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Thesis Abstract (Ph.D.) 

Surface ray tracing on convex quadrics with applications to  mutual coupling between antennas 
on aerospace bodies by Rakesh Mohan  Jha. 
Rescarch supervisors: N. Balakrishnan and  P. R. Mahapatra. 
Department: Aerospace Engineering. 

The basis of most modern high-frequency ray-theoretic methods is the Geometric Theory of 
Diffraction (GTD), which is based on the computatior~ or the diffraction coeflicients'. These 
coeflicients depend on the nature of the surface of the scatterer, including its geometric properties. An 
important step in the ray-lheoretlc approaches, such as the GTD and its more widely used extensions 

like the Uniform Theory of Difiraction (UTD), is thc process of ray tracing, consisting of the 
determination of the surface-, edge- and tip-diffracted ray paths in accordance with the extended 
Fermat's principle2. 

Although an accurate analytical approach to the high-frequency antenna mutual coupling analysis 
has clear advantages, the present capability in this direct~on is restricted to simple shapes such as 
circular cylinder and cone" and sphere2. A few other q&drics such as the ellipsoids have bcdn treatcd 
only for special cases of conveniently located slot antennas, effectively reducing them to two- 
dimensional problems. 

The work presented in the thesis is concerned with the generalized solution of surface ray-tracing 
problems associated with both 'simple' as well as hybrid surfaces of the type encountered in aerospace 
vehicles and satellites. The primary motivation for this work comes from the practical need to develop 
a comprehensive theoretical approach to the high-frequency analysis of mutual coupling between 
antennas mounted on realistic aerospace structures. 

2. Analytical surface generation 

A vast majority of aerospace structures can be convenicntly modclcd as combinations of simpler 
quadr~c surfaces. The quadrics most commonly encnuntered among the aerospace shapes are the 
quadric cylinders (QUACYLs) and the quadric surfaces of revolution (QUASORs). The completc 
class of QUACYLs consists of circular, elliptic, hyperbolic and parabolic cylinders Simdarly, the right 
circular cone, sphere, ellipsold, and the hyperboloid and paraboloid of revolut~on constitute the non- 
degenerate class of QUASORs. These QUACYLs and QUASORs are recognized as the coordinate 
surfaces of the appropriate Eisenhart Coordinate Systems4. The term 'Eisenhart Coordinate System' 
refers to the eleven first and second degree orthogonal curvihnear coordinate systems of Eisenhart. 
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3. Overview of the work 

The of hgh-frequency mutual couplmg between antennas on aerospace bodies underlmes the 

need for a approach to ray tracing over convex scatterers An overview of the current 
n~etl~od. in numelicai dcctromagnetics is presented and the importance of ray tracing is emphasized 
for the high-frequency methods. Since ray tracing is applied in several dive~se areas, a survey of the 
ray-tracing techniques employed in those arcas is carried out with an objective to deterniine their 
applicability in EM theory 

A generalized approach to the analytical ray tracing has been developed in this thesis. This 
approach. based on the geodesic coordinate svstern in differential gcometry, is quite general and can 
be applied to a wide class of convex bodies. 

The power of this technique stems from the use of Eisenhart coordinate systems which facilitate the 
description of relatively complex convex shapes by holding one of the orthogonal coordmate 
parameters constant. Through the introduction ofa 'shaping parameter' in the mathematical analysis, 
such a depiction aino enables modeling of a wide variety of practical shapes, in terms of 
flatnessjsharpness, while using only a limited numher of generic surfidce shapes such as cones, 
cyl~nders, ellipsoids and paraboloids. 

Thc canonical shapes considered include both developable and non-developable surfaces. The 
burface ray gcometric parameters required in the UTD mutual coupling conlputations for the 
QUACYLs (with general parabolic cylinder (GPCYL), as a specific example) are derived in the closed 
form Similarly. an exhaustive treatment is presented for the ray geometric parameters for the more 
complex case of QUASORs, with general paraboloid of revolution (GPOR) as an example. The 
expressions are derived in one parameter form, requiring only a simple univariate numerical search. 
These original results have led to the explicit determination of mutual coupling between antennas 
over the quadric convex surfaces, in general. 

A surface modeling paradigm l~as  heen systematically constructed in the thesis. As a logical step 
after ray tracmg over the canonical quadr~c shapes (i.e., individual QUACYLs and QUASORs), 
hybrid structures of practical interest are considered. Included in this class is the aircraft wing 
modeled as a hybrid QUACYL as a combination of matched circular and general parabolic 
cylindrical segments. For this structure, the ray parameters have been obtained in closed form. 

The paradi-mn also fac~litates the treatment of the more complex case of the hybrid QUASORs such 
as a non-developable satellite launch vehicle (SLV) modeled by matched sections of GPOR and 
circular cylinder. The ray geometric parameters have been obtained for such a care in the quasi- 
aodlytical form. This problem has been rendered tractable by the introduction of the Hertz's principle 
of particle dynamics into the field of ray-theoretic analysis. 

Explicit and exhaustive determination of the effects of the geodesics of all orders on'the generalized 
surfaces has yielded a clear insight into the contribution due to different geodesics..This has also led to 
the d~scowry of situations where the highest order ofgeodesics, contrary to the earlier belief, is finite. 

The power of the approach, employed in the thesis, is re-emphasized by the ease of its applicability 
toeven non-Eisenhart surfaces such as an ogive, for which most of the ray parameters are obtained. In 
the concluding chapter, the ideas for extensions of the concepts developed in the thesis, have been 
outlined, a s  suggestions for future work. 

Afthough the immediate motivation for the work reported in the thesis comes from aerospace 
~ p p l i a t ~ u n . ,  lhc \\orb- 1s ,f 3 fa1 murc grner~l  n.*furr. a1111 J I T C C ~  .ippl!.iltwns In \ridel> d~%crce drcac 
Eur cwmplc. 111; nicd~vrl. dcrrlopni 111 1111, thc\~i c . ~ d  hc hl~hly rclcvxnt to I ~ C  modern d~cr~pltnc rsf 
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~omputer graphics, especially in the areas of computer surface generation (CSG); light~ng model, 
texture modeling and soft shadow generation, which depend on ray-tracing algorithms extensively. 
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Thesis Abstract (Ph.D.) 

Maximum likelihood parameter estimation method for a class of nonlinear systems and its 
applications to problems in flight mechanics by R. V. Jategaonkar. 
Research supervisors: U. R. Prasad and  S. Balakrishna (NAL). 
Departmcnt: School of Automation. 

1. Introduction 

Equations of motion wlth constant coeficients linearized at a particular reference equilibrium state of 
a Ihght veh~cle have been used in the past to determine the aircraft parameters, such as stability and 
control derivatives. System Identification methods have provided convenient means durlng the last 
two decades to generate, in majority of cases, such linear amraft mathematical models from 
experimental flight test data Simplified linear mathematical models have been found to be generally 
adequate for conventional aircraft and for attached, symmetric flow conditions, which are typical of 
flights at low angles of attack. 

However, the demands of improved manoeuverability in terms of higher angles of attack, h~gher 
angular rates and accelerations arc contmuously increasing. Such high performance characteristics 
madc possible by thc advent of active control technology and fly-by-wire concepts, require modern 
aircraft to fly in extremc flight regimes or  to perform large amplitude manoeuvers, or to execute 
complex coupled motion. Under such flight conditions, diverse aerodynamic phenomena such as flow 
separation, asymmetric flow, interferences and vortex breakdown which are characterized by their 
strong nonlinear depcndcnce on the aircraft motion are likely to bc induced. 

For example, large amplitude manoeuvers can result in longitudinal and lateral mode coupling. At 
high angles of attack, rolling and yawing momcnts are found to be nonlinear functions of sideslip 
angle. Asymmetric breakdown of vortices can lead to aerodynamic hysteresis. In all such cases 
nonlinear mathematical models have to be invariably postulated to cxplam the resultant aircraft 
motion. Validation of such nonlinear postulates using experimental data still remains an unexplored 
research area. 

Whereas nonlinear aircraft models are required to explain the above extreme flight mechanical 
behaviour, such representations are also essential to generate accurate mathematical models required 
for optimum tuning of contemporary fly-by-wire aircraft control systems. Apart from the dominant 
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influences of a~rcraft dynamlc stability parameters, the effects of other nonlinearities in control 
elements such as deadband, hysteresis, and also time delays play an important role in the overall 
performance. 

Generation of accurate and reliable nonlinear aircraft models is thus of paramount importance 
both in fl~ght mechanics as well as in control engineering. However, whereas the system identification 
techniques are well established for linear system models, applications to nonlinear systems have been 
very restricted. Only a few very specific applications with many practical limitations have so far been 
reported in the literature. This is mainly because it is, both algorithmically and numerically, very 
difficult to develop a generalized estimation procedure which can conveniently handle a wide variety 
of nonlinear model structures. 

The resea;ch topic envisaged for this dissertation work is to develop, a much desirable, efficient and 
llexible estimation precedurefor aclass of nonlinear systems. Computationally attractive and easy-to- 
implement procedure is considered to he a practical requirement to analyse a wide variety ofdifferent 
flight mechanical phenomena in a routine manner. 

Z Parameter estimation method 

A general estimation procedure formulated in this thesis is based on the maximum likelihood (ML) 
principle to determine, from input-output data, the unknown parameters of a dynamical system. The 
procedure is applicable to system models which may be nonlinear in state and/or control variables as 
well as in the parameters to be estimated. The nonlinearities may he of continuous or discontinuous 
types and either single or multivalued. 

The optimization problem has been solved using two different techniques. Both the methods yield 
estimation procedures which retain the several desirable statistical properties associated with the ML 
estimator. In the first approach, direct optimization of the likelihood function is carried out using 
minimum search methods'. In the second approach, the quasi-linearization method is suitably 
extended to overcome the generic dificulties associated with such a formulation. In this thesis, the 
sensitivity coefficients required in the optimization of the log likelihood function are estimated by a 
numerical procedure considering small parameter perturbations. This eliminates the need for explicit 
solution of analytically derived complex sensitivity equations. 

The two alternative approaches proposed to obtain ML estimates from nonlinear dynamical 
system models are critically evaluated for their efficiency and numerical performance. Comparative 
study, based on the estimation results from flight test dzta using three different models, demonstrate 
that the quasi-linearization method in which the need for deriving explicit sensitivity equations has 
been eliminated leads to a practical implementation of a general estimation algorithm. Using this 
approach an efficient and flexible generalized estimation algorithm for nonlinear systems without 
requiring additional cumbersome system-dependent programming efforts has been developed. 
Versatility of this powerful package is demonstrated by analysing four characteristically different 
parameter estimation problems in the field of flight mechanics. 

3. Applications to p r o k  in flight mechanics 

The first application considered is that of compatibility checking of aircraft flight test data. The 
nonlinear kinematical equations of aircraft motion are used to bootstrap the data information 
through a numerical procedure. Direct applicability of the estimat~on algorithm developed in this 
thesis is demonstrated to solve the w m b i d  problem of estimating the states, and instrument errors. 
Spetilic results obtained for the actual flight test data by considering six degrees-of-freedom 
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kinematical relations as well as from simplified equations for the longitudrnal mode are presented. It is 
shown that data checking as a preprocessing step is important in the overall analysis and provides 
valuable information about the quality of flight data recorded. 

The second application considered is that of estimating from the flight test data the lift, drag and 
pitching moment coefficients of an aircraft. Two models are postulated for parameter estimation: 
i) Conventional linear mathematical model with dimensional derivatives and ii) nonlinear model 
directly in terms of non-dimensional coefficients with dynamic pressure as an additional variable. The 
analysis clearly indicates that the nonlinear model yields significantly improved estimation results 
both qualitatively and quantitatively. Investigations are aimed at evaluating the effects of small 
changes in flap position on the longitudinal aircraft coefficients through a series of flight experiments 
at a typical flight condition. 

