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Thesis Abstract (Ph.D.) 

Design, fabrication and instrumentation of a broadcast bus multicomputer system by 
M. P. S~inivasan 
Research supervisors: V. Rapranian and E. S. Rajagopal 
Department: Instrumentation and Serv~ccs Unit 

The qucsr tor hlgher periarmance and more reliable computers at lower costs goes an rclentlcssly. The 
future generation of computer, arc expected to handle far more cornplcx yitem\, go beyond handling 
nurnhev and hecome capable of procewng vorcc and plrtulcs, run iully dutomniad I;ctorir\, communicate 
w~th humans meractively through spccch and Images, crc. It IS  recognlsed thal the neat geilciatmn of 
mrnputers arc intelligent and knowledge-based systems, while taking advantage ot the full power of device 
technology, will reqmre new approaches to systems arch~tecrure With the advent ot effraent microcomput- 
ers, interest in building [age  mult~computcr structures has grown considerably ovrr the lasr few 
Two m a n  directions in rescarch can be identified: (I) lo hudd a general-p~opue mult~computei by Inter- 
connecting a large numbel of mcrocomputers, and (n) la bmld a speaai-purpasc machinc sumd tor a 
speclfrc mvronmeni. In both the cases, mterconnectmn for communlciltion e an importan1 part oi rc- 
ienrch'. Mult~computer systems represent an importanr opportunity tor novel architectural approaches in  

building computing system lo helrcr auil a given applmtion rzqummciit milrally and &o to ad;@ lo 
changes dur~ng the sy~lcm'i lrfc cycle. 

2. Proposed architecture 

Thc broadcast bus mult~compute~ bystem (BHMS) is an rmproved message-passing mul~~computer based 
on a custom-dcngned, tlme-shared bus called maasagc braadcast bus (MBB). Thii arch~tccturc has a 
number of enhancements over the canvent~onvl measagc-pnanng mulr~omputer systems3 Thc major ~ m -  
provements arc: 

r Rcduclion ~n inlci-procesro~ cummul>rcalion ovcrhc;~d by providmg a higii-spccd communicat~on con- 
troller lmplcrnenled using programmable logic deviccs. 

A high-speed hsrdwaic c~rcult to match the d<aLinal~on address on fly. 

A dynamically programmable match store . Fachty to receive messages u h c h  ;ne out of sequence. . A new fmr arhitrillion scheme. . Modular hnrdwarc des~gn for future upgradatmn 

A progralnm&le insvumentation module for tuning the \yslem 

3. System organisation 

The BBMS consists of the following mbsystemx . A set of nodes, called the computing elcmcnts (CEs). consistmg of an lnstmctlon prncescor, a 
floating point processor, two identical communlcatlon umts and local memory. 



Tao h~gh-spced parall4 data tra~isfcr broadcart buscs called message brodd~ast bus (MBB). 

A centralised bus arhrier wiih parallel request m p t s  and parallel grant aulpnts. 

A hoar compiter w h ~ h  gcncrotss the task graph and maps it on to the computmg elements. 

An insrrurnenr~tion modiile 

The main function of thc CE ir to execute the code oi the assigned task and send the computed results 
rr, 1:s rucceisors as defined by rhc task graph Tha generation of thc task jraph and scheduling af the 
tacks on the CEs t om the tunctmn of the host computcr Inter-proccsaor carnrnurncatmn 1s m thc form 

Interface 
module 

! 

Interface 
module 
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of packets wa the bus. Thc communicdtion subsystem IS responaibir: for obtaining access in the bus. It 
also supports point-to-pomt. muitica?t and broadcnt protocola. 

Tht: two mcssnge broadcast buses interconncct all the cornputin: elcmcnk uf the aybtrm with equal 
~ ~ p o r t u i u t y  for all the CEI lo use e~ther  of rhe buses for message transfer. The advantage of dual bus 1s 
that ir provides an alternallve path in case of d fault in om of the buies and doubles the mesragc tiaffx 
handling capabihty. The two buses can also bc used iepdrately ior y t e m  and appiication program con-  
mumcatlon reqmrements, thereby eliminating system deadlocks caused by bugs in the applrcation programs. 

The bus arbiter revolves the bus rcquests by the CE\ and allocate? the bus with a predclermined 
allocation policy. The arbiter is des~gned uszng high-speed loglc-minimizmg arbitration time. It has a unique 
feature of gating (he requeals periodmlly and completing the bus allocation before gating the next set of 
requests. This prcvcnts any CE horn rnonopol~zing the brrs nidrfrnitely. 

An instrumenlatlon iystrrn n desizned and interfaced with BSMS (Rg. 1) to gain might mto the 
system's activities, dctccr and anaiyse bottlcnccks, and to obtain qualilatwe and qua~titativc assessments. 
This instmmenratlon is also useful to understdnd the pnrallel actiwties. then effect on the performance of 
the algornhm or the processor, and causes for special or unusual behaviour. This is more imporrant when 
thc mactune is not p m f u r m q  a\ crpected. 

4. Conclusions 

An S-CE multmmputcr syslcm 1s built using the above ideas Thc pracessrng clemcnts are 80586 smgle 
board computers. Extensive diagnostic tests are run on rhe system to study the reliability 01 the system. 
Parallel algorithms arc deuclnped fol a few selected popular applications like sorting. matrix moltiplicalim~. 
median filtcnng for Image processmg, PDE, etc. These programs are executed on the system and pcrfor- 
mance measures are collected. Rased on these measurements, design issues hke application-dependent 
a~chitectures. conlmunlcalion bottlenecks. arbitration policies, load balancing. etc., art? studied 
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Thesis Abstract (Ph D.) 

A study of the implementation of speculative parallelism in functional languages by 
P. V. R. Murthy 
Research supervisor: V. Rajaraman 
Department: Computer Science and Automation 

1. Introduction 

With the goal of minimwng execution times of programs. a lot of work has been done and is under way 
to execute programs in parallel. Two approaches were employed to execute programs written in imperative 
languages m parallel. They are: (a) provldmg expliclt constructs to express parallelism, and (b) letting a 
compiler detect parallelism in a program written for a sequentla1 machine. In approach (a), the burden 
of synchronization and partitioning the program is on the programmer. In approach (b). the burdcn of 
detecting parallelism m a sequential i r7am is on a complier. Automatrc detection of parallelism in a 
sequential program is quite hard. Thougn commendable pjogress IS made In this direction, there are basic 
limitations with the approach as the attempt is to parallelizc an inherently sequential program. 
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Funct~onal ~ a n p a g e s ' ~  have gamed wide nttentron recently because of several advantages that they offer 
wcr conventional Innguaga. Programs wniten in these languages satlsfy the Church-Rosser property' and 
as a result the order of cialuvtion of hub-expressions m an expression is irrelevant for the f~nal  result 
(kon'cver. some reduction sequences may not terminate). The above property makes funcrional languages 
an attracti<,e choice for parallel evaluamon However, ~t may be noted that if a functional program is based 
on a sequcnt~al algorithm. its ewluation does not generate parallelism. Thus, the creative walk of a 
programmer to w e n t  a parallel algorithm is st111 needed. Lazy evaluation based on normal order reduction 
is usually employed to evaluate funct~onal programs because d aids in the modularization of programs4. 
Eftarts were made to increase concurrency in a lazy implementation5~6. Burton' proposes methods lo 
employ speculation In problems ~nvolv~ng parallel search. More recently, Osborne addresses the problem 
of speculati<'e compuration in Multi1isp8. 

It is reponed in the literature that about half of lambda abstractions are "on-strict. Thls work addresses 
the problem of identifying useful speculative parallelism in a functional program, methods to implement 
it and identities the necessary conditions that a program needs to sarisfy for speculative evaluatlon to 
perform better than lazy evaiuat~on. 

2. Parallelism in functional program 

Parallchsm in functional programs may be broadly classified as (a) conservative parallehsm, and (b) 
speculative parallelism. In the conservative parallelism scheme, only those expressions which are certainly 
know to be necebrazy for a program's evalualion are scheduled ahead for evaluation before their results 
me actually demanded In the speculative parallelism scheme, even those expressions whose results may 
or may not be needed tor a program's evaluation are scheduled for evaluation ahead before they are 
actually known to be necessary. For programs hhich do not generate sufficient conservative parallelism to 
keep ail ;he processors in a system busy, 11 is worth attempting speculative evaluation so that the spare 
processors are not idle. But an important questron to be answered is-how best may the spare pracecsors 
be used? A naive approach is ;a speculatively evaluate any expression that possibly can be reduced not 
taking inio account its degree of utility. A more inrclligent speculative scheme would be to identify expres- 
sions that have a greater degree of utility on an average and speculatively schedule only such expressions 
for evaluation. Uncertainty about which expressions are needed for a user-defined function's evaluation 1s 
mainly due to if-then-else expresions. Branch probability is the probability wlth w h ~ h  the condition m 
an if-then-else expression evaluates to true. If branch probabilitw arc available either through measure- 
ment or user annotations. it would be possible for a system to identify expressions of greater utdity. Most 
of the functions in functional programs are defined recursively. During the evaluatlon of a recurswe func- 
tion apphcatian. it is the recursive arm that is selected for evaluation more often than the termmating 
arm. Thus, even if branch probabil~ties were not measured, ~t IS reasonable if the programmer specifies 
that the probabil~ty of selection of the recursive a m  is much greater than that of the terminating a m .  

