to study the mechanisms for improvement of 

mechanical properties. 

 

7. Staff in Position     : Mr.Ramakiran Mundru 
Mr.Puvvala Nagaraju 

 

8. Work Carried out till date 

 

As the first phase of the work 3.5mm plates of2219 (T62) aluminum alloy are welded using 3 

variations of AC- TIG welding: Pulsed Current (PC), Arc Oscillation (AO) and combination of Pulsed 

Current and Arc Oscillation (PCAO). These methods are supposed to induce weld pool stirring in such a way 

that it results in equiaxed grain structure in place of usual columnar grains associated with weld metals. Welds 

are obtained using various sets of parameters in each case to study their effect on the grain structure of the 

weld metals. 
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Each weld coupon so obtained is cut in to 4 pieces of about 30 mm width each and used for the following 

studies: 

1. Metallography 

2. Post Weld Heat Treatment (PWHT) 

 3. Deformation by rolling (2 to 12%) 

4. Deformation +PWHT 

The changes in the mechanical properties due to these processes are followed by taking micro hardness 

measurements and tensile testing. A few sets of parameters which have resulted in equiaxed grain structure and good 

improvement in micro hardness values are selected and welds have been prepared using those parameters. All 

weld and transverse tensile test specimens are prepared from these specimens and tensile testing is completed. 

Results 

 

The hardness value for 2219 base material in T62 condition is found to be about 120 VHN which also tallies 

with the values quoted in literature. The weld metal hardness value is only about 70 VHN indicating the fact 

that the joint efficiency is going to be around 50% only. 

Tensile testing proved that combination of AO and PC improves yield strength. 

Micro structural Studies 

 

These studies revealed that 

 

 In all cases (PC, AD and PCAD) only some sets of parameters resulted in 

equiaxed grams 

 PCAO looks to be effective when the arc is moved in an elliptical path, the major axis 

of the ellipse being perpendicular to the direction of welding. 

 Irrespective of the process of welding used, the weld metal hardness in the as 

welded condition does not improve. This can be expected, as the material in all 

cases is equivalent to solution treated material. 

PWHT 

It is reported in the literature that peak hardness occurs at 36 hours of aging at 1900 C. So welds 

made by using different parameters where grain refinement was observed were post weld heat treated to see if 

the finer gra\ns and better copper dispersion has any effect on aging behavior. 

 

 PWHT at 190°C for 36 hours improves the hard ness of the weld metal by 

about 10 YHN irrespective of what process is used for welding. 

 The other two temperatures 1200 C and 150°C are being evaluated. 

  TEM studies revealed formation of precipitates 
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Deformation 

 welds are rolled to have a reduction in thickness ranging from 2 to 12% and then the hardness 
measurements were made. 

 Hardness values increase by about 10 VHN in almost all the samples 

irrespective of the percent deformation. 

 Prior welding conditions and finer grains did not matter much 

 

Deformation + Aging 

 Of all the methods tried out this process results in improvement of hardness. The hardnes_ 

levels reached is up to 110 VHN both in weld metal and base metal against the base metal value of 

120 VHN. 

 

 So by carefully applying this process on welds it is possible to obtain weld 

efficiencies up to 80% as against the. 40 to 50% presently being realized in as 

welded condition. 

 Further studies are being conducted in this area 

Conclusions 

 

 AO, PC and PCAO though are useful in obtaining equiaxed grains in the weld 

metal, and result in Improvement of tensile strength. 

 Improvement in hardness values due to defonnation and PWHT is reasonable.  

 Maximum weld efficiencies can be obtained by defonning the weld by 3 to 5% and 

then applying PWHT  

 

9. Future Work 

 

 TEM studies to corroborate the improvement in hardness. 

 Tensile testing to quantify the gain in strength and efficiency of the joint due to 

various processes already investigated.  

 Planishing studies. 

 Trying with modified 2319 filler material 

 

 

 

 

Investigator{s) 

 

(a) IITM     : Dr. K. Prasad Rao 

  Dr. M. Kamaraj 

 

(b) ISRO     : Dr. P. P. Sinha, VSSC  

                   Mr. Jayarainan, VSSC 
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Value of the Project (Rupees in lakhs)  : 14.95 

 

Starting Date      : 01/10/2002 

 

Closing Date      : 30/09/2005 

 

Objectives 

1. To improve the mechanical properties, especially the yield strength and fracture toughness (K1C  

or Jic ), of2219 alloy welds (thickness: 15 mm) by the application of 

  advanced welding techniques such as arc oscillation and pulsed current modes of TIG 

       welding 

  filler materials with modified compositions 

  application of suitable gas composition of AI + He 

  optimum heat input values 

  PWHT with and without thermo-mechanical treatments 

2. Microstructural evaluation to study the mechanisms for improvement of mechanical properties. 

 

Staff in position     : Ramakiran Mundru  

         Puvvala Nagaraju 

 

Work carried out till December 

 

l.WELDING: The following welds have been made and tested 

  T62 condition 2219 (3.5mm) -pulsed current (PC), Arc Oscillation (AO) and their 

combination (PCAO)  

 parameters optimized 

 T87 condition 2219(8.5mm)- CC, PC, AO and PCAO 

 Welds with 2319 filler 

 Welds with conventional fillers 2319,120.1,50.25 and 5356 using both Manual and automatic 

GT A W 

 Welds with addition of Scandium by using AI-2%Sc and 2319-Q.25%Sc 

 Addition of Mg to the above scandium containing welds by prep lacing 50.25 filler wires 

 Electron Beam Welding -normal, stringer bead, elliptical oscillation 

2.Mechanical Testing: All most all the above mentioned welds. were tensile tested and important 

results are given in tables at the end of this report. 

3. Metallography: changes in grain structures are identified and some of the salient results are 

presented at the end 0 f this report. 

4. TEM : Transmission electron mircrography revealed the presence of precipitates in scandium 

containing weld metals and electron beam weld metals. The HAZ of GT A welds and EB welds is 

compared. 

5. SEM and EDX: selected welds are subjected to fractography and the failure modes are 

ascertained. EDX showed the extent of segregation in the welds. Compositions of particles at grain 

boundaries and the matrix compositions are estimated. 

6. EPMA: EPMA revealed the distribution of copper, scandium and other elements in the matrix as 
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well as at tHe grain boundaries. How these distributions vary with welding processes and the weld 

metal chemistry are brought out. 

7. Post weld Thermo-Mechanical Treatment: joints are made of 12 mm thick 2219 T87 plates 

using 2319 filler and automatic GT A welding and 3 weld passes. The weld metal is deformed by 

rolling. Hardness variations in the joint are measured and 

optimal treatment is identified. 

 

RESULTS 

1. Effect of pulsing and arc oscillation: 

Weld metal grain structure can be changed from large columnar grains to smaller equiaxed 

grains by applying all three variations PC, AO and PCAO with GT A W and effects are 

shown in the micrographs presented in Fig.l. In case of welds made on T62 plates there is an 

improvement of about - 30Mpa in yield strength with more than 15%elongation. The 

mechanical properties are presented in Table 1. In case of welds made on T87 plates using 

2319 filler no appreciable improvement in strength is observed, but the percent elongation 

increases due to the grain refinement in the weld metal and the values are shown in Table 2. 

2. Effect of Scandium additions: , 

The content of scandium is varied from 0.25 to 0.80% in the weld metals. A special filler 

alloy containing 0.25%Sc together with 0.25% Zr in an otherwise 2319 

composition is made via melting route and the strips cut from the sheet are used as filler rods 

to make joints. In all cases weld metal grain structure has been altered from columnar to 

equiaxed. In case of welds with higher scandium content equiaxed dendrites are observed in 

the weld metal. Improvement in mechanical properties has been observed in all cases and the 

best results are so far observed in weld metals containing about 0.3 to 0.4% ofMg together 

with scandium. Mechanical properties of these welds are shown in Table 2. Within the 

domain of this study a 2319 filler alloy added with 0.5% Sc and 0.3%Mg looks to be the best 

and it offers about 35% raise in strength and about 75%raise in ductility. Corrosion resistance 

of the weld metals with lower levels of scandium is comparable to 2319 weld metals in terms 

of pitting potentials. 

3. Effect of Thermo-Mechanical Treatment 

Experiments on the post weld thermo mechanical treatment of 2219 (T87) alloy welds have 

been designed using full factorial method so that a comprehensive understanding on the 

aging behavior could be obtained. 