Twelve sets of flight data have been analysed. The results of parameter estimation using a nonlinear 
model are summarized in Table I. These non-dimensional coefficients C, and C, estimated directly are 
further transformed into lift and drag coefficients C, and C,. A plot of lift coefficient C, as a function 
of angle ofattack a and flap deflection &, is shown in fig. 1. The parameter estimation results shown by 
@ and A symbols agree well with the manufacturer's data shown by continuous lines. Furthermore, 
the movement of the lift curve with increase in flap deflection is also predicted consistently. It is to be 
realised here that the lift and drag data have been generated as a Taylor series sum of the individual 
estimated stability derivatives. 

Apart from the above applications to the two classical problems in flight mechanics, new 
application possibilities of nonlinear ML estimation procedure to dynamical systems with certain 
specific single and multivalued discontinuous nonlinearties have been demonstrated1. 
Both mechanical and aerodynamic nonlinearities of this kind are investigated. Parametric estimation 
approach is initially validated by estimating the parameters of nonlinearities such as hysteresis and 
combined deadband plus saturation using simulated data. The procedure is then applied to a practical 
problem of identifying, from flight test data, the unknown nonlinear effects in the control surface 
actuator system of an aircraft. 

The fourth problem addressed is the parameter estimation of aerodynamic nonlinearities which 
induce characteristically different nonlinear aircraft motion of uncommanded sustained roll 
oscillations. After a brief review of physics of this particular nonlinear flight mechanical phenomenon, 
the estimation procedure is successfully applied to identify, from simulated aircraft responses, the 
cubic and hysteretic nonlinearities in rolling moment due to sideslip. The results presented 
demonstrate that the nonlinear ML estimation procedure provides a valuable tool which can be 
conveniently used to validate the mathematical models currently being postulated for aerodynamic 
phenomena likely to arise in modern high-performance aircraft. 

4. Conclusion 

In conclusion, the two contributions of this thesis can be broadly summarized as follows. First, a 
computationally attractive and easy-to-implement maximum likelihood estimation procedure which 
can handle different nonlinear model structures iri a general way has been developed. From the 
viewpoint of engineering applications, this results in significantly further expanding the scope of 
estimation techniques as applied to nonlinear dynamical systems. Second, the four applications from 
flight mechanics reported in this thesis demonstrate that the nonlinear estimation procedure can be 
efficiently used to generate and validate significantly improved aircraft mathematical models. It is 
expected that this powerful and flexible tool will pave further way in the analysis of prohlems in flight 
mechanics much more conveniently than has been possible to date. 
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a d%I 
FIG I. Lift coelficienl as a function of angle of attack and flap deflection. 
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Thesis b s i r a c t  (Ph.D.) 

Three-dimensional stress analysis of finite thick plates with through cracks by 
M. N. Bnpu Rao. 
Research supervisors: I(. T. Sundara Raja Iqengar and M. V. V. Murthy (NAL). 
Department: Chi1 Engineering. 

Crack problems of plates wi;h finite thickness and through-the-thickness crack, are frequently 
encountered in the dcsign of various engineering structures. It ir well known that the stlite ofstress in 
the neighbourhood of the crack front iii a plate of finite thickness is invariably three dimensional in 
nature If is, therefore. essential that a three-dimensional stress analysis is carried out in order to 
understand the true behaviour of the stress and displacement fields prevailing in the v~cinity of the 
crack front Recent three-dimensional investigations'-' 111 this area have raised some pertinent 
questions ~oncerning ihc stress and deformation fields existing around the crack front, such as the 
type of streas singularity ail through the plate rh~ckneis, ivature ofthe variation of the stress intensity 
factor (SIF~across the plate thickness and the character of the displacement field along the crack front. 
Smce the questions rnised are basic in nature, they can he examined only through a rigorous three- 
dimensional analysis. 

A study of the literature reveals that only a fsw investigations arc available in this area in view 
of the fact that Lhc mathzmatical formulation involved is entrcmely complex and tedious in 
nature In partlciilar, even the exlsting ~nvestigations',~ on problems dealing with through-crack 
geometry ~ndicate that they are only qualitatme in nature, and no numerical results arc available for 
the physica! quantities of interest, such as the SIF. Therefore, it is clear that much work still remains to 
he done in the a m  of three-dimcniional stress analysis of finite thick plates with through-the- 
thickness cracks. 

In this thrsix a three-dimens:ondl formulation 1s presented for carrying out the elastic stress 
anai)s:s of fini:e th~ck rectangular plates with through-the-thickness cracks. The stress problem of 
finite thick plates with through-the-thickness cracks under extensional and bending loadings with 
mode-I type of deformation are considered for investigation. 

2. Solution 

The analyses of the extensional and bending problems, which are associated with symmctric and 
antisymmetric deforinations with respect to plate middle plane respectively are carried out separately 
in a cylindrical coordinate system ( r . 0 . Z )  (fig. I). The general solution for the extensional problem is 
lormad by considering a linear combination of three independent solutions lo governing equations. 
The general soiut~on for the bending problem is constructed in a sim~lar manner. The general solutmn 
for each loading case satisfies the houndary conditions at the stress-free crack and plate surfaces 
exactly. The boundary conditions at the cxtcrior edges of the plate, which include those associated 
with the applied extensional and bending loadings, are satisfied in the least square sense. The general 
solution for each case is then specialized to the region lying in the neighhourhood of the crack front in 
order to arrive at  singular stresses. 

3. Results 

In the neighbourhood of the crack front where the radial d~stance is much less than ( r  c i u )  the crack 
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M,. APPLIED MOMENT: a: APPLIED TENSION 

Frc. I. A fimte thick pidte w~th a through-crack under extensional and bending kids 

length, it is found that the inplane and the transverse normal stresses are singular with an inverse 
square root singular~ty (r-'I2), whde the transverse shear stresses are of the order of unity. The 
angular variation of the singular stresses is the same as that of plane strain. The SIF is a functionof the 
coordinate in the thickness direction. 

In the extensional problem, the SIF is a symmetric function of the coordinate in the thickness 
direction. It is found to he dependent on the thickness and Poisson's ratios. When the thickness ratio 
tends to infinity, the SIF reduces to that for the plane-strain porblem. One of the interesting features of 
the solution is observed in the variation of singular stresses across the thickness, which is found t o  
have a composite character. Whtle it exhibits the character of plane strain in the interior of the plate 
thickness and that of plane stress (not the generalized plane stress) near the plate faces, it is only in the 
region lying in between the former two regions that the singular stresses display a true three- 
dimensional character. 

In the case of bending problem also the SIF is a function of both the thickness and Poisson's ratios. 
The expression for the SIF, which is an antisymmetric function of the coordinate in the thickness 
direction, reduces to that for the two-dimensional Reissner's bending theory when appropriate 
mathematical manipulations are carried out. 

Parametric studies have been carried out to determine the effect of various geometric parameters, in 
particular the thickness and Poisson's ratios on the character of SIF. For particular cases the results 
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arc l i l  :eason:~bl~ good agreement with thosc of finite clement. boundary integral equations and 
ohotuelastic methods"-" 

4. Conclusions 

The nature of singular stresses In the neigllbourhood of thc crack front mdicates that the only type of 
singularit) achievcd 1s that of the inverse square root all through the plate thickness. The SIF IS a 
fi~nction of the th~ckness and Poisson's ratios The displacement components along thc crack front are 
finite. 
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Thesis Ab~t rac t  (Ph.D.) 

Studies on thermally grown titanium oxide overlayers on titanium for electronic components 
by R. Padma. 
Research supervisors: M. Satyatn and K. 1. Rao. 
Department: Electrical Communication Engineering. 

I. Introduction 

This thesis deals with the study ofthe phys~cal structure of thermally grown titanium oxide overlayers 
on titanurn and their electrical characteristics, with a view to use them as thermistors and varistors. 

2. Experimental and discussion 

Titanium okide has been grown on clean titanium plates by heating them in air and steam over a 
temperature range of 700 to 1000YC for varying time durations i.e. from 4 to 5 h'. These overlayers 
hale been heated in vacuum to impart n-type semiconductivity. Later they have been stahilised from 
the pomt of resistance values. 

The V-I characteristics of these samples have been measured at different temperatures2 (fig. 1). It 
has been found that the characteristic changes with temperature. Further at low voltages. it has been 
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observed to he nonlincar, whcreas at higher \oltages. i L  is linear. The  extent ofnonlinearity lieads t o  !he 
m e  o f  the overlayers a varistors with the varistor mdev hav:ng values rangrng hetween 1.0 and 2.5 
The ongin of nonlinearity ha? been exanimed and it has Seen concluded through analysx that the 
nonimeanty arlses due t o  therm~onic  cm~ssion p-ocess a t  the grain boundaries. The cquation 
govcrnir~g thls process has bccn plven by 

where I is the total curren! through the  oxide film. A the constant ofthemmionicemiss~on, a the area of  
cross sectLon of  current flow, V,  the h a r r ~ e r  potentla! at the grain boundary and If,, the voltage across 
thc grain boundary. 

The Lcrnperature dependcnce of  the resistance a t  any par t~cular  voltage has been ehplained based on 
thz behaviour of semiconductors and the grain boundaries with temperature. The resistance has been 
found t o  vary with temperature according t o  the relatmn 

where B IS callcd the thermistor constant. B has been found to lie in the range 100 to 400°K. 

Considurable amount of cffort has been put in to arrive at a plopel technique of stabilisation3. The 
structure of  the oxide overlayer has been looked at experimentally a s  well as theorerically. Several 
X-ray diffractograms have been taken and through them ~t has been concluded that o x l d e ~  prepared a t  
low temperatures o r  for short durations have sevcrnl oxide phases The instability has been attributed 
to the gradual transformation of these oxides t o  the stable rutilc phase with time. T o  understand the 
way in which the various phases of oxides anse, a theoretical model for the growth of titanium oxide 
based on diffusion and chemical absorption ofoxygrn passing through the filni has been pruposed. 
Differential equations describing the transformation of t ~ t a n i ~ l m  mto titanium oxide under the above 
conditmns have been arrived a t  and solu t~ons  of these equations with appropriate boundary 
conditions have been obtained with the help of DEClO computer. Thc  differential equation 
formulated for the purpose of thc estimation of the oxidc structure in the overlayer rs 

where N is the number density of free oxygen atoms, 0 the diffusion constant, C the proportionality 
constant, C = (2 I )  where I IS the  sto~chiometric index in the titanium oxide TiO, and I can take 
values from 0 to 2. 

It has been calculated using the equation 

d l  C N . t  

where no is the  numher of titanium atoms per unrt volume. 

The solutions ~ndicate that the stoichiometric composition (I) of oxygen varies from zero a t  the 
metal-oxide inlerhce l o  that of titanium dioxide a t  the top of the surface. A typical variation of I with 
depth from surface for different time durations is shown in lig. 2. At any particular point in the oxide, 
the oxygen content and the thickness of  the oxide are h n d  t o  increase with time. It is thought that 
titanium oxide can exist only in certain stable forms and a method of findmg out the percentages of 
these various stable oxides at different points of the oxide has been developed. From the model 
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proposed, ~t is concluded that these stable oxides combine in appropriate proportion to give that 
particular TiO,, at each layer. Figurcs 3 and 4 show typical variations of percentage of oxide with 
depth and time, respectively. From fig. 3, it can be observed that TIO, (wilh 1 - 2 )  has the highest 
percentage at the surlce and decreases towards the metal-oxide ~nterface while TiiO (with 1=0.5)  
shows a reverse l~ned and the remaining oxides show a marlmum in themiddle ofthe oxide layer Thts 
shows that the ox~des w ~ t h  h~gher oxygen content are near the top of thc surface and with lower 
oxqgen content are near thc oxide-metal interface. From this typc of variation, the oxide is considered 
to be a layered structure. From fig. 4, it can be seen that thc oxide starts growing at different depths 
at difft.rent instances. Through this analysis, the instahility in the resistance values of the oxides has 
been attr~buted to the gradual transformation of lower oxides to higher titanium oxide at the top 
layers of the oxide 
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Thesis Abstract (Ph.D.) 