3. Models of speculative evaluation 

Two spxulative evaluation models are proposed m this %,ark. They are: (a) branch speculation, and (b) 
argument sprciilation. In branch speculation, the more promising branch in an if-then-else expresslo" ts 
evaluated In parallel with the condition. Pilorit~es are assigned to tasks executing expressions and these 
are directly proportkonal to the probabilities with which expressions are requred for a program's evalua- 
tiun. In argument speculation, the attempt is to reduce promismg non-strict arguments m parallel with the 
rtnct arguments and the body of a user-defined function. In both the speculation models, components of 
a list srrxture are evaluated lazily. 

To he able to detect promising non-strict arguments, we have developed an analysis technique to quantify 
the strictness of a function in each of its arguments. 

4. Quantification of strictness 

R e  mlnimurn information that a compiler requires to quantify the strictness of a function in each of its 
argunents is the branch probability in each ~f-then-else expression. We first show how to compute the 
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probiibillty with which a PnmltlVe exprcssiun requlres a grvrn variable ior ~ t s  evaluation A pnmitlve 
eapresslon may be (a) a constant, (bl a vanable, (c) a strict bud:-tn function application, (d] an if-theu-clar 
expression. (e) an expression of the form e1:eZ. (f) (not el @I (-el and (g) (hd e )  or (tl c). The rules 
developed for prlmltlve expressions are used To compute the probabhty with which a user-defined function 
requxea an argument To handle recxrslve functions, a sucseiswe approximation method 1s wed. The 
method is extended to higher order functions too 

5. Evaluation based on speculiltian 

Wc have dengned a functional Language to experiment w1U1 the ~deas  menrloned already. The language 
consista of all the essential features of funct~onal languager. A comp~ler 1s developed to rranslate programs 
written in the language Inlo prefix graphs. We have simulated an MIMD multiprocessor with shared 
memory. We have run a number of progams using the srmulated multiprocessor varylng tht' number of 
processors from 4 to 64. 

Lazy and speculative evaluarioni bascd on branch and argument rpeculat~ons, and eager evaluation are 
mplemented usmg an interpretwe model of g a p h  reductron Speculative evaluation based on both rtstic 
and dynamic priontles 1s ~mpiemented. Thc lssues in task priority upgradation and irrelevant task deletmn 
are addressed. By mnnlng each program several time3 wlth random inputs, we have compared lazy and 
eager evaluation times with speculative evaluation. Overheads due to speculation and wasrase due to  
speculation are measured 

Based on our simulation studles, we have arrived at the following conclusions Programs which satisfy the 
Lollowing conditions are evaluated Faster using speculation w t h  static priorities rhan lilzy evaluation, reduc- 
ing the evaluat~on time even by about 20%. The conditions are: (a) the conservative parallelism in a 
progianl cannot keep all the processors in a system bury, and (b) the time that a lazy evaluator may take 
to detect the actual necessity of a promising branch or a promising non-strict argument n slgmiicant. 
Speculation with dynamic priorities results in considerable overheads. We have also observed that argument 
speculation performs better than eager cvaluatron if there exist non-strict argumenrs wlth both h~gh  and 
low probabilrties of requirement and the low priority arguments can generate substantial parallelism. On 
the other hand, if all non-strict arguments of a function are needed with high probnbil~ties for the function's 
evduation, then eager evaluation performs slightly better than speculative evaluat~on. 
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Tlie~is Abctract (M.Sc (Engng)) 

Transputer-based parallel implementation of neural nets for a class of pattern recogni- 
tion prohlems by Indu Mahadevan 
Research supervisor: L. M. Patnaik 
Department: Computer Science and Automation 

1. Introduction 

~rtiticial ncural nets (AN?&) have been studled m the hope of achieving human-lrke performance m the 
fields of speech and lmagc reeagmtmnl. ANNs are biologically inspired and cxhibll a number of brain 
funcriom Neural networks have heen used in vanous fields of pattern recognttion ANNs attempt to 
achieve good ptrfo~mancc via dsnsc intrrconneclions of sin~ple computational element?. The dcuse inlcr- 
cnnncnmns between the layerr ~n a network and the fau  that all neurons in any part~cular layer of the 
nrlaarl  can work in parallel make ANNs highly amcnablc to parallcl ~mplemznlanon 

2. An orrniew of the work 

The work fircscnrcd concern? with the parallel implernentatmn and perfomancc evaluata>n of two neural 
ner models, bdwcrlomal ansoaatwe memory @AM) and backpropagunon. BAM has besn amulatcd on 
lran~puier-based topologm llkc hyperrube, mesh and linear arrav and speedup w d  utilizat~om ol there . . 
tupoiog~es has been iaund. A condition for multiple training of BAM for nran) patterns ha\ bccn derwed 
Dummy data augmentman method has been tried for stonng more data in the network. Backpropagauon 
ncrwurk has hcen implemented on h e a r  m a y  and ring lopologm Both the nctwarks have been used 
fol nurnerai i e c a y ~ t o n .  Backpropagation nctwork has becn used nl medlcinc to diagnose vdnous kinds 
of a r t h n t ~  

3. Transputers fir simulation of neural nehvurb 

A transputer is a mmwmmputer wth rts own local memory and lugh-speed commurucaring lrnka fur 
connecting one transputer to another hence making it easy to build various topologies. ANNs belong to 
;I general class oi cammunicaling aequenrial proccases (CSP)=. O'oiim ianguapz and transputers effi~ieritly 
implement CSP making ANN development and resrmg easier. Neural networks are also surtahle for parallel 
implcmentatioo and the transputer serves xs a good pkdtform for s~mulation 

4. Parallel implementation of BAM and backpropagation networks 

BAM and hackpropagarion networks have been rmplemented an various transputer-bawl topologxs 

4.1. Parollel impiernentarron of BAM 

BAM is a two-layered feedback neural net used for pattern recognition m a noisy enwronment' BAM 
operations mainly involve vector-matrix multiplications and are compute-mtensive in nature, making it 
suitable for parallel implementation. 

B.4M is simuiated on topologies like hpercube. mesh and linear m a y  Hypercube topolom gives a 
better speedup and utilization when compared to mesh and linear m a v  smcr the problcm can be mapped 
a;~ to the towlogy m such a way that smaller diamerer of a topology IS made use af ra reduce commum- 
canon tlme hetu,een proce5sorc (Fig. 1). The speedup ohtained when the number of tranqpters is increased 
is no1 linear bccause communioatxon time keeps mcrcasmg. Ut~lizatiun of the system drops as thc number 
of rranbpuierc rncieases becaure communication time starts increasing with the computation t m e  remaimng 
the same (Fig 2 )  
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FIG. 1 FORWRD RECALL OF BAM 
l l l ~ l ~ ~ l ~ l l l l ~ l l ' ~ ~ l l ~  

Number of Transputers 

FIG I. Forward recall of BAM 
+ Llnear array, X Mesh, 0 Hypercube. 

FIG. 2 FORWARD RECALL IN BAM 

1.01-4 

Number of T r a n s p u t e r s  

RG 2 Forward recall m BAM 
.--- W~thout setup tune, - With setup time. 

Neurons per layer. 80 

4.2. Parnllel implemenration of backpropagnnon network 

Backpropagation e a supervtsed learmng technque used for training multilayer ANNsS. This technique is 
useful in areas of image and speech processing, etc. The processes of learning and recalling m a backpropa- 
gation network are compute-mtensive and are amenable to parallel implementation. All neurons in any 
particular layer operate in parallel and can be mapped on to vanous transputers for parallel operation. 
The network has been implemented on a hnear array and ring of transputers. The number of transputers 
is varied and the speedup obtained. The two-transputer version is closer to its theoretical maximum 
speedup of two when compared to the four- and eight-transputer versions because of lesser communication. 
Linear array perfoms better during recalling of patterns because the sendmg of parameters between the 
transputen is done less frequently and in larger packets. In the case of learning, the ring topology is better 
since the process involves a lot of communication with the host and the smaller diameter of the ring 
topology makes it faster. 

5. Numeral recognition on BAM and backpropagation networks 

BAM and backpropagation networks are used for numeral recogniuon. BAM has a limited storage capacity 
and the concepu of multiple training and dummy data augmentation are used to improve the storage 
capacity. The number of patterns that could be stored in BAM depends on how the patterns are coded. 

5.1. Multiple training in BAM 

The number of patterns that can be stored in BAM and can be recalled perfectly can be altered using 
multipk training6. Recalling of any one pattern can be guaranteed with adequate number of trainings 
called multiplication factor. If an arbitrary number of patterns have to be recalled perfectly, there is no 
way to guarantee the recall of all the pattems. 