Effect of Deformation: The effect of deformation on the weld metal hardness is shown in Fig.3. It 

can be seen that mere deformation or Planishing could lead to a good amount of strengthening (up to 

30%) in the weld metal. However, by deforming the weld metal beyond 5% the hardness is not 

going to increase drastically. From the bar chart presented in Fig.2 it 

 

can be seen that the hardening response of the weld metal is far better than that exhibited by HAZ. 

The weld metal is the softest in the as welded condition and the HAZ very near (lmm) to the fusion 

line is the hardest. It also can be seen from the hardness values that at about 5mm from the fusion 

line the material is harder than weld metal but softer than the near fusion line HAZ. This trend 

continues to be the same at all the experimented defonnation levels. This trend can be explained by 

considering the hardness values of single pass welds, «WM-77VHN, HAZ (lmm)-87VHN and HAZ 

(5mm) - 1O8VHN), where, the HAZ very near to the fusion line is found to be the softest. The 

conclusion that can be drawn is that the trends are different in single pass and multi-pass welds, and, 

near fusion line HAZ experiences extensive melting of precipitates during the first weld pass and 

partial reprecipitation during subsequent passes, thereby strengthening the region. However, HAZ 

away from the fusion line.(about 5-10mm from the fusion line) experiences lesser dissolution of 
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precipitates and is not a suitable region for hardening by re-precipitation. In this study it is found 

that, hardening of the HAZ away from the fusion line is very slow and very limited hardening can be 

achieved as illustrated by FigA and Fig.5. 

 

CONCLUSIONS: 

 1. Pulsed current welding and arc oscillation used with GT A welding of 2219 results in 

   equiaxed grain structure in weld metals. 

          2. Simultaneous application of arc oscillation and pulsed current is more effective and 

   results in better joint strength in 2219 T62 welds. 

          3. There is no substantial raise in yield strength of the joint due to grain refinement but 

    the ductility as shown by percent elongation increases by up to 100%. 

 4. Electron beam welding offers best mechanical properties. The high strength is due to 

    in complete melting of hardening precipitates. 

          5. Addition of scandium results in equiaxed grain structure in the welds and also in 

    higher YS, UTS and %Elongation of the joint. 

          6. Presence of small amount of Mg (0.3-0A%) along with 0.6-0.7%, Sc in a filler 

              composition otherwise same as 2319 results in the, best mechanical properties (raise 

  in UTS and YS is 35% and about 75% raise in %elongation) with out sacrificing corrosion  

  resistance. 

          7. In case of multi pass welds, defonning the weld metal by about 10-15% in the thickness    

              direction results in raise in hardness (25VHN) and the joint responds poorly to the  

              subsequent aging treatment. 
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List of papers published     : Nil 
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Remarks/Future work plan 

 

 Thermo mechanical treatment of single pass welds and scandium containing welds.  

 Development of methods for minimizing damage in HAZ. 

 Impact and fracture toughness testing of welds 

 

. 
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Development Of A Mixed Refrigerant   

                               Cryocooler For Electronic Cooling 
 

                        Project No 

 
Investigator(s) 

 

(a) IITM     : Dr. S. Srinivasa Murthy  

             Dr. G. Venkatarathnam 

 

(b) ISRO     : Dr. H Narayana Murthy 

  Dr. K Badrinarayana 

 

Value of the Project (Rupees in lakhs)  : 21.04 

 

Starting Date      : 03/03/2003 

 

Closing Date      : 02/0312006 

 

Objectives 

 

This proposal essentially deals with the development of novel MRC systems. The cryogenic 

refrigerator development consists of three parts: 

 

1. Development of high effectiveness heat exchangers, expansion devices, evaporator  

2. Optimization of mixture composition and operating pressures to match the heat load,  

    ambient and refrigerating temperatures (the operating pressure or the bubble point  

    temperature is a function of the mixture composition). 

3. Application of a rotary compressor and oil separation system 

 

Commercially available refrigerator rotary compressors will be used in the project. The specific 

objectives of the project are: 

  Development of prototype mixed refrigerant cascade cryogenic refrigerator for meeting a 

load of 1 to 3 Watts at 80 to 100 K temperature levels using commercially available rotary 

refrigeration compressors 

 Carry out experimental studies on prototype refrigerator with different mixture 

 compositions, heat exchangers and oil separation systems 

 Study the vibration levels at different components. 

 Studies on the use of mixed refrigerant cycles for space, weight and volume reduction 
 aspects 

 DELIVERAB LES 

 1. A prototype cryogenic refrigeration system operating with mixed refrigerants. 

 2. Experimental results on the performance of different prototype coolers with different 

 refrigerant mixtures. 

 3. A comprehensive report on the use of sorption compressors for space applications 
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Work carried out till December 

 

INTRODUCTION 

Joule-thomson refrigerators operating with gas mixtures were originally developed under 

classified programs in the former Soviet Union. They are also under development in the former 

Soviet Union, United States, Germany and China. These refrigerators are known as mixed 

refrigerant cascade (MRC) or throttle cycle refrigerators also. MRC refrigerators are under 

development in our laboratory for the last five years. 

The use of a single compressor in a MRC cycle compared to multiple compressors in 

traditional cascade cycles results in reduction of cost and complexity. The efficiency of the MRC 

cycle can be as high as the traditional cascade cycles because of the low energy efficiency of the 

small compressors, typically between 30 to 45%, depending on the construction (reciprocating or 

rotary) and working pressures. 

This project envisages the development. of reliable miniature cryocoolers based on 

refrigerant mixtures that will address many of the issues such as variation of mixture composition, 

development of miniature heat exchangers and phase separator cycles for oil freezing, not addressed 

so far in our earlier works. The proposed project also deals with miniaturization of our existing 

systems to suit the space/satellite receiver requirements. 

 

WORKDONE IN THE PROJECT DURING THE LAST SIX MONTHS 

 

The following activities have been carried out during the last six months: 

. Development of a phase separator based setup for oil removal. 

 Studies with different nitrogen-methane-ethane-propane-isobutane-pentane, nitrogen 

 methane-ethane-propane-neon mixtures 

 Development of a two stage MRC system. 

 A phase separator cycle prototype has been developed. In this cycle, the traces of oil is 

expected to be removed at high temperature by separating the liquid, which is mostly made up of 

high boilers such as pentane, isobutane, along with the traces of oil. Preliminary tests showed that 

the phase separator did not function to our expectation. A new phase separator has been built and 

tests are now being conducted. Freezing of oil did not occur in the evaporator even after several days 

of testing. The long term reliability needs to be understood. Also the mixtures to be used for this 

system are different from those that need to be used in a system with out phase separators. 

Figure 1 shows the schematic of a single stage MRC refrigerator. In this cycle a mixture, 

of refrigerants is compressed from state point 1 to state point 2. The heat of compression is rejected 

in the after-cooler (state point 3). Then the refrigerant and the lubricating oil are separated, before 

the high pressure refrigerant is introduced into the cryostat (state point 4). The high pressure 

refrigerant is condensed and sub-cooled using the low pressure refrigerant leaving the evaporator in 

a counter current heat exchanger (state point 5). The sub-cooled refrigerant is expanded from state 

point 5 to state point 6, and is evaporated in the evaporator to state point 7. 

 

PERFORMANCE OF A MULTI STAGE MRC CYCLE 

 

One of the problems with the single stage cycle shown in Fig. 1 is the possibility of carry 

over of the compressor lubricating oil, which can freeze in the expansion capillary tubes. In order to 

avoid the freezing, a phase separator cycle (Fig. 2), also known as the multistage cycle is under 

development. 



375 

 

In our cycle (Fig. 2), a phase separator is employed to remove some of the high boiling point 

components such as butanes and pentanes and the lubricating oil carried over from the compressor 

from reaching low temperatures where they may freeze. In the phase separators, the liquid consists 

mostly of the high boiling point components, and the vapour phase preferably does not contain any 

high boiling components. The liquid is expanded to a lower pressure, mixed with the low pressure 

refrigerant returning trom the evaporator at an intermediate temperature and returned to the 

compressor. The expanded liquid also provides the necessary cooling to cool and condense the 

vapour stream leaving the phase separator. The use of a phase separator also allows balancing the 

reftigeration needed to cool the high pressure reftigerant at different temperatures. When no liquid 

phase is present, the phase separator simply acts as a bypass valve to decrease the flow rate through 

the heat exchangers. 