Studies on the realization of magnetoresistors based on composite materials by T. Arivoli. 
Research supervisors: M. Satyam a n d  K. Ramkurnar. 
Department: Electrical Cornrnunicatio~l Engineering. 

Conventional magnetoreslstors, i r., resistors whose values of resistance change with an applied 
magnetic field, are usually prepared from semiconductors snch as indium antimonide. In these devices, 
the magnetoresistance cffect is cnhanced by shorting the Hall voltage generated across the 
semiconductor due to an applied magnctic field. This is achieved e~ther by making the samplc with an 
annular ring shape (carhino disc)' or hy incorporating shorting links in the material (InSh-NiSb 
eutect l~)~.  The zero-field resistance of the carhino disc magnetoresistor is very small ( -  IR), and 
hence, cannot be used directly in electronic circuits. Further, both the types of magnetoresistors (disc 
and eutectic) need special fabrication techniques like unidirectional solidification of eutectics or  
realization of semiconductor films or crystals with specific geometry. Thus, there is a need to develop 
magnetoresistors which can be realized with simpler technology, but have a performance comparable 
to the conventional magnetoresistors. 

It has been predicted'that the magnetoresistance effect can he realized by proper coupling of 
interactions in a multiphase composite material. When magnetic particles are dispersed in an elastic 
material, a magnetoelastic composite results. If a magnetic field is applied to this composite, a 
deformation (or strain) is produced in the composite due to the interaction between the magnetic 
particles. If this deformation is transferred to a thm composite elastic resistive sheet, it leads to  a 
change in the res~stance of the sheet. An attempt has been made to conceive and develop 
magnetoresistors based on the above-rnentioncd interaction in composites. 
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2. Euperimentsl and discussion 

The magnetoresistor developed b i  us (fig. I )  consists of :In clastic magnetic cylinder in which a thin 
rcsstivc sheet 1s sandwiched in the centre. The magnetlccylinder is made of acomposltc of  rubber and 
iron powder. Thr  resistive sheet ic made of a composite of rubber and metal powder (blass). The 
c h a n p  m resistance (In this deblce). as a funcrion of magnetic field, has been measured. A typical 
variation is shown in fig 2. It may be seen from this figure that the change in resistance is stnali a t  low 
fields. At h~gher  fields, i t  increases steeply with magrietlc field and finally tends t o  saturate. Typical 
values of the reiatiw change of resir!ance (AR/R,) for this type of magnetoresistor are given in Table I 
along with the corresponding values for other types of conventional magnctoreslstors. From this table 
11 may be sezn that the magnetoresistor based on a composite gives rise t o  a change of resistance 
comparable to that of convenrionai magnetoresistors. 

It is hell-known that thz zero-field resistance a t  a composite magnetoresistor can be vaned over a 
wide range by changing the composit~on of rubber and conducting particles in the resistive sheet. It 
has been found that the change in resistance in this type of magnetoresistor depends o n  parameters 
iihe its shape and the composition of the materials of the magnetic cylinder. De?ailed theoretical 
calculatrons oT the magtietoresistance and its dependence on the lhctors mentioned above have been 
carlied out hased on a modei proposed for the Eomposlte. 

Thris, the work reported in t h ~ s  thesis clearly Indicates the possibility of realizrng nragnetares~stors 
bssed on composites which requlre relat~vely simpler technology, but provide a performance 
comparable to that of xmventional magnetoresistors 

FIG. I. Cross-recrion of the sample. 
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Frc. 2. Measured variation of resistance with applied 
magnetic field lor a typical sample. Volume fraction of 
iron (v,) = 0.25; Length of the sample (I.) = 2.0cm; 
Diameter of the sample (d) = 1.Ocni. 
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Table I 
~ ~ i ~ r l  dues of thc relative change of 
resi~i.nce (hR:Ro) of various magneroresislars 

- -~ 

Type AR/R,a! S KOe - - 
Caibma disc' IS 
InSh-NiSb eutectlc' 
aitgned 12 
unaligned 2 
Cd,As,-NlAs eutects' 0 4  
Present cornposrtc Itat 4 5KOe) 
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Thesis Abst rac l  (Ph.D.) 

Thermal and chemical stabilities of three Fe-Ni-base metallic glasses b y  V. S Raja. 
Research supervisors: S. R a n g a n a t h m  a n d  Kishore. 
Department: Metallurgy 

1. Introduction 

Iron and iron-nickel-base metallic glasses possess an attradlve combination of mechanical', 
magnetic2 and chemical properties3. However, a serious lacuna w h ~ c h  restricts their application is the 
poor thermal stability owmg to their metastable character. Devitrificatlon is found to affect the 
attractive physical, chemical and mechanical properties, while a few of the properties like magnetism 
and superconduc!~v~ty are improved on partial crystallizationJ. This necessitates a systematic study 
on the thermal stability and associated properties of these materials. I t  is the aim of the present 
investigation t o  understand the influence of M o  and Si on thcrrnal and chemical stabilitiea of Fc-Ni-B 
elasses. 

2. Experimental techniques 

Three commercial glasses of compositions Fe,,Ni,, B,, (Vitrovac 00401, Fe,,Ni,,Mo,B,, (Metglas 
7826 MB) and Fe,,Ni,,Mo,Si,B,, (Vitrovac 4040) have been chosen t o  study the influence of M o  
and Si The thermal stability has been followcd usmg differential scanning calorimetry (DSC), X-ray 
diffraction (XRD) and optical and electron microscopy techniques, wh~le potentiodynamic 
polarisation, ESCA and microscopy techniques have been employed to understand the chemical 
stability of these alloys. 
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The glass Virrotac 0013 has been found to crystallize into four types oi crystals slmultaneous~~, ",:., 
(A1 ;-FeNi + orthothombic ( F ~ N I ) , ~ ,  (B) ;.-FeNi + Fcc(FeNi),,B,, (C) 7-FeNi solid solution and (D) 
an unknown Fe-rich phase. The iirst three of them are shown in fig. I 

The oterall transformation kmetics ofthe A-type crystals having the highest growth rate shows an 
Avram~ exponent of 2.08-an unusually small value for an eutectic crystallization-which has been 
ascribed to both the athermal nucleation and anisotropic growth behaviour. The present study yields 
the activation energies of 237kJmol-' for crystallization and 290kJmol-' for growth. The 
microstructural observation reveals that these crystals grow in a rod-like morphology with an aspect 
ratio- 4 in the full, crystoll~zed cond~tion and twinning of the orthorhombic phase. The interlamellar 
spacings in these crystals have been found to decrease with increase of temperature. The 
diffusion coeficients determined from the interlamellar spacings range from 4.77 x 10-18 to 
1.95 x 10-'7m's-'  for the temperatures be t~een  643 and 673K. 

The &type eutectic crystals obey a linear rate law with an activation energy of360 kJmol-I for the 
growth process. In contrast to A-type crystals, B-type crystals are found to have a cuboidal 
morphology. Furthermore. it is also observed that the C-  and D-type crystals grow with spherical 
morphologies. 

It has been proposed that Vitrovac 0040 separates into two glasses, G, and G,, before 
cr)-stailizat~on takes place. The former glassy phase leads to A-type eutectic crystals, while G, can 
transiorm into prlmary crystals of 7-FeNi and G,. The latter subsequently crystallizes into B-type 
crystals b} the eutectic mode. 

The addition of Mo, as revealed by Fe,,Ni,,Mo,B,,, results in two-stage crystallization. The 
primary crystallization of :.-PeNiMo is followed by the polymorphic crystallization of fcc(FeNi),,B, 

2 N NaCI 
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'? 
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Current density ( ~ c r n - ~ )  
FIG. I. Transmission electron micrograph of partially FIG. 2. Typical polarisation curves of Vltrovac 0040 in 
crystallized Vitrovac 0040. NaCI medium showing the increase in corrosion rate 

with concentration of NaCI. 
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cryspals. The pseudo grain structure whlch appeared in TEM image and the broad XRD peak have 
been attributed to incipient phase separation of the glass during melt quenching ~tself. Howcvcr, 
evidence for phase separation is not strong. 

~ h z  high-activation anergics for the cryslallizatiou of 7-FeNiMo and Icc(FeNi),,B,, resp&tively 
270 and 175 kJmol '. as determined from Kissmger plots and 285 and 165 kJ mol ' from Ozawa 
plots imply that Mo imparts stability agamst crystallization. Further, it found that Mo aids the 
formation offcc(FeNi),, B, phase in prefcrence to 0-(FeNi),B phase. It is notcd thal while yFeNiMo 
crystallitcs have almost spherical morphology, the f~c(FeNi)~,B,  crystallites reveal a faceted 
morphology. 

Further substitution of B with Si(Fe,,Ni,,Mo,Si,B,,) leads to a dramatic change in the phasc 
rclatlonship. Thus Fe,,Ni,,Mo,Si,B,, crystallizes sequentially into a-Fe, hexagonal Ni,S12 and 
?-FeNiMo. These reactions have been classified as primary and secondary crystallizations, and 
polymorphic reaction, rcspeclivclys. 

The activation energies for the crystallimtion of the glass into a-Fe, hexagonal NisSi, and 
I-FeNiMo, respectively, have been found to be 490,550 and 449 kJ mol- ' from Kissinger method and 
480, 600 and 440 kJ mol-' from Ozawa method. This indicates that Si enhances the stability of the 
glass further. 

The r-Fe phase formcd at lhe beginning of devitrification is found to be metastable and transforms 
to ;phase, wllosz lattice parameter is close to thal of 9-FeNlMo phase formed from the glass. The 
characteristics of this transformation is that a-Fe transforms faster on thedu!! side than on thc bright 
srde. The transformed :'phase shows preferential orientat~on along (111). At temperatures above 
1023 K, a ncw phase, namely, bct (Fe, .Ni,),B forms from thc already crystallized glass whosc 
volume fraction is found to be small. While a-Fe, hexagonal Ni,Si, and y-FeNiMo are found to have 
spherical morphology, the bct (Fe,,Ni,),R has a needlelike morphology containing twins in it. 

4. Corrosion 

The electrochemical corrosion behav~our of the three glasses bas been investigated in both chloride 
and sulphate media. 

The polentiodynamic polarisation study of Fe,,Ni,,B2, shows that the corrosion rate increases 
with chloride ion concentration. On the other hand, the tendency for passivation gets enhanced with 
increase in chloride Ion concentration. Both polarisation and ESCA studles rcveal that the glass 
undergoes selective dissolution in hydrochloric acid depending on the potential the glass is being held. 
The sequence of dissolution in the order B, Fe and Ni as B3+, Fe3+ and NiZ+ [respectively at E,, 
- 120 and 0mV (SCE): is In accordance with the well-known Wagner's mixed potential theory of 
galvanic corrosion. It is noted that the glass does not passivate even in neutral snlphate medium. 

Thc Mo conlaining glass Fe,,Ni,,Mo,B,, passivates in neutral and slightly acidic sulphate 
solutions, while failing to passivate in H,SO, solutions. However, replacement of D with Si results in 
passlvation of the glass Fe,,Ni,,Mo,Si,B,, in 1I,SO, solulions also. Further, it is found that the 
addition of 6ato/,Si reduces the crrtlcal current denslty by about one order of magnitude and the 
passivation current density to a smaller extent. However, both the glasses are susceptible to pitting 
and crevice corrosion although thcy contain Mo and Si as revealed by the high critlcal current density. 
It is observed that both the glasses do not passivate in chloride medium. 