To achieve periect recall'of any i patterns, x,, x,, . . .x,, we must find i values of multiplication factors, 
multl, mult2, . . . multi in such a way that the following condition is satisfied for every element n in the 
i patterns. 

Sign (multa * multa * (1, ' x 2  * x,) = Sign (multa * multb * (x. * x a  * xa,) 

where xr- reorerents the mth oosition in Dattern x, 



Dummy data nuginenlarlon mi.rhod guainnlccr the recull of all tmmnq p.im provided thc nght amount 
of dunmi) sets arc augmented to the patleios whde tlainln:: and recalbnZ6 Wlth dummy data sugminta- 
tmn. all the ten norncml\ can he w m d  on RAM. 

BAM n<tworh ~n general has h a  irorags ciipacily Recalling capabilrty depends on the pattcril LC he 
clrs~iiicd. TVth multiple !r.imng and dummy data augmentation. the capacity was mcreased. Duinmy data 
anpmentatmn inctiiod clasfics bcttcr in rhe prcscnce of noise whcn compnrcd to the nctwork tra~ncd 
usinq multrplc trainmg nmhod T i e  hd~kprop~ipatmn network is able to withctmd nolse to quirc an extent 
and cias\i[~rs botrei then the BAM network. 

6. Medical diagnosis using bxhproprgrtion nrlwork 

Backpropagatmn network ~c uaed In the iicld ot  (mcdicm~. The netwo~k haa becu uscd to diagnoir: 
various kinds ui arthntia 2nd allied rhcurnnt~c disorders classhed as pattern?. Vanons paramctars ot lhc 
joint fluid arc measured and fed into the network to rccognm seven of the major types of arthritis and 
allied riiru~nstcc disorderq. To simulate r ph)sician'a rearonmu as cloaely as possible, the syrtem has been 
dividzd m a  module\. one for csch parameter. Each hiddcn layer represents a modulc The network has 
been rmplemcnred on a linenr array of four transputers gvmg a spccdup of 2.89 when compared to a 
smgk transputer implementation 

7. Conclusions 

Iransputer-based parallel ~mplernentation of BAM and backprapagauon network gwc good speedup. 
Hypercube topology is better in terms of spcedup and utilization in mplementing BAM. Rmg topology 
perioims better during learning and linear array prdoimh better during rccallmg operiitlons m backpropa- 
gation nctwork Numeral rccognitian on backpropapatlon network is better than oo BAM in the presence 
of nase Multiple Irainmf and dummy data augmentation mprove BAM-recalling capabditles. Arthrit~s 
diagiioaii on backpropapation network show plom~cing trends for tututr implementation. 
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1. The problem 

In the development of knowledge-based systems, human cxpcrtisr or his kr~awltdgc 01 a specific domain 
a sought to be transferred to the knowledge-base of such crpcri systems Thc process of tha  transfer is 
r~rmcd knowledge acqoidtion or knowledge elic~tation and thls has been recognized as a very di iilcult 
and time-consummg task 'the knowledge-acquisllion bottleneck'. In  bterdlarc. the ciauical paradigm for 
this transtcr is through an ~ntcrmcdiary callcd thc 'knowledge engmccr' w h ~ h  is substmted by autornatlc 
knowledge-arqoi.;!t~<,n programs m more recent systems. 

2. Approach 

Herr. we apploach the p~oblcrn of knowlcdgr. acqwaition as an edocarional activity, with thc domain 
capert taking the role of s convcnt~onal teacher, attempr~ng to transfer hn sxperose, via a computer 
program called the experme-student program, to develop the knowledge-base. 

The prcsent wolh was moliv,licd by the obscrvatian ?ha1 knowledge acqus~tion. and, m Pact, any know- 
ledge transfer. by dcfimtmn. intultlon, and nnturc, 1s an cducatlonvl act~rity. Moreover, current knowlcdge- 
acquisition techniques, as obvious from their generrc namc, arc bmed on extraction. elmtation and gener- 
rlly acqmsitiun of knowledge f ~ m n  knowledgr soul-crs (usually human rxperts) In these Lcchmques, rhe 
recewcr of knowledge (a knowledge engmeer, or an autornatlc knowledge-acquls~tion system). speclf~cs 
what should be acqmred and when; which could be recognized as student-oriented educmonal methods 
(such as sell-study nr ;~pprennceshlp) In analogy wrth the edtlcation metaphor. In conlraat, the bulk oi  lhe 
human knowledge transfer is via teachers, or in other words. human cducation is teacher oriented 

In this work, we lnvestlgate the fcaslbility of usng a general leaching srraregy, and 11s assocrated develop- 
ment environment. Our objective 1s to use durnam experrs to be denoted expertise-teachers who are also 
iamihar with cducation, to reach domain knowledge, which is necessary and sufficient for developing the 
required knowledge-base. Thc receiver of t h ~ s  knowledge (the student) 1s a program called the 'eupertae- 
student program', which collecls the cnterrd knowledge, tranafeia it to an appioprialc internal form and 
usea it for furthcr interactions (such as query answering). At thls stage, from the vicw paint of the 
expertise-tcacher, this process would be somewhat similar to the education of mentally retarded rindenta, 
because he qhould cnns~der the debil~tiea of the eqcrr~se-btudenr prograln He sllould try for clcnr and 
specihc decomposltmn of the knowledge to be cmlcred, tu available and undclstandable knowledgc forms 
of the cxpcrt~se-student program. 

5. Organization 

The work srarts with the rnam concept? involved in this investigation, knowledge, knowledge-basc, Inow- 
Icdgc-bused system, knowledge acquisrtion. knowlcdge and its distinction from information and data. The / 
concept of nonun~forrmty of knowledge a considered because of ~ t s  major role in any knowledge proces- I 
sing. Reasons for knowledge-acquisition hottieneck arc also remewed. 

We observe that knowledge acquisition, like any knowledge-transfer process, ir an educational activity. 
Then, using major factors o i  any educational activity such as ~ t s  goal, the student, and the teacher chnrac- 
tcnstics and the method, key Issues of knowledge acqmstron are presented. An mteresting point regarding 
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the use of tnr cducauun metaphor ia that it shows some key points regarding knowledge, and knowledgc 
acqu!rluan. which zie nor fully zppreaated m !irerature. 'n.6 amount of contiihulmn of Lhe somcr. wd destl- 
"aim pa~ta 11: r l x  knowledge-rranalzr proceaa aii: usad as a bnsls far a classification of the current  knowledge^ 
scquiaition techmques. It la concluded that the current knoroledge-acqmsit~on techniques are predomnantiy 
student onented in spre o: human crpenencc in education which is essentially teacher onenred 

Suhscqucn;ly. mcoryurating ths wcalih of human cnpenencc in cducation, the knowledge-teaching 
paradigm as an nltcrnatwe snntegy for transferrng human knowledge ro knowledge-bases is introduced, 
and ia major lrsoes are discussed. including the characrcristtcsldut~cs of experriae-lcacher and expcrtise-stu- 
dent program; the type of k~~owluilgc lo hd transferi~d and the role of the relcvanr domains; the manage- 
rial rolc of the knowiedge engineer. the development life cycle of the knowlcdge-based systcms via the 
knawledgs-reaching paradlgm and the new pioblems ~ h i c h  should be resolved. 

We also study the co~xributmri of the Xnowledgc-tcachimg paradigm m making expert system technology 
more cfficien; by iinding iis impact an rhe development h f i  cycle of knowledpe-based sysrems and rernov- . . .  
mg or decreasing vanaus bortlenecks, k e  brittleness. In othcr words, the knowledp-teaching approach 
1s cvaluared h s e d  on same criteria w h ~ h  are fixed fmt. 

The speui1~ca:~ons and the desgn issues of the espertise~student program are conudered. Based on thcse 
conside~:~t;ona. .i s:mplr arcthcture ir propuscd. Spectdl modules for representing and using cad, funxi 
of kno\rledg; m d  dit'ielrrmces herween expcr:ise-amdcnt program and thc conventional Inawledge-acqun- 
Iron tooh are also noted. 

We aliu report or. the development of a prorotypc expertise-sludent program (ESP) involving tbc 
operationalizrtr~an of the knowledpe-reaching paradigm. After a general dcscnprion of ~ t s  external be- 
haviour, rts tech~cal  speciiicatmns about representation and utilizatmn of each one of ~ t s  knowledge forms, 
:md its general procedure of reasonmg are presented. 