 

RESULTS 

In our reftigerator a rotary piston R22 compressor of 3.8 m3fhr capacity was used. A 

capillary was used for expanding the low temperature reftigerant. A constant pressure valve was 

used to expand the liquid at the outlet of the phase separator. A heat exchanger of 6.5 metres length 

was used in our system. A pressure less than 10-4 mbar was maintained in the cryostat. The system 

was charged with the following mixture: Nitrogen/MethanelEthane/Propane/lsobutane: 

36/14/07/22/2 I mol%. 

Figure 3 shows the cool down curve of the multistage refrigeration system shown in Fig.2. It 

can be seen that a temperature of 100 K can be reached in 50 minutes time, and about 93 K in 63 

minutes. Figure 4 shows the heat load and energy efficiency of our refrigerator with the mixture at 

different evaporator outlet temperatures. With the present mixture a load of7 Watts could be met at a 

temperature of 100 K, and a maximum load of20 Watts at 130 K. A maximum exergy efficiency 

of2.5% could be achieved at about 110 K. 

 

List of papers published     : Nil 

 

Remarks/Future work plan 

 

CONCLUDING REMARKS 

A multistage mixed refrigerant cascade reftigerator has been built and tested with a nitrogen-

hydrocarbon mixture. The system cools down to 100 K in about 1 hour. A load of 7 Watts could be 

met at 100 K. A higher efficiency can be achieved in our system by improving the phase separator 

and using a more appropriate mixture. 

 

FUTURE WORK 

In the next six months efforts will be made to improve the efficiency of the phase separator 

cycle. Preliminary results will also be obtained with a precooled cycle, which is being developed. 

 It is also envisaged to build a lighter heat exchanger with stainless steel tubes I 

imported from Germany for this purpose. 
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Investigator(s) 

 

(a) IITM    : Dr. G. Venkatarathnam 

 

(b) ISRO    : Dr. H. Narayana Murthy 

 

Value ofthe Project (Rupees in lakhs) : 21.04 

 

Starting Date     : 03/03/2003 

 

Closing Date     : 02/03/2006 

 

Objectives: 

 

The proposal essentially deals with the development of novel MRC systems. The cryogenic 

refrigerator development consists of three parts: 

1. Development of high effectiveness heat exchangers, expansion devices, evaporator 

2. Optimization of mixture composition and operating pressures to match the heat load, ambient and 

refrigerating temperatures (the operating pressure or the bubble point temperature is a function of the 

mixture composition). 

3. Application of a rotary compressor and oil separation system 

 

Commercially available refrigerator rotary compressors will be used in the project. 

 

The specific objectives of the project are: 

 

 Development of prototype mixed refrigerant cascade cryogenic refrigerator for meeting a 

load of 1 to 3 Watts at 80 to 100 K temperature levels using commercially available rotary 

refrigeration compressors 

 Carry out experimental studies on prototype refrigerator with different mixture compositions, 

heat exchangers and oil separation systems 

 Study the vibration levels at different components. 

 Studies on the use of mixed refrigerant cycles for space, weight and volume reduction 

aspects 

 

DELIVERABLES 

 

 A prototype cryogenic refiigeration system operating with mixed refiigerants. 
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  Experimental results on the performance of different prototype cryocoolers with different   

       refrigerant mixtures 

 A comprehensive report on the use of sorption compressors for space applications 

 

Work carried out: 

 

The following activities have been carried 

 

 Studies with different nitrogen-hydrocarbon mixtures on two stage system 

  Development of a new single stage system with a smaller compressor (250 Watts) 

 

During the previous six months a two stage system under development earlier has been completed 

and preliminary tests have been carried out with different mixtures. During the last six months, this 

system has been improved considerably. The power consumption of the precooler has been 

decreased from about 800 Watts to about 450 Watts, while increasing the efficiency of the system. 

 

In this project, different types of heat exchangers have been fabricated, and the systems have been 

tested with different compressors and mixtures. 

It should be mentioned that the mixture used in all these tests is designed for optimized performance 

with a single stage system. The optimum composition of the mixture to be used in the precooled and 

single stage systems is somewhat different. With an optimum two stage mixture, the performance is 

expected to increase even more significantly. It should also be possible to r_duce the cool down to 

100 K time from the current 15 minutes by 2 to 3 minutes with new mixtures. Further decrease in 

cool do'.'::: time requires reducing the weight of the heat exchanger significantly, by replacing the 

existing copper capillary tubes in the heat exchanger with stainless steel thin walled capillary tubes. 

With a cool down time of about 1215 minutes the system will lend itself to many applications such 

as computer/electronic cooling as well as cooling of water traps in the fabrication of Integrated 

Circuits and microprocessors, where a short turn around time is desired. The developments during 

the last six months are therefore quite significant. 

 

While a 750 Watts Daikin compressor was used in the single stage system, a 1100 Watts main 

compressor and a 450 Watts precooler compressors were used in the two stage system. The 1100 

Watts compressor will be shortly replaced by a 750 Watts Hitachi compressor. The performance of 

the system is expected to improve significantly there after. 
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Efforts are also on to develop to test even smaller compressors for the single stage system. 

 

CONCLUSIONS: 

 

The two stage system with the fastest cool down time ever reported has been achieved during the last 

six months even with a mixture optimized for a single stage system. In the next six months efforts 

will be made to improve the performance of this system even more, and to develop a prototype for 

delivery to ISRO. 
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Digital Photo Elasticity using single shot 

Data acquisition 

 
  Project No 

 
 

 

Investigator(s) 

 

(a) IITM     : Dr. K. Ramesh 

 

(b) ISRO     : Dr. S. Annamala Pillai, S G 

 

Value of the Project (Rupees in lakhs)  : 13.35 

 

Starting Date      : 03/03/2003 

 

Closing Date      : 02/03/2005 

 

Obj ectives 

 

 1. To device algorithms for calculating total fringe order based on single shot data acquisition in digital  

          photoelasticity. 

 2. Development of necessary software framework to make the various algorithms developed platform  

           independent. 

 3. Application of the above techniques for solving practical problems including some example problems  

          that are of interest to YSSC, Trivandrum. 

 

Staff in position     : S. Uma 

                L. Kannan 

 
Work carried out till December 

 

Software for three-fringe photoelasticity (TFP) has been sent as a part of the first phase of the project. 

The developed software determines the total fringe order by comparing the RGB values of a point with the 

calibrated RGB values. The results thus obtained contained considerable noise. This has been studied and 

found that the noise produced is localized. A filtering algorithm for the real numbers of the result thus 

obtained may prove useful. As a first step, simple averaging was performed for a beam under four point 

bending and the pictorial representation is shown. 
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Comprehensive software will be developed including all the features. Efforts will be made to embed pre 

and post processing techniques necessary for digital photoelasticity in 

 

the software. 

 Benchmark problems and practical problems will be solved using the above 

mentioned techniques. 

 

……………………………………………………………………… 

 

 
Investigator(s) 

 

(a) IITM    : Dr. K. Ramesh 

 

(b) ISRO    : Dr. S. A. Pillai 

 

Value of the Project (Rupees in lakhs) : 14.35 

 

Starting Date     : 03/0312003 

 

Closing Date     : 31/0712005 

 

Objectives: 

 

1. To device algorithms for calculating total fringe order based on single shot data 

    acquisition in digital photoelasticity. 

 

2. Development of necessary software framework to make the various algorithms 

                 developed platfoITI1 independent. 

 

3. Application of the above techniques for solving practical. problems including some 

    example problems that are of interest to VSSC, Trivandrum 

 

Work carried out till December: 

 

A Software named IITMPhoto has been developed for generating phase maps using both four 

step and six-step phase shifting techniques. It also incorporates Fsigma evaluation, thresholding and 

fringe thinning. The phase map generated from the software can be fed into the software SolUnwrap 
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for calculating total fringe order. 

The software IITMPhoto has been installed at the Structural Testing Laboratory ofVSSC, 

Trivandrum during a visit in December lasting three days. The software is demonstrated by solving 

some of the practical problems and appropriate training is given to the technical staff of the 

laboratory. Phase maps were generated for some of the specimens using IITMPhoto. Due to poor 

quality optical elements in VSSC experimental set up, incorrect phase map generated was not totally 

correct. However, when the same slice is analyzed at llTM, the phase map obtained was as expected. 