An analysis of the passive film by means of ESCA indicates that the passive film consists of oxides of 
Fe, Ni and Mo and is free from Band Si. While Fe and Ni are in + 3 and + 2 states, respectively, Mo 
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has been found to exist in + 6 state on  the surpdce and + 4 state in the bulk ofthe passive film. Hence it 
is proposed that'though M o  can aid the repassi%atlon of  the pits, the oxides of F e  and Ni which 
constlture the pass~i-e film offer poor resistance against local reduction of the passive film during 
pitting, in the absence of good passivatmg elements like C r  and P. 

The addition of M o  does not seen to affect the corrosion resistance slgnificantly in either HCI or 
M,SOI solutions. O n  the other hand. Si has a deleterious effect in H,SO,, w h ~ l e  imparting no 
s~gnificanr change in HCI solution. 

5. Effect of devitrification on corrosion 

The erect of crystallization on chemical stability has been followed. I t  is found that devitrification of 
Fe,,Ni,,B1, does not lead t o  significant detorioratton of corrosion resistance in 1NNaCI. While the 
thermal relaxation of the glass improves the corrosion resistance slightly, corrosion rate has been 
found t o  Increase in the partially and fully crystallized condition'.'. 

Whde the inltinl formation of 7-FeNiMo in Fe,,Ni,,Mo,B,, glass does not intluence the 
corrosion rate in the partially crystallized condition in 0.5N H,SO,, a seven-fold increase is observed 
in the fully cr)stallired glass where fc~(FeNi)~,B,  coexists with ;-FeNiMo. However, the  corrosion 
reslstancc decreases o n  further annealing due to grain coarsening. 

The corrosion rate of Fe,yNi3yMo,Si,B,, is greatly influenced by the preferential dissolution of 
1-Fe. In its presence thecorrosion current is enhanced as high as 33 times, which, however, reduces to 
a value closer to that of amorphous alloy when Y-Fe fully transforms. 
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Thesis Abstract (Ph.D.) 

\.lagnetoRydrodynamic flow and diffusion in channels o r  pipes with some physiological 
applications by K. S. Deshikachar. 
Research supervisor: A. Rarnachandra Rao. 
Department: Applied Mathematics. 

The thcsis deals wlth the study of effects of magnetic field on the flow and diffusion in channels or 
ppzs of uniform or non-uniform cross-scction In the presence of an app!led magnetic fiel8. The thcsis 
is divided into sevcn chapters, each deal~ng with a spcc~fic type of probleni. The first foin chapters deal 
with the flow and the last three with dilfusion problems. 

2. Results and discusion 

In the first choptcr, the steady flow and oxygenation of a homogeneous, incompressible, viscous, 
conducting fluid in a channel of slowly varying cross-section is investigated in the presence of a 
uniform transverse magnetic field. The governing equations are perturbed using a parameter fi(<< I )  
which is the ratio of the half-mean width of the channel to the characteristic length along the channel 
over which significant changes In the flow quantities occur. An analytical solntmn is obta~ned for the 
equat~ons governmg the flow. Thi? solution is then used to obtain the effectn of magnet~c field on the 
oxygenation In a membrane oxygenator In the form of a wavy channel. As the equations of partial 
pressure remom nonlinear even after perturbation, a numerical solution is presented using Crank- 
Nicholson implicit method. The effect of various parameters on the flow field, oxygcn concentration 
and possible occurrence of separation and reattachment are discussed for symmetric or asymmetric 
channels, of physiological interest. The convergence of the perturbation series is also discussed. It is 
observed that the separation in the flow occurs at a high Reynolds number In this case compared to 
the hydrodynamic' case which IS favourable physiologmlly and the appl~cauon of a magnetlc field 
has some effect on local oxygen concentration but has a little effect on saturation length. 

The osclllatory flow of a homogeneous viscous conducting fluid in a channel of non-uniform cross- 
scction is studied in Chapter It. Using the same perturbation parameter 6(<< 11, as in the previous 
chapter, the first, second harmonics and the steady-strzaming solutions are obtained for a flow in 
which the volume flux is prescnbed. The parameters that govern the flow are a, the Womersley 
number, H, the Hartmann number and Re, the Reynolds nnmher. The possibil~ty of separation in the 
flow 1s discussed for channels with sinusoidal walls. The osclllatory flows, over surfaces which are not 
straight, exhibit a steady-streaming component due to nonlinearity of the governing equations of 
motion. The stcady-strcam~ng velocity is discussed for channels with binusoidal symmetric, 
asymmetric or  tapered walls? The solutions for large I are also obtaincd using the method of matched 
asymptotic expansions. It 1s interesting to observe that there is no dificulty in matching the solutions 
here In comparison with the non-magnetic case3 as the magnetic field provides another appropriate 
length scale necessary for matching. 

Chaptcr I11 deals with the oscillatory flow in a circular tube of varying cross-section In the presence 
of 3 unifolm magnetic ficld applied along the axis of the tube. An analytical solution of the 
perturbation problem is obtained for a small parameter charactcrising the !lope of the wall and for 
different Reynolds, Womersley and Hartmann numbers. The induced field is also taken Into account 
in this chapter unlike m the first two chapters The steady-streaming phenomena, the pressure and 
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rhsar stress d~stributions on the wdl of a constr~cted or dilated tube for various parameters governing 
the flow are d~scussed. 

A phys~ological-type flou, in a stralght c~rcuiar tube in the presence of a uniform transverse 
magnetic titid IS considered in Chapter IV. The pressure gradient is mathematically modelled by a 
Foonrr seriesofwh~ch thc<econd partial sum izsembles very closely the obscrvcd form of thc pressure 
gradient In a iiving body. The governing equations are solved exactly by using the method of Laplace 
transforms. It is found that the effect of a magnetic ikld 1s to reduce the magnitude of velocity near the 
centre region of the pipe. Tht. cocflicients of amplitude and phase lag of the mean velocity are also 
redwcrd in the presence of a magnetic field. 

The ~.!r,ct of now oscillalions on the niolecdar diffusion of a solute in a channel is investigated in 
the pres;nce of a transverse magnetic field in Chapter V. The approxmate solutions are presented up 
to second order for small Womersley number which is used as a perturbation parameter. The elfect of 
flow oscillations on concentration distribution is discussed for a spccific type of initial concentration 
distributron lor dilierznt values of Womersley and Hartmann numbers The diffusion enhancement 
due to the lloa is explained in terms of an equivalent diffusion coeflicient. 

Chnpter V1 d a i s  with t lx  dispersion of a solute in an  oscillatory flow between two parallel porous 
plates in the presence of a uniform transverse magnetic lield. Exact solutions for the equations 
governing the llow and diflusion are obtatned. The coeflicient X = (Rb4/V;), is evaluated numerically, 
when R is the increase Influx, Z h the width ofthe channel and V ,  the tidal volume. It is found that the 
value of H decreases with an increase in Hartmann number M or suction parameter R ,  whereas it 
increases wirh an increase in Womersley number W, or Schmidt number 0,. 

An ernct soiution' to the unsteady convective d~ffusion equatlon for the dispersion of a solute in a 
fully developed laminar now In an annular plpe is presented in the last chapter. The dispersion 
coefictcnts5 are evaluated aa a function oftime using a generalised dispers~on model which is valid for 
all time I: i? observed that the axial dispersion of mean concentration decreases with an increase in 
the radius of the inner cylinder. 
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Thesis Abstract (M.Sc.(Engng)) 

photoelastic determination of stress intensity factors-New approaches and application to 
T-root of steam turbine blade by M. Mohan  Prabhu. 
Research supervisors: L. S. Srinath a n d  S. K. Bhave (BHEL). 
Deparlment: Mechanical Engineering. 

1. Introduction 

The concept of stress intensity factors (SIF) is a major breakthrough in the the field of fracturc 
mechanics. Thc applicalion of photoelastlcity for the cxpcrimental evaluation of SIFs is very popular 
because of the advantages this method has over the others like its simplicity and versatility in addition 
to the pictorial depiction of the phenomenon. Rut a major limitation of this applicat~on was the need 
to make measurement7 in an extremely small zone close to the crack tip. In the course of the present 
work methods were developed which use photoelastic data taken in a convenient zone not too close to 
the crack t ~ p  to evaluate both pure mode I and mixed-mode SIFs K, and K,,. 

In thc photoelastic models cracks are simulated using artiticial notches. The dnnensions of these 
notches to correctly simulate the crack hchaviour were varied depending upon the investigator. The 
reported notch geometries were also quite dificult to make using the normally available facilities io 
any research laboratory. In the present work this problem was also tackled to arrive at a simple notch 
geometry to mnulate the crack. 

The analysis of mixed-mode problems involves solution of non-linear equations. This poses a 
problem in many cases where one cannot have an idea of the order of the SIFs apriori. If one of the 
SIFS could bc obtaincd independeotlythis problem gcts solved. A new concept of equivalent mode I 
SEN (single edge notch) specimen for the solution of mixed-mode problems was also developed in the 
course of the present work which tackles the above problem 

2. Experimental 

The modified method developed for the pure mode I case involves fringe-order measurements along 
various radial lines in a convenient zone of r/a = 0.2 to 1.0, where r is the polar distance of the data 
point from the crack tip and a the crack length. The values for each radial line are then used to 
evaluate K ,  by gradually increasing the order of the polynomial accounting for the far-field elfect till 
convcrgence to the desired degree of accuracy is obtained. Average value of K, is then determined 
from the values obtained for the various radial lines. Experimental validation of this method on SEN 
specimen and cracked annular disc has given good results. 

The problem of making an art~licial crack in a photoelastic model was studied in detail. Starling 
with trials at makmg natural cracks under fatlgue loading in epoxy models with starter notches, 
various artificial notches reported to simulate cracks were tried. The practical difficulties of making 
these with the normally ava~lable facilities in any research laboratory led to the work of finding out a 
simple notch to simulate the crack. It was conclusively proved that a simple notch of approximately 
0.5mm (or less) width which could be easily cut using a normal jig saw could be used to simulate a 
crack of cqual length when employing the modified method for the determination of mode I SIF. The 
same notch geometry was employed in further work on mixed-mode analysis, etc. 

The improved method developed for the mixed-mode case involving K, and K,, requires just four 
distance measurements in its simplest form. However, to check the consistency, three angles are 



:hOi~n 3rc>iiild II,.,. the c:ctn \ ~ r t e x  angle oi  the i i ~ o  ~sochrom;itlc loops of interest which lie in the 
ionc ,. ,i = 0 2  tu 1 0. X?uasurements are li:n~ted to the forward tiltrt~g loops nniy as the other loops, 
prub:ih;? beins in the alrc:id> cincked Lone, give erroneous results. The composite SIFs are first 
ci,:npii!:d far c;ri.l~ of thc three angles and thcn t ak~ng  two of these angles at a time the individual 
,,kluzi o i  K ,  2nd i;,, .sic c o n p t c d  b j  zterativc procedures. The average values of K, and K,, are 
deiermgn~ii from those ,~h:a;ncd fur thc ci~ffercnt szis of angles. This method has been c~per i rncntal l~  
\;$iidnted irn S t N  specimcnh a ; t h  \Jrwus inclincii ~rachs .  

i h r lnp  the carmr uf t h ~ r  work an interesfiiq observation was made. The buperposition of different 
shear stresses o\sr  glren normdl stresses lntatea the crack-t~p isochromatrc h n g c  loops as d rlgid 
body nborit the crsck tip malntainmg the included angle constant for any given constant normal 
>tress. This lec ta thedwelopment of t k  concept of equivalent mode 1 SEN specimen for the mliition 
of mixed-mode problems. K ,  can be de:erm12ed In a mined-mode problem by maklng measurements 
on an euliivalent pt:remode I SEN specimen or Earn prev~ously obtained cahbration curves. Then K,, 
can be determined a:sil) uirhout resorting to the lrcmtivc sointlon of any non-linear equation. This 
i r . ~  espmmx:;~ily ~dliadled on SEN bpccmen. 