Finally. we present nn apphcation of ESP. :n develop~ng a turormg systcn~. with different categoncs of 
knowledge (psdagogjcal knowledge, doman knowledge, and the knowledge-entered through the knowledge 
engineer) irom diiferenl sources The report ~ncludes seve~al practical problems rncauntered in the im- 
plemeniation phase. 
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Acoustic enlission signal analysis: An unsupervised pattern recognition approach by 
M. Abdul Maieed 
Research sup&sor: C. R. L. Murthy 
Department: Aerospace Engineering 

1. Introduction 

The term 'acoustic emission' (AE) strictly refen to the phenomenon by which pressure waves are generated 
1n a material by the rapid release of energy from dynamic processes such as crack growth. The pressure 
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waves so generated are also commonly referred to in thc lltcrature as acoustic cmision. Thz wtsl inlorma- 
tlun contained in these waves can be crt!acled and analyaed to ch;~ractcrizc thl defects and assess rheu 
revenlg. The analysis for this purpose is lilcilitatcd by conversion of the pressure waves Inlo rlectncal 
signals called A E  signals. Though Ihe potential of AT. ah an 'art~ve' NDE mcthod has long becn r r m g -  
nised, its use is l ~ m ~ t e d  to nmple applications such as pressure vcrsel monitoring and leak detechon. Its 
apphcation to more complex problems like infl~ght monitoring has not exactly been successful mamly 
berause of the lack of an appropriatc signal nndysis methodology. 

The major problem In AE sigllal analysls relatcs to: (I) separation oi true AE from pseudo-AE and 
AE-like noises, and (2) classificdtlon of signals of distmct ongina Though FOmr reccnt rescnrchen haw 
advocated thc usc of statistical pattcrn rccognition (PR) or patten, classiticrtmn as a wiution to this 
problem, most of thesc investigations appear to be feasibility studres carried out using conventional PR 
techniques on simple prohlems. Thu*. the s t w d  problem. i e . ,  sorung signal and n o m ,  and dassiflcation 
of signals for purposes of NDE utilizing AE, rs so compicli in natilir, that an indepth ~ t u d y  i5 required 
for its solutmn Thls has prowdcd ub the malor impetus for carryinq out the work rcportcd here 

2. Studies on feature extraction 

A PK process consists of two major whproceises: feature eatiactlon and clasrlflcat~x~' The question of 
which features are lo he extracted f ~ o m  a patrem (s~gnill) does no1 vxrn ro have rccewrd serious cons~d- 
eration in the PR literaturc rclated to AE. And, in particu:ar. thc approachcs adopted seem to he ad hoc 
or arbitrary and not based on nny formal theorv. Thus, the need for developinn a euldehne has motivated . . ., 
11s to study the Ieaturc cxtracnon problem from a rheoretiral perspective by rnodrlling the pressure wavcs 
with some ~cviesentalwc, typical and analvt~cally tlactahlr short-duration t~ansient functions. and the traw- . . 
ducer as a linear-phase bandpass system. 

The feature rxtractlon problam 1s studled using a large database ot stgnals generated in accordance wlth 
the model devcloprd and analysed. The fow o i  the convmtionally used timc-domain parameters. mz.. 
ringdown count, evcnt duration. nse timc, and peak amplitude are analysed in depth in terms of the 
discnm~nat~ng mformatmn they carry The rcsults demonstrate the sgiticance and efficacy of three of 
these parameters as fcsturm for pattern recagnition or pattern ciassification of AE signals. In addrtion, 
same new tune-domain parameters (p .g . ,  n ~ g a t ~ v e  peak amplitude) with polcolial use in complex AE 
appiicatlons are identified. 

3, Rrlerance of unsupervised pattern recognition 

The second maror problem of a PI7 process 1s the c h a m  of a suitable classificat~on procedure. Class~fication 
scheme? essent~ally are of two types: supervised and umsopexviaed'. Supervised procedures require an 
adequately large set of preclassified trainmg samples In sevcral A E  expcriments, duc to rhc lack ot 
sufficient a priori problem knowledge, thc use at supemsed procedures 1s unfeasible or if teaslhle, p r o h h  
lively expensive. 'This makes unsupervised procedures deslrahle or more relevant. Thus, in this work, total 
emphasis is placed on unsupervised PR methods. 

4. Effkient unsupervised pattern dassitication procedures 

In practice, normally, unsupervised pattern classification problems are solved by clustermg using apprup- 
r i m  algorithms. Clurtenng algorithms a m  at di-tecung the subgroups in the data orresponding to the 
pattern classes. Though numerous clustering algorirhma a e  available in PR IMeraturei, rnost of thcm are 
problem-specific. Besides, several of these algorithms, on account of their enormous computational require- 
ments, are unsuitable for real-world problcms involving large volumes of multidimensional data to be 
analysed in short permds of ume. This has prompted us to develop clustcnng prucedurcs devoid of these 
shortcomings. 

First, we develop ir fast iterative threshold-distance algorithm. The efficiency of this algorithm tor well- 
separated clusters is established by rigorous Lheoret~cal analysis and by expermental demonstmion, on 
two-dimensional artificial data. For any type of data, the algorithm can be uacd as a fast means 01 gencrat- 
ing hypotheses about its categoxy structure. Wc next develop a versatile two-stage classifier (clustering 
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piuccdure) umibining the ll~iesl~old-disunczce alpnrhm and a conventional oonhierarchcal clustcmg schcmc'. 
?'hc ~ftiiiuncy and icrsntht! of this procedurz is demonstrated an a vmety of attitiual data. Uslng rheac 
data. ae furthcr invemgutc some nisrhods ai deadmg the number of cluster\ mllcrent In the d;lta. 

In conform~ty with our srated goal. we subjccl rhe patrern recogn~rian procedmes dcvcloped alnd i n v e d  
gated to tests ming ieboratory-simulated AE data. Also, several cluslering expcrlments pelformed on these 
data mvabiish the sqniiicmce of some af the rime-domain parameters aa features for signal characterisation 
and cinscfication Further, using lhrse data. the eifecr of data normalization on clustering results, i.e., 
whether norrnalmtion posltlvely affects classification accuracy is also atudled 

6 .  Classification of e~perimental AE data 

The [itst set of experimental data used ro rest the pattrnm recoglition procedure> developed cunaibrr of 
AE \ignal\ generated hy three different failure modcs. v;;., f h e r  hieakage, delmmation. and splitting in 
GFRP composmn. Thc second data sct consrsta of Ak slgnds callectcd from tcnide tcsts conducled a n  
GPRP plastic strain msulntors. The experiments performed on both the data sers clearly eslabhah the 
practical value of rhe posrulated proceduics for AE signal ana1ysi.i. 

7. Conclusion 

To summanse, this work 1s put forward as (I) an exploration n l  lhe possibll~tles (or lhr adnpvalioa of 
unsupcrviscil pattern rccogninan te~hniques for solvmg practical AE rlgnal analys~i p,olilcms, and (2)  a 
demonsnation of the soundness of the approach and ns urihry. 

Thesis Abatract (Ph.D.) 

High pressure and thermal studies of arsenic based chalcogenide glasses by S S K. 
7 i t i x  - 
Research supervisors: 0. S. R. Gopal and S. Asokan 
Department: Instrumentation and Services Unit 

1. Introduction 

Amic-based chalcogenide glasscs are of great interest due to their appl~calion In dry phulography, in- 
frared optics. electrical and oprlcal dcviccs, rlc A study of the physicdl properties of Ihcse gla.\se\ is highly 
desirable To identifk the appropnate material f o ~  rfllcient td inologi~al  appIic~tiuo' 2, in thr preienl 
mvestigatmn. high-pressure eiectncai reslctlvcy, thermal crysrsllizat~on and switching hehariours of some 
arsemc-baaed girries have hren s t u d ~ d  Thesc srud~es throw llght on lhc arructure, electrical prapurtm 
and their ~nnposit~onal depcndencc of thcsc rampla 

Bulk. stmicondocring As1Tclln~,(2i<rC65), As-.X; (X=S.Se,Te) and AS,T~, , ,~ .~ .~  be, ( 3 0 s x s 5 0  ; 
i i iSr . s? j )  glnsscs were prepared by melt-quenching method Electrical resistivity mrasurrments were made 
on rbrrc glasres. as a tuncrlon of pressurc up to 8 GPa and temperature doun to 77 K ,  using a Bridgman 
drvil \?stem. developed in our laborarory Thermal nystalllzation studies were carncd out usmg a Stanton- 
Keduoft dlifeiential icannmg calorimeter (DSC) The swltchmg hehavmur of rhese samples was studled 
r?.lng a home-budt PC-basid system. 
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3. Results and conclusions 

The resistiv~ty of As,Telon-, and As5elo0-,-,Se, glasses decreases continuously with pressure, reachmg 
metallic values around 6 GPa pressures3.'. The conduct~nty activation energles o l  these glasses, estimated 
ar different pressures, also show that these glasses undergo a continuous semiconductor to mctai transition 
under pressure The most lnterestlng aspect of h~gh-pressure response of these glasses a the subtle change 
in the res~stivity behaviour at compositions corresponding to thc mean coordinat~on number Z=2,4. Such 
an unusual change in the resistrvity behawour 1s elucidated in tho hght of chcmicai and percolation 
thresholds, occurring in chalcogcnidc glassess '. Rgure 1 showa the vanation of electrical resiativdy of 
AsjiTeU and AsiiTeis glasses, representing 2 < 2.4 and Z > 2.4 regions. respectively. 