 

Recommendations 

 The Experimental setup at VSSC needs its optical elements replaced to fully take 

advantage of the new algorithm developed at IITM. 

 

List of papers published: 

 

Prashant P. L., Madhu, K .R., Ramesh. K., "New initiatives in phase unwrapping", International 

Conference on Experimental Mechanics 2004,Singapore. 

 

Remarks: 

 

Three-fringe photo elasticity will be improved further by developing and implementing new 

filtering algorithms. 
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Flow Boiling Heat Transfer inside  

Narrow Tubes 

 
     Project No 

 
 

Investigator(s) 

 

(a) IITM     : Dr. A R Balakrishnan 

  Dr. Sarit Kumar Das 

 

(b) ISRO     : Dr. K. Ramamurthy  LPSC,VSSC 

 

Value of the Project (Rupees in lakhs)  : 22.27 

 

Starting Date      : 03/03/2003 

 

Closing Date      : 02/03/2006 

 

Objectives 

The main aim of the present study is to qualitatively identify the flow patterns and physical 

features of two-phase flow (with or without heat transfer) with decrease in channel dimensions. 

Quantitatively, proper flow mapping and identification of proper correlation for pressure drop and 

heat transfer in such channels is primary task to be taken up. 

 

Staff in position 

 

Work carried out till December 

1. Details of the work . 

In literature there is no unanimity about what can be specified as mini, micro and meso scale 

as per boiling is concerned. However, keeping applications in mind channels of dimension of 0.8-

3.0mm where size effect on boiling comes into play has been chosen as domain of study for the 

present work. 

It has been found in literature that with decreasing scale the shape of the channel plays a 

major role in two-phase flow behaviour. Most of the studies available are in rectangular channel 

heated from three sides. However looking at the applications and generalization it is decided to use 

circular tubes for the present study. 

 

1.1 Cold Study 

 

The first part of the study will be isothermal flow of air-water mixture basically to identify two-

phase behaviour on decreasing dimensions. From the available cold flow studies following 

comments can be made: 

 The discernible flow patterns are bubbly, churn, slug, slug-annular and annular. 
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 Surface tension is predominant in capillaries and significantiy reduces the slip velocity and 

renders the flow characteristics independent of channel orientation with respect to gravity. 

 

 No stratified (separated) flow is observed in small channels. 

 

 The pressure drop and void fraction correlations don't predict well for annular flow (high superficial 

gas velocity). 

 

 Void fraction monotonically increases with increasing superficial gas velocity (constant 

superficial liquid velocity) and decreases with increasing superficial liquid velocity (constant 

superficial gas velocity). 

 

 Homogenous flow (mixture) model best predicts the void fraction and channel pressure drop 

as to other empirical correlations. 

 

 Homogenous models and correlations have been modified by introducing dimensionless 

groups (like Weber number, Boiling number etc.). These seem to predict better. 

 

From the above it is very clear that no comprehensive flow mapping has been done for twophase 

flow in narrow channels. The regimes of stratified flow and knowledge about application of different 

correlations in cold flow studies are still in preliminary stage. 

 

Based on these observations it is decided to carry out the following studies: 

 

1. A complete flow mapping in the range of narrow tubes selected and thereby identify the 

 dimension at which stratified flow cease to exist. 

 

2. Through systematic study, confirm the dimension at which different effects like gravity, 

 surface tension, interfacial shear etc become size dependent. 

 

3. To modify existing correlations or to develop new correlations to predict pressure drop, 

 particularly at high superficial velocity. 

 

1.2 Hot Study 

 

For two-phase flow with heat transfer, following observations have been made on the basis of 

literature: 

 

 Three flow patterns were commonly observed during flow boiling in mini channels: Isolated 

bubble, confined/plug/slug and annular!. 

 

 Visual studies available in literature have been conducted for low mass flux and heat flux2. 

 

 Surface tension effects alter the flow pattern. Absence of stratified flow indicating minimal 

of gravity effect. 

 

 Flow regime maps developed for large diameter tubes are not applicable for small dian1eter 

tubes. 
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 Nucleate boiling is the dominant mechanism over the wide range of conditions in narrow 

tubes. Heat transfer coefficient are independent of mass flux and vapor quality, but are strong 

function of heat flux and system pressure in the saturated region. 

Based on the above observations, following studies are decided to be carried out: 

 

1.  Deviation of the hot flow regimes from that of the cold flow and modification of flow  mapping 

as required. 

 

2. A detailed and systematic study of the effect of diameter on flow patterns, heat transfer rates and  

    pressure drop. Large range of controlling variables such as degree of inlet subcooling, mass flux,  

    quality and tube length will be considered. 

 

3. Identification and development of flow boiling correlation for a wide range of tubes 

 particularly in the region of high mass flux. 

 

4.   Identification of critical heat flux mechanism and proper correlation for it. 

 

2. Work Completed as on Date 

  A comprehensive literature survey has been carried out. 

 

 Design of experimental circuit for hot and cold flow has been completed (sketches of both 

experimental set up are enclosed herewith). 

 

  Based on conventional correlations, ranges of measurable parameters are calculated and    

       components along with specification have been identified. 

 

 High-speed camera for photographic study has been identified. 

 

3. Experimental setup details: 

 

Test section 

Material   : SS316, glass and fused silica 

Tube inside diameter  : 0.8mm, 1.5mm, 2.0mm, 2.5mm with 1.5mm wan thickness each 

Tube length  : 300mm (test length=100mm) 

 

3.1 Cold study 

 

Water flow meter (rotameter) 
Water flow range : 0-10 LPH, 0-50LPH, 0-500LPH 

Temperature : ambient 

 

Air flow meter (rotameter) 

Air flow range : 0-0.5m3fhr, 0-1 m3fhr, 0-5 m3fhr 

Temperature range : ambient 

 

3.2 Hot study:  

Temperature range   : 10-250 °C 
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System fluid   : Water, Ethylene glycol, Toluene, Isopropanol, R113 

System pressure range  : 1-3.5 bar 

Temperature range  : 10-250 °c 

 
Differential pressure transducers: 

Differential pressure range: 0-100 mbar, 0-500 mbar, 0-2000 mbar 

 

Pump:  

Type  : Sealless canned motor pump 

Discharge : 600 LPH (maximum) 

Head  : 3.5bar 

 

Liquid mass flow meter (micro motion) 

Flow range : 0-200 LPH 

 

Thermocouple:  
Type    : K-type 

Temperature range  : 10-250 DC 

Outer diameter : 25 flm (2) and 0.5mm (6) 

 

 

 

List of papers published   : Nil 

 

 

Remarks/Future work plan 

Work Plan for the Next Six Months 

 The chosen instrumentation is to be procured, including High Speed Camera  

 The test section is to be fabricated for cold study as well as hot study and experimental loop 

is to be installed. 

 Surface roughness has to be detern1ined using scanning electron microscope.  

 Test runs are to be carried out. 

 Theoretical modeling should be initiated. 

 

 

……………………………………………………………………… 

 
Investigator(s) 

 

(a) IITM    : Dr. A R Balakrishnan  

  Dr. Sarit Kumar Das 

 

(b) ISRO    : Dr. K. Ramamurthi 

 

Value of the Project (Rupees in lakhs) : 24.07 

 

Starting Date     : 03/03/2003 
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Closing Date     : 02/03/2006 

 

Objectives: 

 

The main aim of the present study is to qualitatively identify the flow patterns and physical 

features of two-phase flow (with or without heat transfer) with decrease in channel dimensions, and 

quantitatively, proper flow mapping and identification of proper correlation for pressure drop and 

heat transfer in such channels is primary task to be taken up. 

 

Work carried out: 

 

Details of the work 

 

In literature there is no unanimity about what can be specified as mini, micro and meso scale 

as per boiling is concerned. However, keeping applications in mind channels of dimension of O.8-

3.0mm where size effect on boiling comes into play has been chosen as domain of study for the 

present work. 

 

It nas been found in literature that with decreasing scale the shape of the channel plays a major role 

in two-phase flow behaviour. Most of the studies available are in rectangular channel heated from 

three sides. However looking at the applications and generalization it is decided to use circular tubes 

for the present study. 

 
Cold Studies 

 

The first part of the study will be isothennal flow of air-water mixture basically to identify two-

phase behaviour on decreasing dimensions. From the available cold flow studies following 

comments can be made: 

 

 Five major flow patterns could be distinguished in the experiments which are the bubbly, slug, chum, 

slug-annular and annular flow. 