Lastly, a pr;ic:~cdl application ofthe neu, developments was taken up. Cracking ofT-roots ofsteam- 
ttirbine hkldes was anailsed. The most likely location of crack in~tiation and its direction of initial 
propagation mere first determmed by analysing an uncracked blade phoioelastically employing the 
\bear ditkrence technique to obtain the i:rdir.idual values of the stresses in the critlcal zone and 
emplojing the relevant rheor~es of falure Then lurther crack-growth studies were carried out on 
T-roo: models with and wlthout starte: notches and also by inspection of prototype blades failed In 
scriicz. T i ~ c  curicd cracks uere produced in the photoelastic models by using suitably shaped thin 
slainlcss steel foi!s uhicb were cmbeddcd in the model s?ock during the casting stage itself and 
snbsequcntly removed after curing. Thcse :nodcls were atmealcd to remove any initial stroses caused 
bi  rhe foil,: a d  analyscd using the improved method developed for the determination of mixed-mode 
Sif .  The critical crock !ength in the prototype T-root was determined employing the K,, criterion as 
well as the energy rcleaw rate criterion in a two-dimensional idealisation of the T-root. 

3. Conclusions 

Tine present work has contriboted a modlfied method for the pure mode I problem and an  improved 
method for the m i x d m o d e  problem in\,olving opening and sliding deformat~ons for the photoelastic 
dctermlna:ion of SIFs, K, and K,,, from mcasuremcnts done in a convenient zone slightly away from 
the cr:ich tip, thus orercomng thc major Imitation of the existing photoclastic methods'-6 to 
determine SIF,. It has also been hclpful in simplifying the crack sin~ulalion using an  easily made 
a!tificial notch. In addition. an alternative approach to determine K, directly from the geometrical 
parameter? of the crack-tip isochromatic fringe loops in a mixed-mode case has been developed. 
Extension of this concept for the determination of K,, also has been suggested In additlon to 
validat~ng the developed methods on geometries with known theoretical solutions, the improved 
method has been applied to the practical case of a cracked T-root of a steam-turbine blade. Two 
computer programmes h o ~ e  also been developed to facilitate computational case with the modified 
and improved methods for the photoelastic determination of SlFs. 
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Thesis Abstract (M.Sc.(Engng)) 

Some studies on volun~e change and strength behaviour oTsoils a s  affected by environmental 
factors by T. G. Sitharam. 
Research supervisors: K. S. Subha Rao  and P. V. Sivapullaiah. 
Department: Civil Engineering. 

The soil in nature is continuously under the influence of everchanging climate, which not only 
contributes to  the formation of soils, but also affects the so11 properties. Besides, with growmg 
industrialization coupled with waste disposal on land, the nature of porefluid varies considerably; so 
nlucl~ so, in the present day context, studics on the hchaviour of soils under the influence of climatic 
and pore-fluid changes assume importance. 

The present Investigation is an attempt in understanding clay-organic pore-fluid interaction.;, to  
check in the first place, whether highly ligative organic molecules result in clay bchaviour similar to  
those produced by weakly ligatlve molecules. Soil properties like liquld and shrinkage limits, swelling 
potential and consolidation behaviour have been considered. Secondly, the influence of climate on 
swelling, shrinkage and strength have been investigated particularly with a view to understand how 
these properties change as the soil wlth water as pore fluld undergoes shrinkage. 

2. Soils and pore fluids used 

Commercially available kaolimte and montmorillonite, natural red earth and black cotton soil were 
used in this study. D~fferent pore fluids, benzene, dioxane, acetone, methanol, ethanol, dimethyl 
sulpboxide (DMSO), dimethyl formamide (DMF), and water having a wide range in their bulk 
properties were used. 

3. Results 

3.1. Effect of pore fluid on liquid and shrinkage limits 

It is well recognised that the engineering behaviour of soils is dependent on the interaction of clay 
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FIG. !. Rclatmnship between ],quid l~mit and dielectric 
constant 

particles present in the soils with pore fluids. According t o  the double-layer theory, these interactions 
depend on the dielectric constant of the pore fluids. Figure I shows the  efiect of pore fluids on  the 
liquid limit of clays. The striking feature of this figure is the drastic reduction of liquid limit of 
montmorillonite and the significant increase of the same for kaolinite (from the general trend 
suggested by dielectric constant) in the presence of highly ligatiie organic molecules like DMF and 
DMSO. Exactly opposite trends are observed with the shrinkage limit behaviour. The clay-organic 
molecule interactions have been explained in this thesis on  the basis of fabric changes caused by clay- 
organlc molecule bonding as evidenced by infrared, spectral and X-ray diffraction studies. Figure 2a 
shows the mecharnsm of mode ofbonding with montmorillonite and Zb shows the particle association 
of ksolinite in the presence of ligative organic molecules. 

3.2. Volume cit<~rzgr hehoaiour 

A non-dimenstonal modified free-swell index, (=  V - VJV,  in which V and V, stand for sediment 
volume of soil and \olume of soil-solids, respectively), has been proposed t o  eliminate the inaccuracies 
in the volume measurement of free swell and differential free-well Modified free-swell tests 
and swelling-consolidation tests on  Procter-compacted samples of clays with different pore fluids are vK + CIC" ,",reC. 

clc" r.k. Gill 
(a) 

k u 
cH3>5 =. -+ >N-=/ (b)  
i H 1  CHI ' H 

In the presence of (a! water, and (b) 
organlc molecules. 

(a) Wlth DMSO molecule. (bl With DHF molecule. 0-Organic molecule. 

Ftc.2a.Mode of attachment of DMSO and DMF with FIG. 2b. Particle associations of 
montmonlionite. kaalmite 
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FIG. 3. Relationship between modified free-swell index and liquid limit %(volume basis). 

conducted to throw light on the volume-change behaviour of clays in the presence of ligative organic 
molecules. 

The liquid limit and the proposed modified free-swell index have a unique relationship (fig. 3). 

3.3. Shrinkaye of soils under wrying humidity and temperature 

How the moisture content, degree of saturation, dry density, void ratio and even strength change as 
thesoil shrinks have been closely examined. Duringshrinkage, changes in volume ofair and water and 
total volume take place depending on whether the shrinkage is structural, normal or residual. Further, 
the experimental results have revealed a straight line relationship between the void ratio and 
volumetric shrinkage, based on which shrinkage potential can be predicted given the changes in the 
void ratio. 
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The negative pore water pressure has been calculated using the pore size distrtbutions obtained by the 
analys~s ofwater-bapour desorpt~on isotherms and the capillary model. Flow Ihc strength varies with 
warcr con!ent, void ratio and &, (in which r is the void ratlo and S, the degrce of saturation), under 
varyinp environmental conditions has been esamined. The results reveal that em logy ( ~ n  which q is 
the unconfined compressive strenglh) is u straight line for all soils during shrinkage. Even water 
content bears a similar relat~onsliip w ~ t h  q, a reault w h ~ c h  a In conformity with inferences from the 
ratc-procus theoryi The analjsis of the erects of climate on stress-stram behaviour of soils has 
shown a unique relat~onship between unconfined compresswe strength and m t ~ a l  tangent modulus 
for soils undergoing shrtnkap. 

4. Conclusions 

The followng main conclus~ons have been drawn based o n  the studies reported in the them:  

I .  In the presence of highly ligatibe organic molecules like DMSO and DMF, the clay behaviour can 
be explamed b j  considering, in addit~on to the dielectric constant, the clay organic molecule 
interaction 

3. A non-d~mensional modified free-swell index ( =  V -  VJV,) has been proposed t o  eliminate the 
inaccurac~es found in H d t z  and Gibhs' dzfinition offrec-?well percentage of IS code's definition of 
diilersntisl frce-well percentage. The proposed modified free-swell index bears unique relationship 
u,ith liquid limit and oedorneter per cent swell. 

3. During shrinkage of soil under climatic influences, the pore-water tension depends not only on 
surface area but also on the pore-size distribution, the void ratlo and the degree of saturation. 

4. For soils undergoing shrinkage, there is a linear relationship between the void ratio and the log 
unconfined compression strength; also between the water content and the log unconfined 
compression strength. 

5. While soils are undergoing shrinkage, there is a unique relationship between unconfined 
compressive strength and initial tangent modulus Tor all soils over the entire'range of shrinkage 
from Proctor optimum conditions. 
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Thesis Abstract (M.Sc.(Engng)) 

Reliability studies of reinforced concrete members in flexure, shear and torsion by 
T. S. Srikanth. 
Research supervisor: K. T. Sundara Raja Iyengar. 
Department: Civil Engineering. 

I. Introduction 

A structure can be defined as an assembly of members proportioned to resist the design loads and it 
should satisfy the requirements of safety and serviceability. Safety may be defined as an acceptable 
degree of security against complete failure, which in concrete structures can occur by various modes 
such as axial compression, flexure, shear, torsion, etc. The serviceability requirement means that the 
member of structure should not in its life time deteriorate to such an extent that it fails to fulfill its 
functions for which it was designed. 

Load and strength are uncertain in nature. These uncertainties have been taken into account by the 
use of partial safety factors in building codes. Until the advent of the limit state method, these partial 
safety factors were based on practical experience. It has now been found that many of these variables 
exhibit statistical regularity, which suggests that the theory of probability and statistics plays an 
important role in the selection of partial safety factors. In the limit state method the concept of 
probability and statistical methods are used to analyse the variations that occur in load and 
resistance. A structure is said to have reached a limit state when it is unsafe or ceases to perform its 
functions satisfactorily. Knowing the limit state, reliability of a structure can be defined as the ability 
to fulfill its design purpose or it is also defined as the probability that a structure will not reach its limit 
state during the specified reference period, which is taken as 50 years. A measure of structural 
reliability is usually expressed in terms of reliability index (P) .  Thus it is necessary that a reliability 
study is carried out in order to arrive at the proper values for partial safety factors or to check the 
adequacy of the partial safety factors given in a code. The latter aspect has been studied in this thesis in 
detail for reinforced concrete members designed as per the latest code', in flexure, shear and torsion. 

2 Reliability analysis 

Reliability analysis can be classified according to the type of approximations made and the ways in 
which reliability is defined. According to this, reliability analysis can be classified under three basic 
levels: 

(i) Level 3 method which is the most complete method of reliability analysis. In this method, the 
probability of failure is determined, involving a multtdimensional integration of the joint density 
functions over the safety domain. Its primary importance is in the field of research, for checking the 
validity of approximations and simplifications of the lower levels. 
(ii) Level 2 method involves simple calculation in which safety checks are made at finite number of 
points of the safety domain. Random variables are characterized by the mean and variance with 
relevant distribution functions. Reliability is expressed in terms of suitable safety indices. The 
advanced first-order second-moment method2 used in this thesis comes under this category. 
(iii) Level I method is incorporated in the IS code'. Here safety is introduced into the structure by 
considering the characteristic load and characteristic strength which are multiplied/divided by partial 
safety factors to  obtain design values. 
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3. Advanced first-order second-moment method' 

T h ~ s  method is adopted o n  the present study of reliabil~ty analysis. If the resistance R and the load 
effect S are the on!y two variables occurring in the limit state equation, and if both R and S follow 
Causslan distribution, the limit state funct~on IS linear in R and S ,  that n, 

R - S = O .  ('1 

Defining a new variable 

Y = R - S  (21 

with mean and standard equation as 

P-;R-S 
and 

oY = [OR +dl* 
the reliab~lity index (8) is defincd by 

The procedure used in determining 0 is given in ref 2. Probahility d~stributions of the variables 
involved as assumed m the calculation of are given in Table I. 