0 2 4 6  
PRESSURE IGPal 

Flr 1 The vmatian of 
i 

normallred electrical rerls- TEMPERATURE ['c) 
tance of As3Jeh5 FVO 2. The DSC tllermogram of AsxTehc. AsoTei; and AiiiTea5 ginsses. Ihcaung rate 
(Z c 2-4) and As,*Teii IS' Clmm 
(2 2 2-4) glasses with 
pressure. 

A comparatlve study of high-pressure electrical resistivity behaviour of As2X; (X=S, Se, Te) giasses 1s 

also undertaken. It is found that arsenic sulphide and arsenic selenide glasses do not undergo rnetailizatmn 
up to 8 GPa pressure whereas arsenic telluride glasses reach the metallic state at 4 GPa ~tself. This 
observalion ind~cates that in arsenic sulphide and arsemc sclenide glasses with lower densities, rhe applied 
pressure is primarily taken for shrinkmg the voids rather than compressing the bonds'. 

Thermal crystallization studies on A~Se,nn.~ glasses reveal that glasses with x < 40 and x = 55 and 60 
exhibit a single glass transition and a single crystallization reaction (Fig. 2). However, glasses wnh x = 40, 
45 and 50 show a double-stage crystallization (Fig. 2) The glasses are recovered after the first crystalliza- 
tion reaction and the memediate phase is identified to have an fcc structure8. The actwation energy of 
crystallization is estimated using Kissinger's method. It is found that a plot of compontion versus crystal- 
lization temperature and the activation energy for crystallization also shows a slope change at a composition 
x = 40, corresponding to a mean coordnation of Z = 2.49. 

The thermal behaviour of ternary As-Te-Se glasses shows very interesting results. These glasses with 
Z = 2.3 (i.e., x = 30, 10 < y s 25) show a single glass transition and a smgle-stage crystallization. On the 
other hand, glasses with Z = 2.4 and Z = 2.5 (x = 40 and 50, 10 S y < 25) show a s~ngle glass transition 
and a double-stage crystallization. The observed change over in the behaviour can be explanied on the 
basis of chemical and percolation thresholds occurring In the systems. 

The differential thermal and therrnogravimetric analyses (DTAITGA) on AszX3 glasses show that arsenic 
sulphide and arsenic selenide glasses do not show crystallization reaction on heating. Further, durlng 



llSc THESES ABSTRACTS 

FIELD ( v o l t / c m l  
FIG 3 The I-V chaiuctenvica ot Aa,Jero glass at 30" C 

healing arsenic sulphide and arsenic selenide glasses show almost 100 and 50% wcight loss, respectwely, 
up to 825 K. About 20% weight loss is observed in the case of arsenic telluride glasses up Lo 825 K7. 

The I-V characteristics of AsniTeur and Asv;TeroSelo, two representative glasses, are studied using a 
home-made PCbased system. Tlmz glacses, are found to exhibit switching with memory. Figure 3 illus- 
trates the I-V rharacteristics of AahliTcz, glass at ambient temperature. It is also found that the threshold 
wllages of these glasses decrease coi~tinuausly with increasing temperature. 
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cEivi6y of tripherag8phospBies:  toward^. diwtheelum(Il, IHEJ Lelracar- 
boxytiylates by Birinchi K. Das 
Research supervisor: A. R. Chakravarty 
Department: Inorganic and PhysicaP CIvelnisrry 

1. Bn6rduciion 

Dimetailk tetracarboxylates with an Mi(y-OfX)< core drsplay strong bonding mtsraczions between the 
metal atorno. parlicuiarly those of second- and third-row transtion elements'.'. While the comparatrwAg 
more stable forms of the tetracarboxylates of other transiaon elements are M2(qCR)r  and M:(O2CR),L2 
(L, a neutrai or  anionic monodeothtc Xgand), for ruthenium it is the mixed-vdent f n m  R U ~ ( O ~ C E ) , ~ ,  
which :s more stab!e. Tbese dtr~:henwm(ll. 121) tetracarboxylates are charaacrized by a umque spin-quar- 
tet ground state'.'. 

Temary phosphrnes (PRJ react with M2(02CR), compounds to form either a b~axia! or a bicquarord 
a d d ~ c t ' . ~  of formtllation M2(4CR)$ (PR;)>. Tiiarylphosphines also display2 orthometallatton reactton with 
the tetracarboxylates of 0 s  and Rh. The diruthenmrn(I1, 111) tetracarboxylatci by viriuc of their oauaua! 
electronic structure show distinctly different reactivq patterns. Rcactions of t$ese complexes wtth tertiary 

phosghines are not t~orouglily explored. Detaiied ~nvestig.ttions on these rcactmns const~tute the wbject 
matter of the present work. 

2. FxpesimenPal 

All synthetic work was carried out in aolution medium. The complex RuZCL(02CMe)4 was prepared accord- 
~ n g  to a reported3 procedure. All products wcre obtained in solad stare and were characterized by malyt- 
ical, spectroscopic (electronic, IR, 'H NMR, and ESR), magnetic, and elect~ochemical (cyclic and differen- 
tial pulse voltammetric) data depending upon the appticabtlity of the method concerned. Stluctura! studies 
were carried not using smgle-crystal X-ray diffraction technique on representative compounds. 

3. Rewrlts itnd discussion 

To extend the scope of the present atudies a serics of dinrthenium(1i. 111) tetraarylcarboxylalo curnpoundr 
of formulation Ru2Cl(0,CR), (1) where R=Ca4p-X, X = H(a), OMe(b), Me(c), Cl(d), and N02(r) has 
been synthemzed hy reacting Ru2Cl(OzCMe),, with RC02H. The room temperature pEn values for ilir~c 
paramagnetic precursor complexes (1) are found to correspond to the presence of three unpaired elcctrons 
per dimer. A quasireversible one-electron reduction process 3s observed at -0.0 V (vs SCE) from c y c k  
voltammetric studies on the DivE solut~oo of 1. The crystal structure' af Ib consists of the dimeric Ru,(p- 
O2CCdiSpOMe): units bridged by chloride ligands into a polymeric ztpzag chain where thc average 
Ru-CI distance and Rn-CI-Ru angle are 2 567(2) ?. and 121.0(1)". respectively. The average Ru-Ru 
dtstance ir. Ib is 2.286(1)?.. 

The reaction of 1 with PPh, in an MeCN-HzO medium leads to the formation of four series of products 
conlaining a (p-aqualoxo) bis(p~arhoxy1ato) dirutheniurn core. At low temperature a mixed-valence di- 
ruthenium(I1, 111) complcx Ru,(p-OHJ (p--OzCR)2 (9'-OiCK)EI(MeCN) (PPh3h (2a4)  has been iso- 
lated. By adding some extra water to the reactioe mednurn the dirutheniurn(l1) complex Ru~(~--OWI) 
( P - O ~ C R ) ~  (q'-OICR)2 (MeCN), (PPh,)? (3-1 hns been obtained as the main product. In thc triply 
bridged complexes5 (Zb and 3r), the bridgjng @-OH2 lzgand is hydrogen bonded to the q'-bonded car- 
boxylato ligands. Structural results on 2b prowde evidence for the localization of the oxidation states in 
the dimtheninm(ll. 111) complex (2). 

Two diruthcnium(II1) complexes Ru,(fl)(p-02CR):(q2-OGR~(PPh3)~ ( 4 4 )  and [Ruz(&-O)- 
(p-02CR),(MeCN),(PPh1)2](CIOO)I(5~) have bcen prcpared by reacting 1 with PPh, in MeCN. Molecular 
structtrre of 4b and 5a show6 the presence of a (p-oxo)bis(p-carboxy1ato)dirutheniurn(III) core I" 4 and 
5. While the R-Ru repearations in 4b and 5a are -3.2A, the Ru-(p-ObRu angles are -12U. The com- 
plexes containing labile facial s~ tcs  serve ar structural models for hemeryrhnn and other b~omolec~i ld .  
Complexes analogous to 4 and 5 have a150 been obtained using RqCl(02CMe)4 as the precursor. 
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The spectroscopic, magnetic, and electrochemical properties of complexes 2-5 have been studied5,'. An 
intervalence transfer (IT) absorption band for the asymmetric mixed-valence complex (2) is observed in 
the range of 900-960 nm in CHCI,. This band is charactenstic of a moderately coupled Class I1 mixed- 
valences complex. The one-electron paramagneoc complex (2) exhibits an axial ESR spectrum with g, 
-2.3 and gu -1.7 in the X-band at roam temperature. The spectrum is as expected for an isolated 
$Ru(III) centre. At low temperature the spectrum becomes rhombic. The diamagnetic complexes 3-5 
display well-resolved 'H NMR spectra consistent with their formularions. The +-OHz iigand in 3 is highly 
deshielded because of hydrogen-bonding interactions. The 0x0-bridged complexes display strong visible 
charge transfer bands originating in the {Ru-0-Ru) molety. 