 In the case of tub_s with smaller diameters studies show that diameter and surface tension effects 

play an important role in detennining the flow patterns and transitions between them. 

 The two-phase flow characteristics are distinctly different from those in minichannels and 

conventional correlations no longer apply. Little is yet known about the effects of surface 

tension and liquid property on adiabatic two-phase flow in microchannels. 
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 Surface tension is predominant in capillaries and significantly reduces the slip velocity and renders 

the flow characteristics independent of channel orientation with respect to gravity. 

 

 No stratified (separated) flow is observed in small channels. 

 The pressure drop and void fraction correlations don't predict well for annular flow (high 

superficial gas velocity). 

 Void fraction monotonically increases with increasing superficial gas velocity (constant superficial 

liquid velocity) and decreases with increasing superficial liquid velocity (constant superficial gas 

velocity). 

 

From the above it is very clear that no comprehensive flow mapping has been done for p"""phase 

flow in narrow channels. The regimes of stratified flow and knowledge about application of different 

correlations in cold flow studies are still in preliminary stage. 

 

Based on these observations it is decided to carry out the following studies: 

 

1. A complete flow mapping in the range of narrow tubes selected and thereby identify the 

 dimension at which stratified flow cease to exist. 

2. Through systematic study, confirm the dimension at which different effects like gravity, 

 surface tension, interfacial shear etc become size dependent. 

3. To modify existing correlations or to develop new correlations to predict pressure drop, 

 particularly at high superficial velocity. 

Boiling Studies' 

For two-phase flow with heat transfer, following observations have been made on the basis of 

literature: 

 Three flow patterns were commonly observed during flow boiling in mini channels: Isolated 

bubble, confined/plug/slug and annular. 

 Visual studies available in literature have been conducted for low mass flux and heat flux. 

 Surface tension effects alter the flow pattern. Absence of stratified flow indicating minimal 

of gravity effect. 

 Flow regime maps developed for large diameter tubes are not applicable for small diameter tubes. 

 Nucleate boiling is the dominant mechanism over the wide range of conditions in narrow 

tubes. Heat transfer coefficient are independent of mass flux and vapor quality, but are strong 
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function of heat flux and system pressure in the saturated region. 

 

Based on the above observations, following studies are decided to be carried out: 

 

1. Deviation of the hot flow regimes from that of the cold flow and modification of flow  mapping 

as required. 

 

      2. A detailed and systematic study of the effect of diameter on flow patterns, heat transfer rates and 

pressure drop. Large range of controlling variables such as degree of inlet subcooling, mass flux, 

quality and tube length will be considered. 
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Knowledge Discovery System for Spatial   

Databases and Geographic Information 

Systems 

Investigator(s) 

 

(a) IITM     : Dr. S Sundar 

 

(b) ISRO     : Dr. K M M Rao, 

           DD, NRSA, HYDERABAD 

 

Value of the Project (Rupees in lakhs)  : 10.62 

 

Starting Date      : 03/03/2003 

 

Closing Date      : 02/03/2006 

 

Objectives 

 

 To extract intelligent infonnation from the Remotely Sensed Imagery (RSI) data using 

efficient data mining techniques. 

 To develop efficient algorithms for data mining on RSI data. 

 Extracting the interesting rules from RSI datasets, in combination with other data such as 

ground and weather data. 

     Applications in diverse fields such as natural disaster prediction and defence planning. 

 

Staff in position     : In Process of Recruitment 

 

Work carried out till December 

 

 We have analyzed the Remotely Sensed Image data using existing tools for creating a map 

and to map a particular location to a value. These tools are used for GIS and some of the 

tools are listed as fallows. 

o  Map Info V.7.0 

o  Matlab 

o  Global Mapper 

o  Map Maker 

 We have devised an efficient algorithm called as "MMDBM" which is based on the data 

mining technique called "Classification". 
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 The MMDBM algorithm is submitted -for publication in "International Journal of 

Mathematical and Computer Modeling" and is currently under review. 

 

 Enhanced version of MMDBM devised to make the classification of categorical attributes 

more efficient. It uses an algorithm for rapidly finding the smallest subset Tmin c S satisfying 

some condition P. The algorithm generates a sequence of all subsets of a set of n elements in 

which the number of elements in each subset is monotonically increasing. 

 Working on Pruning techniques to reduce the number of database scans, the nwnber of 

candidate item sets, and/or the number of transactions involved in mining. 

 

List of papers published : 

"A New Predictive Classifier with an Object Oriented Design for Improved Performance in 

Data Mining", S. Sundar, Kunda M.M. Rao, S. Vasan, Ravinder Yadav, V. Sivakumar International 

Journal of Mathematical and Computer Modeling, under review 2003/2004 

 

Remarks/Future work plan 

  To develop an efficient pruning algorithm to be used in "MMDBM". 

 Understanding Peano Count Tree -the spatial data structure. 

 Developing and Evolving "MMDBM" to use P-tree for decision tree classification. 

 Enhancing the Pruning algorithm to work on P-tree data structure. 

  Understanding how the remotely sensed image data is stored in ISRO. 

 What are the different types afimage formats used and what are the different bands an image. 

 Get more info about the current working process and image manipulation. 
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Knowledge Discovery System for Spatial Databases 

 And Geographic Information Systems 

 

                 Project No 

 

 
Investigator(s) 

 

(a) IITM     : Dr. S Sundar 

 

(b) ISRO     : Dr. K M M Rao, 

           DD, NRSA, HYDERABAD 

 

Value of the Project (Rupees in lakhs)  : 10.62 

 

Starting Date      : 03/03/2003 

 

Closing Date      : 02/03/2006 

 

Objectives 

 

 To extract intelligent infonnation from the Remotely Sensed Imagery (RSI) data using 

efficient data mining techniques. 

 To develop efficient algorithms for data mining on RSI data. 

 Extracting the interesting rules from RSI datasets, in combination with other data such as 

ground and weather data. 

     Applications in diverse fields such as natural disaster prediction and defence planning. 

 

Staff in position     : In Process of Recruitment 

 

Work carried out till December 

 

 We have analyzed the Remotely Sensed Image data using existing tools for creating a map 

and to map a particular location to a value. These tools are used for GIS and some of the 

tools are listed as fallows. 

o  Map Info V.7.0 

o  Matlab 

o  Global Mapper 
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o  Map Maker 

 We have devised an efficient algorithm called as "MMDBM" which is based on the data 

mining technique called "Classification". 

 

 The MMDBM algorithm is submitted -for publication in "International Journal of 

Mathematical and Computer Modeling" and is currently under review. 

 

 Enhanced version of MMDBM devised to make the classification of categorical attributes 

more efficient. It uses an algorithm for rapidly finding the smallest subset Tmin c S satisfying 

some condition P. The algorithm generates a sequence of all subsets of a set of n elements in 

which the number of elements in each subset is monotonically increasing. 

 Working on Pruning techniques to reduce the number of database scans, the nwnber of 

candidate item sets, and/or the number of transactions involved in mining. 

 

List of papers published : 

"A New Predictive Classifier with an Object Oriented Design for Improved Performance in 

Data Mining", S. Sundar, Kunda M.M. Rao, S. Vasan, Ravinder Yadav, V. Sivakumar International 

Journal of Mathematical and Computer Modeling, under review 2003/2004 

 

Remarks/Future work plan 

  To develop an efficient pruning algorithm to be used in "MMDBM". 

 Understanding Peano Count Tree -the spatial data structure. 

 Developing and Evolving "MMDBM" to use P-tree for decision tree classification. 

 Enhancing the Pruning algorithm to work on P-tree data structure. 

  Understanding how the remotely sensed image data is stored in ISRO. 

 What are the different types afimage formats used and what are the different bands an image. 

 Get more info about the current working process and image manipulation. 

 

……………………………………………………………………… 

 
Investigator(s) 

 

(a) IITM    : Dr. S.Sundar 

 

(b) ISRO    : Dr. A. Jayaram 
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Value of the Project (Rupees in lakhs) : 10.62 

 

Starting Date     : 03/03/2003 

 

Closing Date     : 02/03/2006 

 

Objectives: 

 

 To extract intelligent information from the Remotely Sensed Imagery (RSI) data.  

 To develop algorithms fro segmentation of Remotely Sensed Images. 

 To develop algorithms for storing the Remotely Sensed Images in database. 