Table 1 
Probnbility distribution assumed in the ealeulatidn of P 

Vailable Distribution Mean Coelficient Reference 
assumcd of 

variatmn 

Dead load (DID.) Normal 1.05 0 10 2 
Live load (l+'L.) Type l largest 1.38 0.25 2 
,f.,(15 N:rnmZ) Lognormal 23.51 Nlmm" 0.24 3 
fw,(lS Nimm') Normal 0.537:'20.23[0.96 0.24 4 

(1 238 + 0.1 1 log,, 
RI] Nlmm' 

.4,/A. Truncated 099(ranp 0.94 to s) 0.024 4 
normal 

/,lZKiN/mm2) Normal 308.04 N/mm2 0.102 computed 
1,VI 5 N/mml) Normal 51 1.35N/mm2 0.102 computed 
f,1500N/mmz) Log normal Sll.42Nimm' 0.039 computed 
df,,, Normal 24N/mm2 0.134 4 
n Normal Nommal 17.5mm 4 
b Normal Nominal + 2.4 mm 4.8 mm 4 
d Normal Nominal - 4.8 mm 12.7 rnm 4 
Sv Normal Nominal 13.5mm 4 
Span Normal Nominal 17.5rnm 4 

Notc For geometric quantitia, standard dev~atiom are gwen. x0.23 = (0.54fCu + 
7.58)G0.92,fcfN/mm'. 
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3.1. E~aiuation of resistance 

For evaluating the member resistance in flexure, equations given in Indian Standards' are used after 
removing partial safety factors to arrive at  the accurate strength prediction model. In the evaluation of 
resistance in shear, two shear-strength prediction models, i.e. of Patel5 and Zsutty6 were used. For 
evaluating the &ember resistance in torsion, two torsion-strength prediction models, i.e. Iyengar and 
Rangan model7 and Hsu and Mo modelB were used. 

4. Summary and conclusions 

Reliability index P has been calculated for reinforced concrete beams in flexure, shear and torsion. 
Extensive calculations have been done for three strengths of steel, i.e., 250,415 and 500N/mm2 and of 
concrete, i.e., 15, 20 and 25 N/mm2. From the results obtained, the following conclusions have been 
drawn: 

(i) In flexure, P values increased with the increase in steel strength for the tension reinforcement, 
whereas in shear p values varied widely. 
(ii) For beams in combined bending and torsion ultimately failing in flexure, there is an increase in the 
value of f i  when a higher strength tension steel is used. For torsion failures, P values are relatively high 
when a lower steel strength is used for stirrups. 
(iii) To have a target reliability index p of 3.0 in flexure and 3.5 in shear and torsion, the live load 
factor in Indian Standards' needs to be changed to 1.8 from the existing value of 1.5. 
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Thesis Abstract (M.Sc.(Engng)) 

Thermomechanical deformation of rubber by K. S. Loganathan. 
Research supervisor: Manas Chanda. 
Department: Chemical Engineering. 

1. Introduction 

Heat build-up in rubber vulcanizates occurs as a result of rapid cyclic deformation of rubber. Rubber 
elasticity may be considered as very large deformability with almost complete recoverability. The 
ratio of the energy lost (i.~. converted to heat) to the energy recovered is the hysterisis. Heat build-up 
depends not only on the hysterisis of the rubber compound, but also on the thermal conductivity and 
the maximum thickness of the rubber specimen. 

Strain-induced crystailisation, stress-softening, structure breakdown, deformation of domains in 
two-phase systems, and changes in network structure which decrease the elastic component, have all 
been cited by various authors',' as the major sources of hystelisis in reinforced rubber compounds. 
Payne and Whittaker3 listed the major sources of hysterisis in filled rubbers. Hysterisis is also 
dependent on the nature of polymers, crosslinking systems and fillers used in the compounding i.e. on 
thecomposition of the compound. However, these factors emerge with different degrees of importance 
in published literature as contributors to hysterisis, as each has been selectively studied, under test 
conditions which are not comparable. The objective of this work was therefore to compare the 
thermomechanical deformation of different practical rubber compounds under standardised test 
conditions and to anaiyse the major contributors to hysterisis. 

2 Experimental programme 

An internationally recognised compression (Goodrich) nexometer was chosen and the test conditions 
standardised at constant amplitude and oscillation frequency so that theeffects of thermal failures and 
crosslink degradation due to environment and test conditions would be absent. Standards ASTM D 
623, COST 266, DIN 53533 all describe methods of determination of heat build-up in this 
compression flexometer. The test involves applying a definite compressive load to a test piece through 
a lever system having high inertia, imposing on the sample an additional high-frequency cyclic 
compression of definite amplitude, and measuring with a thermocouple, the temperature rise at the 
base of the test piece. 

The apparatus used for measuring the rheomatlc properties was an oscillating disc curemeter, 
Monsanto RlWS with microdie, i 3" arc of oscillation, and at a temperature of 185°C. The trace of 
torque DS time generally defines the phases of vulcanisation-induction period, onset rate and time for 
optimum vulcanisation. Although it has not been established conclusively for all stages of 
vulcanisation, it is generally observed that the maximum torque value obtained on a rheometer is 
proportional to the degree of crosslinking of the rubber. The degradation of the network can also be 
studied by observing the time for reversion, Le. for the maximum torque to fail by a definite amount 
with time. 

A total of 107 practical rubber compounds of different compositions obtained from factory-mixed 
stocks were employed, the main variants in the composition being rubber, filler, compounding 
additives, vulcanising systems and separate rubber compounding ingredients. Rheometric properties 
which included minimum viscosity, scorch time, 90% cure time and maximum torque were measured 
for unvulcanised rubber compounds, while on vulcanised samples the temperature rise and 
compression set were measured using compression flexometer. 
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3. Main results and conclusion 

The experimental and calcdated data are analysed by correlating the temperature rise, compression 
set, and heat build-up with 13 different variables. 

3.1. Temperature rise, AT("C) 

~y multiple regression analysis, T is expressed in the form of equation: 

AT= 114.91040'+ 1.1062 (acetone extractables, by mass, %) 
- 0.1927 (maximum torque, dN.M.) 

-0'1518 (proportion of NR in the rubber, by mass) 

where O' is the volume fraction of filler plus occluded rubber. The multiple correlation coefficient is 
0.977. 

3 2. Compression set (%) 

A highly significnnt relationship, given below. 1s observed between the temperature rise AT and the 
compression set: 

AT = 2.0541 (compression set, %) 

with a multiple correlation coefficient of 0.972. 

The same four variables as above give a fair correlation with compression set  with a multiple 
correlation coefiicient 01 0.86. 

It is obscrved that the deviations from the general relationship occur when the compression set is 
very low, as for example, in rubber compounds containing a hardening phenolic resin, and in 
compounds containing silica as filler. 

3.3. Heat build-up 

Heat build-up can be expressed in the form of equation: 

Q = 125.260' + 2.467 (acetone extractables, by mass %) 

- 0.271 (maximum torque, dN.M.) 

- 0.42 (proportion of NR in the rubber, by mass). 

The mdtiple correlation coefiicient is 0.971. 

It appears that the heat build-up in rubber compounds under compressive stress is largely 
dependent on its composition, uiz., the effective filler volume, and the proportion of low molecular 
mass species extractable by acetone. As both increase, the temperature rise increases. Among the four 
rubbers studied, natural rubber decreases AT, as also a high rheometer torque, which represents the 
degree of crosslinking. Of the four factors, the dominant one is the effective filler volume. This factor is 
also responsible as a 'strain amplification factor' for reinforcement. Thus a major factor for 
reinforcement is also the dominant factor for hysterisis. The presence of NR and of low molecular 
mass species, as well as crosslink density, are the other influences on hysterisis. 
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Thesis Abstract (M.Sc.(Engng)) 

Chemical modification of epoxies [Studies on rubber toughening of epoxy resins nsing 
hydroxy-terminated poly (butadiene-co-acrylonitrile)] by S. Sankaran. 
Research supervisors: Manas Chanda and R. Peravali (ADE). 
Department: Chemical Engineering. 

1. Introdnetion 

Fracture toughened fibre reinforced composites and hence toughened matrix resins have become a 
necessary requirement in the structural design of aircraft components. Toughening of epoxy resins has 
drawngreat attention in this context as they constitute a versatile class of materials to be used widely 
in fibre reinforced composite structures. A large number of publications have appea~ed ' .~  in which 
toughening of epoxy resin is accomplished through incorporating rubber resins in the epoxy matrix. 
However, liquid rubber CTBN [carboxy-terminated poly (butadiene-co-acrylonitrile)] is the only 
elastomer to be widely reported compared to others like HTBN [hydroxy-terminated poly 
(bntadiene-co-acrylonitrile)], and generally the procedures described in the reports are based on the 
addition esterification reaction of CTBN with the epoxy resin. Quarternary ammonium or 
phosphonium salts and PPh, are used as catalysts. The possible reason for wide usage of CTBN seems 
to be the relative ease with which the carboxy function can react with the epoxy group under mild 
conditions thereby establishing chemical linkage with the epoxy matrix5. 

In this paper, an attempt has been made to toughen the epoxy matrix using HTBN and evaluate the 
extent of toughening along with other mechanical and thermal properties. The problem of chemically 
linking theelastomer is overcome by using toluene diisocyanate (TDI) as a coupling agent to link the 
elastomer HTBN and the epoxy forming a urethane linkage with the former and an oxazolidone ring 
with the latter. 

I Experimental 

The synthesis of elastomer-modified epoxy resin was done in two stages (fig. 1). In the first stage the 
elastomer HTBN was reacted with_ TDI using laminating resin Araldite LY 556 (Hindustan Ciba- 
Geigy) as the reaction medium, at a temperature of 100-IlVC to give isocyanate-terminated 
prepolymer in the reaction mixture. In the second stage, reaction of the prepolymer with the epoxy 
was carried out using tetra n-butyl ammonium iodide as the catalyst at a temperature of 145°C. The 
IR spectrum of the reaction mixture at the end of each stage was recorded and the epoxy values 
determined before and after chemical modification. The chemically modified epoxy resin was mixed 
with excess of LY 556 and cured with Hardener HT 972 (diamino diphenyl methane) to give cast 
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Table I 
\lechanieal properties of HTBN toughened epoxy formulation 

SI Formulat~on* Ult~mate Tenslle Percentage Flunural Toughness*' 
no tens~le modulus elongallon strength kg/sq, rnm(mpa) 

strength k g h .  mm(gpa) kgisq. mrn Impa) 
kg,'sq. mm(rnpa1 

I EP-NEAT 692(67.88) 276.10(2.71) 3.48 8.02(78.6) 14.3(140.20) 
2 EP-CRR-1.5 8.21(60.92) 304.25(2.98) 7.27 - 31.8(311.95) 
3 EP-CRR-3.0 6.12(60.00) 430.30(422) 9.24 10.97(107.6) 49.1(481.66) 
I EP-CRR-6.0 5.19(50.911 290.W(2.81) 8.62 8.34(81.8) 33.8(331.57) 
5 EP-CRR-9.0 4.7X46.60) 234.70(2.30) 7.90 7.35(72.1) 30.0(294.29) 
6 EP-CRR-12.0 4.10(40.22) 210.25(2.06) 10.00 3.8207.4) 30.6(300.18) 
7 EP-PBR-5.0 4.68(45.91) 287.28(282) 4.50 6.6(64.74) 16.1(157.94) 

*EP stands for epoxy resin LY 556. 
CRR sldnds for chernxally reacted rubber, and 
PBR stands for physically blended rubber. 
**area under the stress-1,s-strain curves. 

epoxy specimens of elastomer content ranging from 0-12% (Table I for notations of different 
formulations). For comparison a cast specimen containing 5% HTBN was cast by physically blending 
the elastomer and curing. Ultimate tensile strength, tensile modulus were determined according to 
IS0 R 527 and flexural strength as per ASTM D 790. The TG-DTA thermograms were recorded in 
both nitrogen atmosphere and In air. The morphology of the fractured resin surfaces were studied 
using scanning electron microscopy at magnifications of the order of 5000. 