The aqua-bridged complexes 2 and 3 are redox active in CH2Clr0.1M TBAP. The Ru2(II, III)/Ru2(II, 11) 
and Ru,(II, III)Ru,(III, 111) couples for both the complexes are nearly reversible. Observed Eu2 values 
are found to be dependent on the substituents present in the carboxylato hgands. Complex 2 undergoes 
a novel disproportionation reaction in MeCN medium to give the diruthenium(I1) and diruthenium(I11) 
compiexes 3 and 5, respectively. 

In the above products formation of an Ru-Ru bond is precluded due to large separation between the 
metal atoms. However, at elevated temperatures the reactions also lead to the formation of metal-metal 
bonded anionic mmplexes along with complex 4, the major product. The following cationic-anionx 
mmplexes' have been isolated from the reaction mixture. [RUC~(M~CN)~(PP~~)~]~[RU~C~~(O~CC&-~M~)~] 
(6). [RuC1(MeCN)~(PPh~)l[Ru2C1~(01CC&-~Me)41 (7). and [RUCI(M~CN)~(PP~~)~I[RU~~, (OZCR),] 
(R=Ph, 8; C6H4-pMe. 9) In the diruthenium(I1) [ R U ~ C I ~ ( ~ O ~ C C & I ~ - ~ - M ~ ) ~ ] ~ -  anion of speaes 6, the 
metal-metal distance is 2.291(1).&. The cationic complex found in 7 is different from those in the other 
complexes. The Ru-Ru bond distance in the an~onic complex of 7 is 2.299(1).&. Using 

' 5  r MIFLEXUPAL STRESS RESULTANT 

FIG. I.  Schematic reprexnrarim of the pathwys involved in the reaction studied. (i) PPh,, MeCN, reflux; (ii) PPh,, 
MeCN; [iit) P P h  MeCN-He.  1(P C; [iv) McCN, reflu; (v) MeCN, RT; (vi) MeCN, RT; (vii) MeOH, NaOICR, RT; 
hi i )  MeCN, H'20,; (5) MeCN, RT or renw. 
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RU,CI(O,CM~)~ as the precursor a product analogous to 8 and 9, [RuC1(MeCN),(PPhJa] [Ru2Ci2(OFMe)r] 
(10) has been isolated, but m this case it is accompanied by a monomeric mthenium(I1) c o m p l e ~ ' ~  
[Ro(0,CMe)(MeCN)2(PPh3)z] CI04 (11). Contrary to the other ruthenium(I1) complexes present in the 
cationic-anionic complexes this complex (10) contains an acetato hgand in the chelating mode of coordination. 

Magnetic susceptibilities of complexes 7-10 correspond to the presence of three unpaired electrons per 
molecule. These complexes display axial ESR spectra at 77 K in the solid state. Complex 6 is ESR silent 
and it contains only two unpaired electrons. While the data suggest a c27r4S"(6'71')' configution for the 
anions of complexes 7-10, the poss~bie ground electronic configuration for the anion of 6 appears to he 
$7r4626'2~'z. This is apparent from the absence of a S+S' transition band in 6. The same transition for 
the complexes 7-10 is observed at -1150 nm. All- these paramagnetic cationic-anionic complexes display 
interesting 'H NMR spectra in CDCI,. The band assignments have been made on the basis of intensity 
ratios. 

Mechanistic information has been extracted from structural and electrochemical data. The overall reac- 
tion involves both symmetric and asymmetric cleavage of the polymeric -Ru-Ru-CI-Ru-Ru-CI- chains 
present in the precursor complexes. Figure 1 shows the various possible pathways involved in the formation 
of the interesting range of products. 
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Thesis Abstract (M.Sc. (Engng)) 

Seasonal variation of the zonally symmetric tropical circulation in a simple climate 
model by Shankar Doraiswamy 
Research supervisors: J. Srinivasan and Sulochana Gadgil 
Department: Centre for Atmospheric Sciences 

1. Introduction 

A low-order model of the zonally symmetric tropical circulation is developed. The model extends the work 
of Davey and Gill' to mdude a realistic forcing, viz., the solar insolation at the top of the atmosphere 
and surface-feedback effects. 

2. The model 

The model equations are linearized about a resting baslc state and are solved on an equatorial P-plane. 
The vertical structure of the variables is separated by specifying a first baroclinic mode. The other modes 
are neglected since the latent heatmg due to cumulus convection forces mainly this mode in the tropics. 
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The time dependence of the vanablea 1s specified by a truncated Fourier series. This ieiults m a system 
of coupled ordinary differential cquatlons (ODES) wlth lat~tude 3s the independent variable. A finite- 
difference technique is used to solve thc two-porn1 boundary-value problem. 

The model circulatmn a forced by solar radiation. Moisture equation 1s decoupled fronl thr system of 
equations by assuming saturatnon in the regions of ascent' (following Davey and GdI). Surfacc tcmpcralure 
perturbat~ons and latent heating are determined interactively with circuiatlon. Surface (oceantiand) proces- 
ses are modelled by incorporatmg certain tlme constants which are functions of appropriate surface and 
atmospheric parameters (like mixed layer depth, Bowen ralm, etc.). nlcse time constants reflect the 
tmescales for heat transfer in the model domam, v i r ,  atmosphere, ocean and land. 

3. Results of the numerid simulations 

The rehults of two series of numerical experiments arc discussed. Thc nlodcl planet i\ a ther  an aqua- 
(all-ocean) or a rcrra-planet (all-land) in thc first serics while ~t has both ocean and land in the sccond. 

The results of the numerical experiments with all-ocean and all-land surfaces show: 

i) the effect of moisture on arculation. The presence of moature is shown to result in a narrower zone 
of ascent and a stronger circulation. 

ii) the effect of direct absorption of solar radiation by ihc atmosphere It 1s shown that in the case of an 
atmosphere which ir transparent to solar radiation, the tropical convergence zone (TCZ) tends to 
overlie the surface temperature maximum and thc atmosphere is forccd to respond on the same tlmcs- 
cale as the underlying surface. 

ili) the cffecr of different time constants for the ocedn, land and atmosphere (the in~pact of various atmoa- 
phenc and surface parameters which determine thcse t m e  constants is dncussed). 

The rcsults of the second series of numerical expenments show the cffect of diffcrcnt~al heatlnfi of the 
oceanic and continental surfaces. The location of the ocean-land boundary 1s varied m this series of 
experiments. Secondary maxima of sulface temperature and vertical velocity are found in some cases. The 
results explain why a secondary TCZ is observed only in the Asmn monsoon region and not over the 
African continent or the tropical Pacific and Atlantic Oceans. 
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Thesis Abstract (Ph.D.) 

Intragenic pausing aod regulation of CYP2BlIB2 genes in rat liver-role of heme by 
V. Venkateswar 
Research supervisor: G. Padmanaban 
Department: Biochemistry 

Cytochome P450 (CYP) genes form a supelfamily and code for a vancty of multlfunctlonal 
monooxygenaxs that are involved in the metabolism of xenabiotics Different chemicals induce distinct 
species of CYP genes'. Two prototype inducers are phenobarbitone (PB) and 3-methylcholanthrcne (3- 
MC). 3-MC induces CYT'lAl and CYPlA2 genes m rat liver and is known to function through a steroid- 
hormone-like mechanism. The cytosolic Ah receptor moves into the nucleus upon binding of the ligand, 
binds to the cis-acting elements in the 5' flanking region of the CYPlAltAZ gene and activates transcrip- 
tion'. PB induces CYP2B1 and CYMB2 genes. However. vely little is known ahaul the mechanism by 
which PB activates uaoscription of these genes. 
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Earlier work has shown rhat heme, in addition to the drug, is a positive modulator of CYP gene 
tran~cription*~. Depletion Of cellu!ar heme results ~n the inhlbitlon a i  drug-induced gene transcription. It 
has also been shown that bindug of protems to the 5' near upstream region (-179 nt) of a CYP2B2 variant 
shows correlation to the transcription status of these genes6. 

The present study alms at elucidating the mechanism of regulation of CYPZBIBZ gene in rat liver with 
special emphasis on the role of heme. 

2, Materials and methods 

Male rats of the IISc strain were injected with PB (8 mg/100 g, i.p.), CoCll (6 mgllW g, s.c.) or succinyl 
acetone (4 mgilOO g, i.p.) or combinations thereof. RNA pieparatlous were analysed through dot blots, 
S1 nuclease protection or Northern blots. Transcription status of the genes was analysed using run-on 
transcription assays, using "P UTP. Hemin (IO-~M) or heparin (100 &mi) were added in vitm where 
relevant. Standard procedures were used'. Single-stranded DNA probes were generated by cloning suitable 
restnction fragments into MI3 vectors. 