 To develop algorithms for data mining on RSI database 

 Extracting interesting rules from RSI dataset, in combination with other data. 

  Explore applications to diverse fields. 

 
Work carried out: 

 

 A novel approach, named Topological Optimization Technique, for segmenting RSI data has been 

developed and successfully tested for various RSI datasets. 

 A tool has been developed to convert image files from Byte Sequential (BSQ) file format to Bit 

Sequential (L:;Q) file format. This is useful in construction of Peano Count Trees. 

 Implemented P-ARM Algorithm for association rule mining on spatial data using P-trees. 

 

 Implemented Peano Count Tree data structure for representing spatial data and efficient data mining. 

 Implemented Peano Count Tree Algebra used for data mining from Peano Count Trees. 

 

 

 Implemented an efficient pruning algorithm to effectively reduce the number of database 

scans, the number of candidate itemsets and the number of transactions involved in mining. 

 

List of papers published: 

 

      1. "A New Predictive Classifier with an Object Oriented Design for Improved Perfonnance in Data Mining",   

           S.Sundar, Kunda M.M.Rao, S.Vasan, Ravinder Yadav, V.Sivakumar, Mathematical and Computer  

           Modeling, 2005. (In press) 

2. "Segmentation of Remotely Sensed Imagery using Topological Optimization 

 Technique", S.Sundar, Kunda M.M.Rao, A.B.Subramanyam. (To be communicated to IEEE Transactions  

      on Geoscience and Remote Sensing) 
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Future work plan: 

 

 Improving the efficiency of the algorithm involved in Topological Optimization technique to 

segment Remotely Sensed Images, as it involve solving six FEM modules at each iteration. 

 

 Improving the P-ARM algorithm, in tenus of the complexi_y, for an effective spatial data 

mining of RSI datasets using P-trees. 

 

 A proper fusion of the above two algorithms (Segmentation using Topological Optimization and P-

ARM for Association Rule Mining) for SDM applications. 
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Hardware Implementation  of A Video               

Imaging System For Launch Vehicles 

 

      Project No 

 
Investigator(s) 

 

(a) IITM     : Dr. S. Srinivasan  

  Shri. H Renganathan 

 

(b) ISRO     : Mr. T. R. Chidambaram, Group Director,   

  CDSG, Avionics ,YSSC, Thiruvananthapuram 

 

Value of the Project (Rupees in lakhs)  :7.36 

 

Starting Date      : 01/10/2003 

 

Closing Date      : 30/09/2005 

 

Objectives 

 The objective of the project is to improve the imaging system for the launch vehicles 

by implementing the JPEG 2000 standards. 

 

Staff in position     : One Project Officer from 1-1-04 

 

W'ork carried out till December 

  Studies were carried out on various options of implementing JPEG 2000. 

  Implementation of Discrete Wavelet Transforms has been done and coding for algorithms  

such as quantization, bit plane coding and entropy is being carried out. 

  A visit was undertaken to ISRO and discussions were held to decide about choosing 

       the right option for the specific application. . 

 

List of papers published    : Nil 

 

Remarks/Future work plan 

Details for project implementation have been prepared as per ISRONSSC request. The scope 

of work includes C/Matlab coding for proving the algorithms used, Verilog coding and testing of the 

architecture mapped on an FPGA device to MPEG2/JPEG 2000 standards and, finally assisting 

ISRO to fabricate and test the hardware. 

……………………………………………………………………… 

 
Investigator(s) 

 

(a) IITM     : Dr. S. Srinivasan 

  Mr. H. Renganathan 
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(b) ISRO     : Mr. T. LR. Chidambaram 

 

Value of the Project (Rupees in lakhs) : 7.36 

 

Starting Date     : 01/10/2003 

 

Closing Date     : 30/09/2005 

 

Objectives: 

 

The objective of the project is to improve the imaging system for the launch vehicles in terms 

of quality and processing speed by implementing the JPEG 2000 standards on FPGA. The scope of 

work covers the development of Verilog codes for the Video Codec and assisting VSSC/ISRO in 

their development of FPGA board. 

 

Work carried out till December: 

 Studies on various options of implementing JPEG 2000. 

 Visiting YSSC/ISRO for discussions to decide about choosing the right option for their specific 

application. 

 Verilog implementation of Discrete Wavelet Transform and quantization and their inverse, 

bit plane coding, entropy coding. 

 Camera interface, memory organization, controller and integration of these modules to 

complete the Video encoder. 

This is in progress. 

 Development of Yerilog codes for Video decoder, which are the inverse modules of the 

encoder. 

 Synthesis, Place & Route and back annotation. 

 Assisting YSSC/ISRO in their FPGA board development, testing and preparation of document. 
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Software Engineering and Parallelization of 

On- board Software for Spacecraft 

 

     Project No 
 

Investigator(s) 

 

(a) IITM     : Dr. N.S. Narayanaswamy 

 

(b) ISRO     : Dr. V K Agarwal 

 

Value of the Project (Rupees in lakhs)  : 1.86 

 

Starting Date      : 01/10/2003 

 

Closing Date      : 30/09/2004 

Objectives 

Staff in position 

Work carried out till December 

 The operations that an AGCS computer performs are classified into the following: 

 Obtaining input from different sources, sensors and telecommand. 

  Processing these inputs. 

 Performing appropriate actions, for example, signals to actuators, and telemetry, based on the 

results of the processing. 

Among these three classes, the first and third are hardware events, and the second is typically a piece 

of code that is executed by the computer. These events are known when the AGCS is designed, and 

rigid synchronization conditions are to be maintained so that the data is obtained, processed, and 

actions initiated correctly and consistently. Given the events and the dependencies among them in 

terms of precedence relations between pairs of events, it is necessary to schedule these events in a 

linear order so that none of the precedence constraints are violated. Further, the AOCS computer 

repeatedly performs the designated tasks in an infinite sequence of 32millisecond loops. Currently, 

this scheduling is done by hand as there are only a small number of events (about 40) to be 

scheduled. The goal of our exercise is two fold. One is to create a software where the events and 

precedence relations are to be input, and a range of schedules be output for the designing team to 

chose from. The second goal is to design algorithms for this task, perform a theoretical analysis of 

their performance and implement them to achieve the first goal. 
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…………………………………………………………………………………………………………. 
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Our contribution so far has been to identify the constraints and frame the problem in a graph 

theoretic setting. In this report we present the constraints and present the model as a graph theoretic 

problem. Finally, we outline the work that is planned for the next three months. 

Constraints and the Model 

The events to be scheduled are hardware events and software modules. Examples of typical 

hardware events and the relation between them are Data Ready Signal (DRDY), which should be 

followed by a Digital Sensor Inhibit, followed by a Data Acquire, and then a Digital Sensor High. 

Each event should happen within a specified interval of the preceding event. Similarly, other 

ex<l!llple hardware events are Tacho Inhibit, Tacho Ready, Telemetry inhibit, Telemetry high, and 

only after a certain time interval. Many of these hardware events are used by software modules 

which in turn trigger other hardware events. Consequently, we also consider a fixed number of 

software modules whose running times are tested and good estimates are given. These software 

modules' themselves have precedence relation among themselves, and also have a precedence 

relation with a fixed set of hardware events. Examples of software modules are those that perform 

computations related to the attitude of the satellite, those that take in earth co-ordinate information 

via telecommand and compute the angle at which a camera needs to be rotated, etc. The goal is to 

find a schedule for all the events within a 32 millisecond cycle. 

A Formal Model: The nature of this problem falls into a well studied class of Scheduling problems 

with an aim to minimize the Makespan, that is to minimize the latest completion time among a given 

set of tasks. We formally model an input instance as a Labeled Directed Graph D = (V, E). Here V is 

the set of vertices and correspond to the given set of events, and E is a subset of V xv. Each element 

of e = (u. v) E E is visualized as a directed arc from u to v 

 

capturing the precedence inforn1ation between the event corresponding to u and the event 

corresponding to v. Each edge e = (u, v) is assigned an integer weight w(e) which denotes the time taken for 

the event e to finish. Each vertex u.which is the head of an edge e' = (v',u) is also assigned an 

interval !(u) which denotes the time interval with in which the corresponding task should start after 

the task corresponding to v' finishes.  