3. Results and discussion 

The formation of urethane linkage in the preparation of prepolymer during first stage of the reaction 
derives support from the conspicuous reduction in the intensity of the broad peak centered around 
3500cm-' (-OH stretching of HTBN and LY 556) and the appearence of a new peak at 3310-'cm 
I-NH stretching) in the IR spectra of the reaction mixture after the first stage was over. The presence of 
isocyanate group (m the prepolymer) at  this stage of the reactlon is revealed by the band at 2270cm-' 
I-N=C=O stretching) which appears broad due to overlapping of the peak due to -C=N group (of 
HTBN). The same observation is confirmed by the emergence of peak at 2215crn-' with the 
characteristic shape that of -C=N of HTBN in the IR spectra of the reaction mixture after the second 
stage. An indirect evidence to the formation of oxazolidone is drawn from the change in shape and 
intensity of peak at 1730cm-I. The possible reaction scheme is given in fig. 1. Combined with these 
observations the epoxy values of the reaction mixture before and after chemical modification suggest 
that the hydroxyls of Araldite LY 556 also would have participated in the reaction. 

The mechanical properties of the toughened epoxy formulations are given in Table I. Inclusion of 
HTBN in the epoxy matrix has generally improved toughness as measured by the area under stress-US- 
strain curves. Rubber inclusion through chemical reactions up to 3% by weight has toughened the 
system without much reduction in the tensile strength while the tensile modulus has either marginally 
Or substantially increased. The increase in the modulus can be attributed to an increase-in the 
crosslink density resulting from the reaction of -OH group of the epoxy resin with the isocyanate of 
TDI, the other -NCO group of which would have got linked to epoxy group of yet another chain or 
molecule. The superiority of chemically linking the elastomer to epoxy matrix is brought out by a 
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H O ~ H T B N > O H  t OCN - A r -  N C O  
hydroxy terminated Tolylew diisocyanate 

e l a s t o m r  

Isocyanate terminated elastomer 

I ( i )  epoxy resin-Araldite LV556 

A A 
C H ~ - C H - C H ~ { D G E B A ~ C ~ - C H -  CH2 

( i i )  catalyst  

chemically modified epoxy resin 

FIG. I .  Reaction scheme showing the formation of urethane and oxamlidone linkages during the chemkal 
modification olepoxia. 
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compar~son of the values of EP-PBR-5.0 with a near-similar situation in the case of chemically reacted 
rubber. The steep fall in ultimate tensile strength in the case of physically blended system will be a big 
disadvantage. The degree of improvement in the properties compare well with those r e p ~ r t e d ~ , ~  for 
the CTBN toughened ones. 

The TG-DTA thermograms show that the Tg of HTBN toughened formulations (cured) are almost 
the same as that of the neat resin formulation, an indication that the thermal stability is retained 
without any deterioration. The TG thermograms in nitrogen are characterised by a steep degradation 
starting around 350°C and getting completed around 480-500°C. In air there are two degradation 
steps the first between 350 and 450°C and the second starting at 450°C. In both nitrogen and air the 
percentage weight loss (during the degradation step) for the rubber toughened formulations is slightly 
more than that of neat specimen. This may be due to high susceptibility of aliphatic chains of the 
rubber network in the molecular backbone for thermal and oxidative degradations. 

The dual-phase morphology in the case of toughened epoxies is well brought out in the scanning 
electron micrographs of the fractured surfaces of the specimens. The soft rubber phase is precipitated 
from the hard epoxy phase during curing. The rubber particles act as crack stoppers during fracture, 
thereby producing multiple crack sites leading to toughening. The size distribution of the rubber 
particles becomes wider and the average particle size increases with the increasing percentage inclusion 
of the rubber (0.66pm for EP-CRR-1.5 to 2.89pm for EP-CRR-12.0). The number of rubber particles 
per sq mm shows a downward trend after an optimum concentration of the rubber (6%). It is inferred 
from these observations that a large number ofsmaller particles toughen the epoxies much better than 
a smaller number of larger particles. The range of particle sizes is much wider for the physically 
blended specimen and the number of particles per sq mm is much lower (10.3 x lo3 for EP-PBR-5.0 
compared to 67.2 x 10"or EP-CRR-6.0) confirming this point of view. 

It can be concluded that chemically linking HTBN with the epoxies using TDI as a coupling agent 
holds good promise towards toughening the epoxies similar to CTBN. 
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Thesis Abstract (M.Sc.(Engng)) 

Investigations on gas-liquid ejector by P. T. Raghuram. 
Research supervisors: R. Kumar and T. R. Das. 
Department: Chemical Engineering. 

I. introduction 

Studies have been made on a gas-liquid contacting device which offers a high interfacial area and 
better mass transfer coefficient. A survey has been made for various gas-liquid contactors offering 
d~fferent range of interfacial area'. It has been observed that ejectors are one of the best conventional 
contactors for gas-liquid systems. 

The study on the ejector has been made as it offers an adjustablecontacting time and cocurrent flow 
for high interfacial area. An ejector has been fabricated out of glass and the reacting system selected 
for the study is carbon dioxide (air-carbon dioxide mixture)-sodium hydroxide solution. 

2. Principle 

The ejector essentially consists of a small nozzle and a suction tube. Sodium hydroxide solution has 
been pumped through this nozzle and lean carbon dioxide gas has been sent through the suction line. 
A gas-liquid dispersion has been generated in the mixing section of the ejectorz. A turbulent mixing is 
observed in this section with very fine bubble formation. The bubble size grows quickly in the 
diverging section of the ejector as it moves downwards and the dispersion leaves the ejector through 
the uniform diameter tube of the exit column. 

The work intended is to  model the performance of an ejector contactor for the chemcical system 
used. As the bubble coalescence and mixing phenomena are highly complex, the bubble size has been 
obtained through experiments and simplified assumptions. A model has been proposed for the pseudo 
first-order kinetics in the fast reaction regime. 

3. Experimental set-up 

The experimental set-up mainly consists of a HDPE tank to store sodium hydroxide solution with 
stainless steel bames and a centrifugal pump. Measured amount of liquid is pumped through 
rotameter to the main nozzle of the ejector. A bypass line from the pump extends into the tank to 
recirculate the solution for better mixing. 

Carbon dioxide gas and air at known flow rate are mixed in a glass chamber and sent through the 
secondary line of the ejector at a slightly positive pressure. A gas-liquid dispersion generates in the 
mixing chamber of the ejector and moves down through the uniform diameter tube of the ejector and 
is collected into another tank. Samples have been collected at the inlet and outlet of the ejector for 
estimating the amount reacted. 

Experiments have been carried out with different column lengths of the ejector using different gas- 
liquid parameters such as  gas and liquid concentrations and liquid flow rates to observe their effect on 
conversion. 

A stable dispersion has been generated in the ejector under the following experimental conditions: 

Liquid flow rate : 75.2 t o  131.6m3/s 
Gas flow rate : 50.8 and 65.1 m3/s  



IISc THESES ABSTRACTS 

Liquid 
concentration : 0.1 to 0.5 N 
Gas concentration : 0.1035-0.182 x 10~'gmol/cm3 
Column length : 6.2, 16.1, 26.5 and 35.7cm. 

4. Modelling 

A preliminary model which has to depend on some measured parameters has been proposed for the 
performance of the ejector for gas-liquid reacting system. The proposed model considers the ejector as 
a contactor with a series of stirred vessel reactors followed by a plug-flow reactor. The ejector has been 
considered to be divided into four sections: jet, dispersion, coalescence, and uniform flow sections. 

Strred vessel model assumptions have been made for the first three sections whereas the plug flow 
model analysis has been applied for the last section. Bubble size at different sections of the ejector has 
been estimated using interpolating values from experimental data and theoretical estimations 
available from the existing Sprow's correlation3. Gas hold-up has been assumed to be the same 
throughout for this relatively non-coalescing system and values have been calculated from the gas and 
liquid feed data. The reaction for the system chosen is controlled by the liquid film and mass transport 
accompanied by fast chemical reaction proceeds as the two phases move down along the contactor. 

5. Results and discussion 

The conversion increases when either the liquid flow rate, the gas concentration, or the liquid 
concentration to the system is increased. The length of the uniform cross section tube of the ejector 
also improves the conversion, as the length increases. 

The results obtained through the model are in good agreement with the experimentally determined 
values of conversion. The model also shows there is an improvement in conversion as a result of 
increase in the above parameters. The model not only predicts thegeneral trends but also givescorrect 
values of the resulting conversions. This analysis can be used as the starting point for developing more 
robust models. 
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Thesis Abstract (M.Sc.jEngng)j 

Sealed model studies of sloshing and its suppression in propellant tanks of a launch vehicle by 
J .  V. Kamesh. 
Research supervisor: S. Durvasula. 
Department: Aerospace Engineering. 

The doshing motion of a liquid is quite a commonplace occurrence. Liquids with a free surface are 
quite easily set into large amplitude osc~llations, which results in suhstant~al lateral forces on the 
conlainer. Lateral clashing of the liquid is the most important amongst the various types of dynamic 
behaviour of the liquid and has, consequently, been the subject of extensive study-analytically as well 
as experimmtally1. Thus, it can be readily perceived that the phenomenon indeed becomes very 
important in the context of large liquid propelled launch vehicles. like the Polar Satellite Launch 
Vehicle (PSLV), from the point of view of avoiding undesirable interaction between liquid sloshing, 
ovcrail body bending and the dynamics of control system to cnsure that the vehicle follows the 
intended flight trajectory. 

In PSLV, which is a four-stage launch vehicle, the second stage ( P S ~ )  is propelled by liquid 
propellants--unsymmetrical dimethyl hydrazine (UDMH) being the fusl and nitrogen tetroxide 
(NiO,) hemg the oxid~ser. In the present study, scalcd models of the fuel and oxidiscr tanks made of 
perspex, which are geometrically similar to the prototype tanks, are used to study the phenomenon. 
These tanks are cylindrical in shape with torospherical ends. The main aim of this study was to 
determine the forces and moments caused by the sloshing liquid for various liquid heights (simulating 
the continuously depleting propellant in the prototype) to  formulate a mathematical model to 
represent the phenomenon for use in the structure-control interaction studies. In addition, effective 
prevention of slosh at full liquid height by the use of an optimally located annular ring hafle was also 
examined. 

2. Experimental 

T'ne philosophy behind the experiment has heen derived from lhe well-known dynamic similarity 
considerations *hich postulate the theorem of dynam~c similitude. The two non-dimensional n terms 
relevanr to the present srudy are F / p g D 3  and it, ,/D/S. 

The filst set ofcxperiments were done using 1110th scale tanks. They were suspended in a pcndular 
fashion and oscillated by the use of an elcctrodynam~c exciter. The results provided an  idea of the 
slosh force levels and the natural frequencies for various liquid heights. These results helped in all 
aspects of design and fabrication of the 11.5 th scale tanks using which the most important phase of the 
entire experimental study was conducted. 