3. Results and discussion 

It was demonstrated that heme was a positwe modulator of CYPZBllB2 gene. Different chemicals that 
deplete cellular heme inhibited the drug-dependent gene activation to different extents. The ability of any 
chemical to inhibit CYP gene activation depends an the exrent to which it can deplete cellular heme. A 
mode! was proposed to explain how different genes respond differently ro cellular heme levelss. 

Studies with run-on transcription assay showed that heme regulates CYPZBlB2 gene primarily at the 
level of elongation. The evidence was two fold: heme addition in v i m  to heme-depleted nuclei could 
restore transcnption to induced levels even under conditions where transcription mitiation was blocked; 
and, heparin, which promotes elongation of nascent RNA chains in vitro, wuld overcome the effect of 
heme depletion. 

Nonhem analysis of nuclear RNA, isolated from uninduced, induced and heme-depleted animals, indi- 
cated that heme could also act at the level of RNA processing and/or stability. 

Further, it was also shown that intragenic pausing occurs in the CYPZBllB2 gene and the effect of the 
drug might also be to relieve this pausing. 

Use of single-stranded DNA probes led to the detection of significant amount of antisense transcription 
across the CWZBllB2 gene. The anhsense transcripts were short molecules (around 200 nt) and could be 
detected in the nuclear RNA pool, though at very low levels. Interestingly, both antisense transcription 
and transcripts showed a heme-dependent inverse correlation to the sense transcnption. However, a reg- 
ulatory role for the antisense transcription can remain only speculative at this point. 

4. Conclusions 

This study has brought into focus elongation as a step in the regulation of CYPZBIIBZ gene transcription, 
especially with regard to the action of heme. Heme has also been shown to act at other sites including 
RNA processing andior stability. An intriguing aspect of CYPZBlB2 gene has been found in significant 
transcription occuning in the antisense orientation. 
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Thesis Abstract (Ph.D.) 

Digital simulation study of the application of artificial commutation in MTDC systems 
including weak ac networks by Premila Manohar 
Research supervisor: H. S. Chandrasekharaiah 
Department: High Voltage Engineering 

1. Introduction 

The technical advantages of HVDC transmission systems have paved the way for mulritennlnal HVDC 
(MTDC) systems. The MTDC systems with reduced losses, increased overload capabilities and well-coor- 
dinated control systems are operationally more flexible and secure than a number of point-to-polnt HVDC 
li&. Contemporary MTDC system research is broadly concemed with control, load flow, stability and 
dynamic performance studies. MTDC systems interwnnecting large ac systems invariably involve inversion 
into ac networks with low shon-circuit ratio (SCR). This poses several special problems related to the 
reactive power compensation, voltage regulation and stability, dynamic overvoltages and commutation dur- 
ing abnormal conditions. The study of these problems is currently an active area of research. The present 
work is concemed with the dynamic digital simulation study of MTDC systems with reference to the 
problems of inversion into weak ac netsforks. The work contributes towards an understanding of the 
benefits which may be derived from using artificial commutation with series capacitors at inverters feedlng 
weak ac network in MTDC systems. The protection of the series capacitors against overvoltages using 
metal oxide varistors is also investigated in detail. 

Several measures have been proposed in litmature to overcome the problems of inversion into weak ac 
networks. Significant among them include the use of synchronous condensers, static VAR system andlor 
sophisticated control techniques. Along with one of these techniques, the application of metal-oxide devices 
at the ac bus to limit dynamic overvoltages has also been considered in some cases. Notwithstanding the 
availability of these measures, the development of alternative remedial measures is still very relevant. In 
this context, the principle of artificial commutation using series capacitors emerges as a promising option. 
Although this method was mooted as early as 1921, its application in KVDC transmission systems has not 
yet been realized. The main reason for this has been, perhaps, the lack of suitable means to protect the 
series Capacitor banks against overvoltages which invariably occur in these systems. However, with recent 
developments in metalcxide varistor technology, it is of considerable interest to investigate the dynamic 
performance of artificially commutated inverter (ACI) with the series capacitors protected by means of 
ZnO varistor and the influence of this ACI on the performance of overall hTIDC system. Of further 
interest, in the study of ACI, are the issues pertaining to dc harmonics and the evaluation of capacitor 
value. A systematic study of dc hmonics ,  the evaluation of capacitor value and the protection of series 
capaciton by ZnO varistor device is considered in this work. This study employs a newly developed digital 
simulation technique which has the merit of being simple and suitable for checking new concepts with 
reasonable accuracy and less computational efforts. 
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max 
Fta l b  Balanced ac fault at ACI, C-30-F. 
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2. Simulation technique 

The digi~al srrnuiatvm technique fol the dyr~amic analysis of MTDC system is based on splitting thc whole 
system mto a number of subsystems and annlysing them separately For the purpose of illustration, a 
typical Cterminal, mesh-connected MTDC system a conadered (Fig. la) .  The convener model used m 
thia analysis can incorporate natural andlor art~iicialiy cornmutated converters with equal ease. The num- 
erical results are first obtained tor the case of MTDC system wlth ;dl the four converters connecting strong 
ac networks. This case forms the basis for further studics. To check the validity o i  the d ~ g t a l  slmulatlon 
technique and also to gam sxperiellce m using thh algorithm, steady-srate and few transient case studiza 
have been canled out on This system. The equivalent ac system impcdance is then vaned at one o i  tha 
inverter stations so as to make the ac systcm weak. Subsequently, the techtuque of aruflcial commutation 
is used at this inverter to overcame the problems of inversion iuto weak ac system. 

3. Results and discussion 

Before the analysa of MTDC system, mcluding artificially commutated inverter (ACI), a taken up, the 
performance of n 12-pulse ACI with series capacitors 1s investlgatcd. In parocular, a seml-analytical proce- 
dure is outlmed to determine an acceptable value of the capacitor requred for stable opcratmn. This 
analysis leads to an expression for the minimal value of the capacitor m Terms of overlap angls. Although 
this procedure takes into accounr the strength of the cunnccting ac system and thc steady-statc characteris- 
tics, it fails to consider the effect of transients in the system. A parametric study which overcomes this 
Limitation is further proposed 

l l e  subsequent studies in thla work are addresbed to the dynamic performance of ACI in thc MTDC 
system. Here rhe value of the capacitor w h ~ h  not only glves a satisfactory steady-state performance but 
dso leads ro an acceptable performance during severe transient cascs is obtaned based on a parametric 
study. The results of the analytical procedure dcvclopcd earlier for the 1Zpulse converter are uacd as 
guidelines m this study. The dynamlc performance ot ACI is shorn to depend crunally on the value of 
the capacitor chosen. The capacitor value which results in admissible levels of valve stresses and dc har- 
monic content and a statisfactory pcrfonnance during sevcre transient conditions is adjudged to be accept- 
able. 

An imponant obselvation, however, is that, irrespective of the value o l  the capacitul considered, the 
series capacitors are invanably subjected to high ouervoltages. This, perhaps, is the major shortcoming of 
the arrif~cial commutation using senes capacitors. ?Xis problem can, howevcr, be ehmmated ~f one resorts 
to providing protection against avervol?;lges. The problem of protection of the aenes capacitors is similar 
to that of protecting the senes capacitors m EHV ac transmission lines. In the present study, it 1s proposed 
to use a protective device m the form of a nonlinear ZnO varistor amass the capacitors. The encrgy rating 
of the varistor is determined from the worst ciLIe disturbance criterion. Here, a balanced ac ground fault 
for three ac cycles is considered to be the severe most disturbance. Figure l b  shows the numerical results 
for t h s  case. For the system considered, t h s  results in an energy absorption of 10.2 MI. This value is 
feasible from the point of view of practical availability of the ZnO varistor. The numerical results obtained 
point towards the usefulness of artificial cornmulation for inversion into weak ac system and highlights the 
suitability of using varistor protectlon for the capacitors',2. 
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Thesis Abstract (Ph.D.) 

Algorithms and interfacing techniques for simulation of large scale power system 
dynamics by R. Sreerama Kumar 
Research supzrvisors: H. P. Khincha and Lawrence Jenkins 
Department: Electrical Engineering 

1. Introduction 

This work deals wth  the developmcnt of computatioirally efficiant algorithms as well as intcrfacmg 
techniques for both conventional translent stabhty analysis and real-tlme simulation of power system 
dmamics. 

The transienl stabdity analysis of a laqc  mtzrconnected power system involves the solutmn of a large 
set of differentia-algebraic system of equations. l his requires considewblc computation time. I h c  devclop- 
men1 of algonthmc and the modelling get further complicated by the presence of components such as s m t ~  
VAR-compcnsarrog aystems, HVDC links, ctc. 

Due to increasmg transfer of power among areas, both voltage limmtions and transient stab~lity Imns  
are becoming the major suurce of resrrictron for secure pool operation Thus, the incorpurat~on of tranrient 
stability sirnulibon Iunction in a dispatcher trdming s~mulator is becoming increa\ingly irnportsnl Howcver. 
in most of the dispatcher training simulators. thc tranaicnt stability s~mulation has ,not been included 
because ~t connot be done in rcal tlmc u s q  thc state-of-the-art tcchniqucs. 