Hardware Events can be Scheduled: The problem that motivates this abstraction does have the 

feature that each hardware event has atmost one preceding hardware event and at most one 

succeeding hardware event. Therefore, it is indeed possible to find a schedule for these events in 

quite a straightforward way. The heuristic is to take the first event in each event chain and arrange 

them linearly with sufficient time between two consecutive events to accommodate for a complete 

chain.  

Software Modules are hard to Schedule: The issue is very challenging when the software events 

have to be scheduled. Indeed, one attempted solution is to perform all software tasks towards the end 

of a cycle, after all the hardware events have finished. This however is a very 
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       unreliable approach as we can come up with events where the software events may not be able to 

finish. For exan1ple, we can exploit the gap between hardware events and schedule a software event there. 

This may be the only way to find a feasible solution. Further, it may not be the most optimal schedule to 

finish all the hardware tasks first and then all the software tasks as we may not be utilizing free time 

in each cycle. 

 

List of papers published    : Nil 

 

Remarks/Future work plan 

The projected work over the next three months is to survey the scheduling literature and implement 

the algorithms: efficient implementations provide a good starting point for further work. To provide 

a proper user interface to present the input is itself an interest development question. Finally, the 

goal is to design algorithms that give a good schedule, that is minimize the makespan. 
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Development of NDE Techniques for the Evaluation of 

the bond integrity of honeycomb structures 

 

             Project No 

 
 

Investigator(s) 

 

(a) IITM    : Dr. Krishnan Balasubramaniam 

 

(b) ISRO    : Dr. A. K. Rath 

 

Value of the Project (Rupees in lakhs)  : 16.02 

 

Starting Date     : 04/0312004 

 

Closing Date     : 03/03/2006 

 

Objectives: 

 

Work carried out: 

 

The primary focus during this period was in the area of scanning the curved surfaces of the 

honeycomb structure. Roller probes are contact type probes. Testing is done by through transmission 

technique of ultrasonic testing. The probes are of Very low frequency of about 200KHz. Hence a low 

frequency PulserlReceiver. Model 5058PR, was used for pulsing and receiving the signal from the probes. 

The sample that was used some simulated defects and is illustrated in figure 1. The set-up for scanning the 

curved honeycomb sample is shown in figure 2. 
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Hardware-in-Loop Design, Fabrication and 
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Hardware-in-Loop Design, Fabrication and 

Testing of a real-time closed-loop Micro pump 

 

                     Project No 

 
Investigator(s) 

 

(a) IITM    : Dr. Y.G. Srinivasa 

 

(b) ISRO    : Sri P.K. Boominathan 

 

Value of the Project (Rupees in lakhs) : 10.71 

 

Starting Date     : 17/05/2004 

 

Closing Date     : 17/0512006 

 

Objectives: 

 

1. Dynamic Modeling and Numerical Simulation of the micropump 

2. Fabrication of the micropump 

3. Empirical study of the micropump parameters and verification with the simulated results 

4. Design and implementation of an adaptive microcontrollerJor precise flow rate control 

 

Work carried out till December: 

 

The primary goal of this project is to design and fabricate a programmable micropump, 

capable of manipulating micro scale volume of fluid and having the characteristics of flexibility and 

reliability. A thin diaphragm is actuated using a suitable actuator, to periodically vary the pressure in 

the fluid chamber. Instead of using valves, which are prone to clogging, diffuser/nozzle elements 

that have a preferential flow direction are used to direct the flow from the inlet to the outlet. 

Precision machining techniques will be used to fabricate the prototype micropump. To 

achieve high linearity, repeatability and accuracy, closed loop actuation is essential. An adaptive 

microcontroller capable of controlling the actuating currents, frequency and duty cycles will be 

designed and realized. Subsequently a test rig would be fabricated, for performing parametric study 

and characterizing the micropump. 
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A 30 degree milling tool is used for machining the diffusers, resulting in a V shaped 

 

channel. Moreover epoxy used for sticking the two acrylic sheets flows to the sides of the 

 

engraved profile thus .varying the cross-sectional areas. Correct geometrical dimensions need 

 

to be found out using optical techniques. 

 

The engraved surface has a high surface roughness value resulting in higher losses. Different 

precision fabrication techniques need to be used to further optimize the performance and efficiency 

of the pump. 

 

Future work plan: 

 

1. Finite element analysis of the membrane along with the PZT to find out the optimal 

diaphragm and piezoelectric disk thickness. 

2. Diffuser/Nozzle design optimization and improving the efficiency of the pump 

3. Fabrication of the micropump for the required specification 

4. Design and implementation of an adaptive microcontroller 

5. Empirical study of the micropump parameters and characterization 
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Investigation of High-Frequency Ultra sound for 

                  De-Stratification of Cryogenic Liquids 

                        Stored in Insulated Containers 

 

Project No 

 
 

Investigator( s) 

 

(a) IITM    : Dr. R. Nagarajan 

 

(b) ISRO    : Dr. K. Ramamurthi 

  Dr. S Sunil Kumar 

 

Value of the Project (Rupees in lakhs) : 10.89 

 

Starting Date     : 01/09/2004 

 

Closing Date     : 31/08/2006 

 

Objectives: 

 

Theoretically & experimentally investigate the effectiveness of high-frequency, highintensity 

ultrasound in accelerating mixing phenomena in large-volume liquid storage tanks 

 

Work carried out: 

 

1. Survey of literature in area of "ultrasonically-induced mixing in liquids" conducted 

 Feasibility of mixing by high-frequency, high-intensity ultrasound verified 

2. Experimental facilities identified 

 Water storage system in R & AC Lab at IITM to be used for experiments  

 Equipment available for this project after completion of current Ph.D. project (ca. March 1) 

3. Local ultrasonic vendors identified for initial feasibility studies 

 Vibronircs (HQ: Mumbai), Saisonics (HQ: Chennai) 

 Both vendors have surveyed current set-up, have agreed to provide ultrasonic 

      units free-of-charge for initial feasibility studies (Target: early March, 2005, pending 

completion of current Ph.D. work) 

4. Overseas ultrasonic vendors contacted also 

 Crest Ultrasonics (Camden, NJ)-specialists in high-frequency, high-intensity systems 

5. Modeling approach being defined 
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 Mechanistic model of mixing by cavitation versus acoustic streaming to be formulated by 

March 31 

  

Outlook for 2005: 

 

 Laboratory data on effect of ultrasonic frequency on cavitation intensity & on acoustic 

streaming pressure by Jan 31 

 Lab-scale data on mixing ofthennally-stratified layers of water by Feb 28 

 Initial pilot_scale experimental data on ultrasonic mixing by end of April => early feasibility 

indication 

 Initial modeling predictions by April end 

 Design of scaled-up ultrasonic system for larger tank by June end 

 Purchase, installation & trial of scaled-up ultrasonics for water system destratification by 

October => second feasibility checkpoint 

 Model predictions for same system by October 

 Optimized design of ultrasonics for water storage systems by December 

 

Outlook for 2006: 

 

 Purchase, installation & trial of optimized ultrasonics for large water system de-stratification by May 

2006 => final feasibility checkpoint 

 Model predictions for same system by May 2006 Summary of project work by July 

 Proposal for follow-up work involving cryogenic liquids, hydrodynamic cavitation reduction, 

etc. by August 2006 
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Implementation of Phase Shifting Techniques for 

Speckle Fringe Analysis 

 

Project No 

 

 
Investigator(s) 

 

(a) IITM    : Dr. N. Krishna Mohan 

 

(b) ISRO    : Dr.R. Samuel  

  Mr.M.V. Rao 

 

Value of the Project (Rupees in lakhs) : 14.82 

 

Starting Date     : 01/09/2004 

 

Closing Date     : 31/08/2006 

 

Objectives: 

 

Development process to carry out phase shifting based measurements on electronic 

speckle/speckle shear pattern interferometry (ESPI/ESSPI). It will involve in development of a 

system and software for recording speckle interferometric images for analysis. 

 

Work carried out: 

 

(I) Procurement of Components for developing the speckle fringe analysis system: 

List of items required for developing the speckle fringe analysis system is discussed with 

the project collaborators at ISRO. Some of the items are in use at ISRO satellite center, and we 

would like to build the system based on the existing components at ISRO for the sake of easy 

implementation of our work for their applications. We are in the process of obtaining the following 

items under the project. 