A test rig consisting of a nearly friction-less vibration table driven by a 1OHP induction motor 
coupled to an eddy-current valiable speed unit was designed and co~nmissioned for this study. The two 
115 th scale tanks were mounted successively on this moving platform and the experiments conductcd. 
In this phenomenon, the first mode is very dominant and the slosh force corresponding to it far 
outweighs that due to other modes. So. the effort was mainly concentrated on detennining the slosh 
force, vertical reaction due to the moving liquid, natural frequency and slosh amplitude corresponding 
to the fundamental mode. Figure 1 shows the typical first mode shape. The need for a bafle near the 
free surface of the liquid may be readily appreciated. 
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FIG. 1. First mode shape of sloshing in tth scale model 
of onidiser tank (unballled). 

Subsequently, all the acquired data are used in arriving at the parameters of the two traditional 
mathematical models in the form of simple pendulum as well as spring-mass system. This is done by 
using a system of four equations formulated as a part of this work2. 

3. Results 

Figure 2(a) shows the magnitude of forces that could occur at resonance. As the liquid height depletes, 
slosh forces also reduce. The narrow peaks indicate the low damping provided by the tank walls- 
Damping ratio y =0.6%, while the maximum slosh force, as a non-dimensional parameter 
F / p g D 3 ( x o / D ) = 2 7 .  However, the introduction of a baffle just below the liquid's free surface has 
reduced the force level to 7 at resonance and y has increased very substantially to 10-12% (fig. 2(b)). 

The slosh force data have been reduced to yield the sloshing mass, m,, non-sloshing mass, m,, their 
locations with respect to the free surface of the liquid, pendulum length, I , ,  and spring constant k , .  
These values derived from experiments in a right circular cylinder are compared with the analytical 
results available3 and the agreement was found to be good, thereby validating the experimental 
procedure for the PSLV tanks also with torospherical bottom. 

In this study, the eficacy of the novel concept of a low pitch, helical bane, was also investigated. 
The helical bane's effect is felt, as may be envisaged, over a larger range of liquid depths. Normally, a 
series of ring baffles spaced apart suitably along the height are often used which involves considerable 
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i E Q . P A R A M E T E R ,  d+ 
F1~2lal.  UDMH tank unbaflled 

I UDMH BAFFLED T a m  

FIG 2(bj. UDMH tank bamed. 

weight penalty. The resulrs of the study on helical bame confirm that the efficacy of this bafle 
configuration is maintained over a wide range of liquid heights, though the magnitude of damping is 
slightly lower than that of an  optimally located ring baffle4. Another advantage is that it would be 
effective even for inclined orientations of the tank as would happen when the  vehicle is on  its flight 
trajectory. 

Nomenclature 

D : Diameter of tank, 
F : Slosh force, 
g : Acceleration field, 
X, : Displacement, 
p : Density of the fluid, 
iv : Circular frequency, 
; : Damping ratio. 
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Thesis Abstract (M.Sc.(Engng)) 

Some studies concerning flow-induced structural noisc of a sonar dome by V. Bhujanga Ran. 
Research supervisors: M. L. Munjal  a n d  N. K. Ramanarasaiah (Orgn). 
Department: Mechanical Engineering. 

1. Introduction 

A wide range of shlps such as research vessels, fishing craft, survey vessels and warships are provided 
wlth sound navigation and ranging (SONAR) systems for various applications. The transducers of 
thesc sonars are mounted inside free-flooding streamlined bodies called sonar domes. The sonar 
transducers mounted inside these domes are operated in a certain frequency range. Generally the 
environment in which it is operated on board any ship is noisy. 'That part of ship's noise which goes 
and mterfercs with the sonar in the band width of sonar operating frequency is called self-noise of the 
sonar. In any ship's sonar systems the main sources of self-noise operating simultaneously are: 
i) machinery-excited noise; ii) flow-excited noise; iii) propeller-excited noise. 

The present investigation pertains to  flow-excited noise of sonar dome in the generation of sonar 
self-noise. 

There are two major sources of flow-exated noise of sonar dome oiz., cavitation and eddying. 
Cavitation of sonar domes may be avoided, throughout the speed range of the fastest vessels, by 
proper choice of form and length diameter ratio while it is very d~ficult to overcomeeddying problem. 
In the case of sonar domes which arc basically streamlined bodies, turbulent flow over the surface of 
the dome occurs for two reasons. 

i) The dome is generally located in that pan of the ship's hull where the flow is highly disturbed and 
also turbulent. 

ii) Though the surface finish of the wall is smooth at  the time of installation, with passage of time 
marine fouling occurs and the surface becomes rough leading to turbulent flow. 

In turbulent flow, boundary layer pressure fluctuations cause both flow noise and flow-induced 
structural noise. Flow noise is defined as the noise that is produced by the hydrodynamic flow around 
a rigid body and in general encompasses all those phenomenon in which unsteady flow fields induce 
pressure fluctuations. Apart from flow noise, there is another mechanism which is found to be 
dotninant source of self-noise in the case of sonar domes. That is, eddies in turbulent flow excite the 
dome wall into flexural vibrations which radiate noise into the interior of the dome. T h ~ s  can be called 
the flow-induced structural noise in order to clearly distinguish it from the flow-noise phenomenon. 
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The theory and analysis of the flow-induced structural noise of sonar dome is an interesting, albeit 
specialised problem, requiring for its solution a blend of hydrodynamics, structural dynamics, vibro- 
acoustics and fluid structuial interaction modelling techniques. 

2. Experimental and analytical studies 

In the present investigation, experimental as well as analytical studies were carried out for 
understanding the importance of the flow-induced structural noise as a source of self-noise. 

As a first step to estimate the turbulent pressure fluctuation amplitude as input function, the 
hydrodynamic characteristics of a typical sonar dome such as potential flow pressure distribution, 
velocity distribution, boundary-layer characteristics were evaluated. 

The turbulent wall pressure cross-spectral density function given by C o r c o ~ ' , ~  and turbulent wall 
pressure auto-spectral density function given by Skudyrzk and Haddle3 have been found to be in 
good agreement with the available experimental results and therefore used in this thesis for 
mathematical modelling of the input turbulent pressure fluctuations. 

When the prescribed forces are known, it becomes an elastic problem to calculate the response of 
the dome-wall vibrations. The vibration response of dome wall as an Idealized plate with simply 
supported boundary conditions was estimated using Strawderman's expressions4. 

In a domed sonar system, the importance of flow-induced structural noise of dome wall as a source 
of sonar self-noise depends on the intensity of the other noise-producing sources and their generating 
mechanism on board any ship. Someshipboard experimental studies have been carried out in order to 
establish various dominant sources of self-noise and to ascertain relative importance of flow-induced 
structural noise of dome wall. 

Besides analytical prediction of dome-wall vibration due to turbulent boundary-layer flow 
excitation, prediction of flow-induced structural noise levels in the interior of the dome is considered 
important. It may be pointed out that the dome is not really a reverberant chamber and account 
should be taken ofshadowing and directivity effects associated with Large sonar arrays that occupy a 
significant fraction of the dome volume. In order to overcome some of these problems, a semi- 
analytical and semi-experimental method is proposed for predicting the flow-induced structural noise 
in the laboratory acoustic tank with any prototype model of the dome. 
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Thesis Abstract (M.Sc.(Engng)) 

Allocation of skilled asscrnbly manpowcr under proportionality restrictions by 
G Karthikeyan. 
Research supervisor: K. N. Krishnaswamy. 
Departmcnt: Management Studies. 

1. Introduction 

Allocation of manpower to the production of assemblies and that to components can generally be 
treated by similar modelling techniques like assignment and transportation algorithms','. But there 
are situations in which the allocation to assembly operations may become more complex. General 
linear programming can be used with advantage in such cases. 

2. Allocation of manpower to assembly operations 

In several situations manpowcr allocation is required to component production so that the assembly 
demand forecast is met and inventories of components are not permitted. Storing of certain kinds of 
sub-assemblies over a period of time makes it unsafe. In general, there may be quite a number of 
operations needed to be performed to produce one assembly. Further some production systems may 
require that the number of sub-assembly items to meet the demand on the assembly be performed in 
wch a way as to  leave no inventory or sub-assemblies. Thus the matching of components/sub- 
assemblies will have to he explicitly considered in the allocation procedure for component/sub- 
assembly production ~tself. Some features of the problem are: 

a) A set of workers, in general, can perform an operation and a worker can pe r fon  several different 
operations. Among these a few workers are very versatile and can perform a wide variety of 
operations. However, certain operations can be performed by only one worker though every 
worker can perform more than one operation. This makes some operalions more critical than the 
others. 

b) Imbalances exist simultaneously in manpower in certain categories and in the work load on certain 
operations. That is excesses in certain skills and shortages in others, excess load in certain 
operations and shortage in_ others. 

4 The sub-assemblies are non-inventoriable. It follows that the number of sub-assemblies produced 
are to match exactly the requirements of the nrunber of assemblies to be produced, or be in exact 
proportion to each other sub-assemblies going into the assembly. 

The above problem having very special requirement and constraints was observed to be new, not 
covered in the literature. The study of the problem therefore was taken up with an objective to develop 
a manpower allocalion procedure such that: i) the ~tilisation of the skilled manpower in the shop is 
maximized: ii) urgcnt orders of short notice to the shop are honoured, thereby gaining customer good 
will; iii) a practical procedure reliable enough for use and easily understandable is evolved. 

3. General linear program for the problem 

The general linear programming model for the situation is as follows: 

Maximize 

C C CXr,*j 
I 1 xi 
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x x X , , , t ~ i , ,  for ail I-manilours ava~lable (1) 
l i, 

x X , , k , c p , r , , , ,  for all k j  -forecast quantities in manhours (2) 
X .  

C X  ,,,, - r , , , x Z  X  ,,, = 0, for all k,Vj - proportionality constraint (31 
i k, 

x,,t,-0 

where X,,,; is the decisio~i variable representing the manhours required by the ith operator to perform 
the k,th sub-assembly opcration helonging to the jih assembly. 

The problem was first formulated as a linear program and solved. A special set of constraints 
termed 'proportionality constraints' were introduced in the linear program to satisfj the requirements 
of the non-inventoriable condition of the sub-assemblies3. The solution to the LP model gave the 
optimal allocation of manhours of each usorker to indwidual sub-assembly operation of an assembly 

Several useful inierences were obtained from this solution. Range analysis perlormed, indicated that 
the system is highly scnsitivc lo manhours demanded. This could be quite useful in designmg an 
optimal manpower system. 

4. Hemistic model and validation experimenls 

A heuristic procedure4 was developedfor the same problem more as an exploration and extension of 
the thumb rules of the shop managers. Three pr~ority indices were developed for use in the heuristic 
procedure. They were termed, (i) versatlhty index, ( i~)  flexib~lity index, and (iii) sub-assembly index. 
Usmg these three indices and other heu;istic rules a heuristic program in FORTRAN and Pascal was 
deveioped and run on DEC-1090 computer system. The heuristic procedure was attempted to bc 
validated using (a) comparison with LP allocation, and (bj CPU times for processing. 

5. Main results and conclusions 

The heuristic procedure developed ior the problem has the main advantage ovcr LP of obtaining 
integer values for components produced. This may be a better approach when production quantities 
are small and integer results are desirable. The results at a glance: 

1. Assemblies completed 

Method Forecast Completed OR-loaded 
quantity quantity quantity 

Method Manhours IManhouri Manhaun 
avaiiabie allocated Unallocaled 

LP 828(IW0,J 828(1004;) 
Heurislic 828(1W%) 564.19(68.13) 263.81 (3 1.86%) 
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rt is believed that this study has dealt with a special class of manpower allocation problems not 
dealt with hitherto and is a contribution t o  the field. Other possible formulations outlined In the thesis 
indicate potential for further research in this area. 
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