1. Computer 

2. Matrox Metero -II Image processing card with development package. 

3. 4-Channel Monochrome Image Acquisition NI PCI-1409 Card  

4. Phase shifter unit consists of 
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   (a)    Piezo Mirror-Shifter STR-25/150/6 

   (b)    PCI-Plug in Board for High Voltage Analog Output 

   Model Number PC-A VH 150/1 - Single channel 

5. CCD Cameras J ai CV -A 1 and Sony - XC-ST70 CE  

6. Macro Video Zoom Lens 

7.  *DPSS Laser sOm W : HPM SO at S32 run 

 

* A laser is not included in the original list. However. after discussions with the project collaborators 

it was felt that a SO m W laser would be useful for the project. The existing funds may be adequate 

to purchase this. 

 

(II) Experimental work carried out at Applied Optics Laboratory: 

An optical Electronic speckle shear pattern interferometry (ESSPI) arrangement has been set-up 

in the laboratory using existing components (Optical components, National Instruments (NI) frame 

grabber card, Physik Instruments (PI) Phase shifter mirror, PI amplifier and DAQ card). 

 

(a) The set-up has been used for real-time subtraction of the initial state and deformed 

       state of the object. The resultant interferogram is a speckle fringe pattern. 

      (b) A Lab View program is written for grabbing and storing the five equal phase shifted 

       speckle fringe pattern for analysis. 

 

Scientific Exchange: 

 

(a) Visits of ISRO investigators for research discussions and Experimental work: 

 

1. R. Samuel visited the Lab on 16th September 2004 for research discussions of developing the speckle 

        fringe analysis system under the ISRO-IIT M - Cell project 

    2. Mr. M.V. Rao and Mr. Anish Mathew Albert (Trainee at ISRO, Bangalore) visited the 

  Lab on 4th and Sth November 2004 for discussions and get acquainted with our setup. 

    3. Mr. Ananthan and Mr. Anish Mathew Albert \isited the Lab on 16th and Ith 

  December 20Q4 for the following experimental works. 

 

(i) To calibrate the ISRO components for use at ISRO, namely PZT 

(Piezomechanik, Germany) and PZT driver (Model: SVR ISO-I, \ 

Piezomechanik, Germany). 

 



416 

 

(ii) The phase shifting mirrors that are in use at ISRO were also tested using the phase 

shifting Twyman-Green set-up for their optical quality. 

 

Future work plan: 

 

(i)  Procurement of the required items as indicated above and setting up of the Phase     

             shifted ESPI system 

 

 

(ii)  Development of noise inrlnune phase unwrapping software for phase analysis with 

the existing set-up. 

 

 

(iii) Development of a parallel setup at ISRO. 
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Buckling control of nozzle shell using PZT 

 
  Project No 

 
 

Investigator( s) 

 

(a) IITM    : Dr. C. Lakshmana Rao, 

              Dr. M. S. Sivakumar 

 

(b) ISRO    : Dr. R. Suresh, 

 

Value of the Project (Rupees in lakhs) : 19.52 

 

Starting Date     : 16/09/2004 

 

Closing Date     : 15/09/2007 

 

Objectives: 

 

The objectives of the project are as follows: 

 

 1. To Characterize the fundamental elecromechanical properties of PZT materials  

          supplied by the Manufactures 

2. To demonstrate active control of simple rectangular thin columns using PZT. 

3. To optimize the PZT parameters and the location of actuartors for optimum control of bucking of  

    column structures. 

4. To theoretically simulate buckling control of shell structures. 

5. To demonstrate buckling control of shell structures using control parameters with the experience gained  

    from column studies. 

 

Work carried out: 

 

1. C++ Code has been developed to convert analog signal to digital signal and digital 

 signal to analog signal received by the data logging 

2. A control strategy for buckling control of a prismatic column is developed 
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Future work plan: 

 

Task-I: Design a controller to increase the stiffness of the first buckling mode of column  

shown in fig. 2. 

 

Task-2: Demonstrate the closed loop control strategy developed for the above mentioned 

column. 

 

Task-3: To optimi_e the PZT parameters and the location of actuators for optimum control of 

buckling of column structures. 

 

Task-4: To extend the study to the active control of buckling of plates and shells and strategies of 

optimal placement of actuators and sensors in such structures. 
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Control of Liquid Sprays Using Hartmann Whistle 

 

          Project No 
 

Investigator(s) 

 

(a) IITM    : Dr. K. Srinivasan 

 

(b) ISRO    : Dr. S. Sunil Kumar  

                  Dr. K. Ramamurthi 

 

Value of the Project (Rupees in lakhs) : 10.164 

 

Starting Date     : 16/09/2004 

 

Closing Date     : 15/09/2006 

 

Objectives: 

 

 To evaluate the possibility of controlling liquid spray properties using the acoustic 

field from a Hartmann whistle. This is proposed to be achieved in the following steps: 

 A Hartmann acoustic device will be fabricated and characterized. This will include spectral   

characterization and a lookup table for generating various frequencies and amplitudes. 

 The effect of the whistle excitation on a single droplet will be studied. 

 The effect of Hartmann whistle acoustics on a spray will be investigated. 

  The control options will be evaluated. 

 

Work carried out: 

 

(a) Fabrication: 

 The Hartmann whistle facility has been designed and being fabricated. 

 An automated mechanism for directivity measurements is being designed. 

 

(b) Purchase: 

 Order has been placed for a Data Acquisition Card from National Instruments(India) for the data 

acquisition from Microphone signals. 

 Order has been placed for procuring two ¼ " microphones from PCB Piezotronics. 
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(c) Simulations: 

 

 A student has started simulations 0 f the whistle flow on Fluent. 

 
 
Future work plan: 

 

 A Digital Storage Oscilloscope has been procured through IIT funds, which will be shared 

for project experiments. 

 

  4 Nos. of pressure transducers are also available in the lab. The transducers have been 

calibrated using the aforementioned oscilloscope and are ready for use for the pressure 

measurements in the Hartmann device. 

 

 In the next phase the fabrication of the whistle will be completed and haracterization will be 

performed. 
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Vanadium Oxide Thin Films for Temperature Sensor and 

Thermal Control Applications: Exploratory Studies 

 

Project No 

 
 

Investigator(s) 

 

(a) IITM    : Dr. A. Subrahmanyam 

 

(b) ISRO    : Dr. C. L. Nagendra 

 

Value of the Project (Rupees in lakhs) : 20.08 

 

Starting Date     : 28/09/2004 

 

Closing Date     : 27/03/2007 

 

Objectives: 

 

 1. To prepare different mixed states of Vanadium oxide thin films (VO2, V203  and 

V2O5) 

 

 2. To dope the Vanadium oxide with Manganese (to investigate the metal  

          semiconductor transition temperature) 

 

       3. To study the Thermal sensing and thermo-optical properties of these Vanadium 

Oxide thin  

           films. 

 

 4. Explore possible applications in the areas of temperature sensing and thermal 

control  

          applications 

 
Work carried out: 

 

It is proposed to procure a Plasma Diagnostic tool from the project funds. A 

purchase order to procure an Ocean optic portable spectrophotometer has been processed 

and the PO has been released. This plasma diagriostic tool requires a Personal Computer; 

the PO for PC also has been processed. The staff has been appointed (details as given 
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above). In the present proposal, it is proposed to study the electrical, optical and 

structural properties of different oxidation states of vanadium aiming at thermal sensing 

property. It is proposed to prepare these thin films by 

 

- Pulsed DC Magnetron sputtering and  

- reactive electron beam techniques. 

 

The growth / process parameters: argon pressure (flow rate), oxygen flow rate, substrate 

temperature and electron filament current will be varied to prepare Vanadium oxide thin 

films of different stoichiometry and structure. 

 

A few samples have been prepared by electron beam evaporation with the following 

growth parameters: 

 

Starting material   : Vanadium Oxide Powder (99.95%)  

Ebeam voltage    : 4.5kV 

Ebeam filament current  : varied between 10, 20 and 30 mA  

Initial base pressure   : 5 x 10 - 5 milli torr 

Time of evaporation   : 4 minutes 

Substrate temperature   : RT (30 C), 100,150,200,250° C Substrate - source 

distance: 8.0 cm 

Substrates    : Glass and Silicon single crystal 

 

The optical properties have been studied. These samples have been sent to LEOS for optical 

evaluation as a function of temperature. 

 

The Pulsed laser Deposition system is being installed (awaiting the PLD Chamber). It is 

anticipated that it may take another two months (March end) to set up the PLD system; 

meanwhile the targets for PLD system are being prepared by Dr Nagendra in LEOS. 