2. Iwestigation of eumpoPation techniques 

In real-nme simulation, computatron time 1s very important In transient stability simulation, on the othcr 
band, a marginal increase in computational costs can be tolerated to obtain the desred accuracy. Thus. 
the step size fol numerml integration ~n real-time simulation ia much higher than that considered in 
transient stability s~muldtlon. However, the increase 1'1 step size is accompanied by an increase in tile 
number of lterdtions pcr tlme stup for the solutmn of the network cquatlons, and the risk of numerical 
instability. Ideally, it is desirable to arrive at a noniterative algorithm wh~ch can prowde scope for a large 
step size wiillout afiecting numerical stability and solution accuracy. Hcnce, the scarch for computalionally 
efficient, sufficiently accurate algorithms for simulation of power system dynamics cuntinurs. 

In this work, first, some investigations arc caliied out to arrive at a unihed algorithm for both transient 
stability and real-time amulation. Various algorithms are developed through different combinations of 
choiccs of synchronous machine model, numerical integration technique, method of inrertaang the solu- 
tions of the algebraic and the differential equations, angle corrector formula, and convergence criteria for 
network solution. These algorithms are compared on rhe baas of con~puration speed and solution accuracy, 
and an appropriate combination is anivcd at, for both transient stability analysis and real-timc simulation. 
The s~multancous implicit method using trapezoidal mlz appears to be the best for both transient stability 
and real-time simulation. 

3. A high-speed algorithw for simulation of large-seek power system dynamics 

A major part of the total computing time is consumed by the number of iterations per time step for the 
solution of the network equatmns. Thus, for imprcwing the computational efficiency, it is desirable to 
minirmze these iteratiom per tune step. Thercfore, various sources of network solution iterations are 
examined so as to investigate the possibility of reducing thcm. A two-tm approach, based on simultaneous 
implicit method1, 1s proposed for the iterative solution of the set of algebraic equations of the network 
and the set of differential equations of the synchronous machines and the associated control systzms. In 
this algorithm, at each time step, a real power (P)-rotor angle (8) convergence is first obtained iteratively, 
with the terminal voltage being initially l ~ l d  constant at the value of the previous step. Once this coarse 
wnvergence is obtained the algorithm proceeds for 6nal convergence wlth ~terations using the Viangularized 
admittance matrix. The significant pomt a that the nenvork solutions, which are computationally mtensive. 
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are avoided in getring the P-S convergence. Further, the P-8 loop execution is quite fast, as it involves 
oniy multiplicatioddv~s~on-addit~on operations, and is confined to generator nodes oniy. A typical large 
Indian power system is used as the test system. The investigations reveal that the proposed algorithm, In 
general. shows sigmficant Improvement in effiaency over the algorithm built m production-grade programs. 

4. Modifications for real-time applications 

In translent stability s~mulation, the details of the disturbance to be simulated are known at the beginning 
of simulation. T h s  is not so  in real-time simulation, since, for instance, any circuit breaker can be opened 
or closed at any time by the system or plant operator, the instructor, and the plant logic. 

Without changing the basic structure, the proposed algorithm has been made suitable for real-time 
simulation also, for operator traming. This is implemented through certain simplifying assumptions and 
modifications. S~mulation results are presented for these modifications also. 

5. Transient stability simulation of unbalanced power systems 

Convenrionai transient stabiliry simulation is performed on the basis of a balanced system representation. 
However, a typical power system may be unbalanced due to a variety of reasons, and the computations 
of sequence quantities due to these unbalances are necessary to facilitate the application of countermea- 
sures. An algorithm has been proposed for the smulation of power system dynamics under unbalanced 
operating conditions. The algorithm is a logical extension of the simultaneous implic~t method, and makes 
use of the two-tier approach for the iterative solution of the algebraic and differential equations. As the 
network elements are representcd m the phase frame of reference, the key step in the algorithm is the 
formation of the three-phase bus admittance matnx. Any change in the network configuration can be 
simulated merely by modifying this base-case admittance matrix. The algorithm is capable of simulating 
systems with time varying and random loads. 

6. Practical spplieations 

A few practical applicauons of the proposed algorithms considered are the dynamcs simulation of systems 
which have induction motor ioads and arc furnace loads. The methods of interfacmg the mduction motor 
model, with the proposed algorithms, is based on the prediction of flux linkages, implemented in elec- 
tromagnetic transients program (EMTP)". This technique is expected to provide a numerically robust 
aleombm. Induct~on motor dvnamics during free acceleration. bus short circuit faults. and bus transfer are 
simulated. A computationally efficient method of modelling and interfacing of arc furnace loads with the 
aleonthrn for unbalanced transient stabilitv srnulation is also oresented. The aooroach makes use of com- 
pensation theorem, and is similar to the method of interfacing time-varying eiements with EMTP'. The 
proposed interfacing technique for the simulation of electric arc furnace load gives the solution with accept- 
able accuracy, in a minimal amount of time. The resuits of such applications are validated against earlier 
published results andlor by independent methods, and are found to match closely. 

The modelling, interfacing and simulation techniques described in this work are applied to practical sys- 
tems. The investigations reveal that the proposed algorithms can be uaiformly applied for both transient 
stability analysis and real-time skulation of power system dynamics. 
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Interfacing for umverial mult~mvchm nysrsm modeliing :n an eirctromagne- 
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Thesis Abstract (M.Sc. (Engng)) 

Inhomogeneous electric field breakdown study in pure SF6 gas using ac and impulse 
voltages by B.  S. Manjunath 
Research supervisors: M. S. Naidu and M. C. Ratra (CPRI) 
Department: High Voltage Engineering 

1. Introduction 

The application of gas-insulated systems (GIS) using SF6 gas insulation in high-voltage electric power 
systems has been widespread on account of their various advantages, such as small size, high degree of 
relability, etc. In view of this, a complete knowledge of all the aspects of the clectric discharge properties 
of this gas has become essential. In spite of the various advantages, it has bzen well established that GIS 
are vely sensitive to the presence of anomahes, such as a fault or the presence of particles which lead to 
the breakdown of internal insulation, elther as soon as it is comnnssioned or later on due to switching or 
lightning surges. These pa~tlcles act as sources of highly non-uniform electric fields, and cannot be elimi- 
nated or detected easily. Therefore, a better understanding of the breakdown phenomena is crucial to 
evaluate the role of discharges emanatmg from the particles and other sources of non-uniform fields in 
GIs. It is seen from the literature' that earlier studies have been carried out over a nide range of non- 
uniform fields, and gas pressures but at a single gap spacing, or over a range of gap spacings but at a 
single gas pressure, or over a range of gas pressures and gap spacings but only for a fixed rod diameter, 
and using only one or two types of applied voltages. bur not over a wide range of field non-uniformities. 
gap spacings and gas pressures using different voltages simultaneously. The latter is essentially the aim of 
the present study in which a comprehensive study of electrical breakdown in SF6 gas has been attempted 
for the first time. Investigations were carried out in compressed SF6 gas under 50 Hz ac, lightning (1.250 
ps) (LI), and switching (250J2500 gs) (SI), impulse voltages with rad-plane configurations of various rod 
diameters varying from a sharp needle (D=O) to 12.0 mm, for different gap spacings of 5.0 to 100.0 mm, 
over the gas pressure range of 0.1 to 0.49 MPa. 

2. Experimental apparatus and procedure 

The experiments were carried out in a high-pressure chamber of approximately 200 I capacity, with an 
air-SF, condenser-graded cast epoxy bushing of 450 kV ac, 1050 kV impulse voltage rating fixed at the 
top of the chamber. The electrode is fixed inside the chamber through the window provided on the 
chamber. A moving seal with a counter to measure the gap distance is provided ar the bottom of the 
chamber to move the bottom electrode. The chamber 1s capable of withstanding pressures up to 1.0 MPa. 
All electrodes used were made of brass. SFa gas used was 99.99% pure. A 100 kV ac transformer and 
12-stage 2.4-MV, 30-kJ impulse voltage generator were used as voltage sources. Impulse voltages were 
measured using conventional step-by-step method. Where required, the up-and-down and Bekken's 
methods were also used2. All the experimental data could he reproduced to well within +3%, and the 
spread in the average values was always within t3%. 

3.1. Effecct of jield non-uniformity on ac breakdown voltage 

Breakdown voltages are obtained in compressed SF6 gas using 50 Hz ac voltage for different non-uniform 
field wnfigurations, gas pressures and gap distances varying from 5 to 30 mm. The results have been 
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0 1 
A 

ROD DIAMETER, D h m )  ------ 
Em. 1. AC breakdown voltage-rod d~a chaiacterisics for 20 rnrn gap length for d~ffereni SF, gas pressures. 

analysed and the vanation of the breakdown voltages as a function of the degree of non-uniformity for 
different rod diameters IS shown in Fig. 1. It could be seen from the figure that, for SF6 gas, a safe voltage 
level exists below which no breakdown occurs irrespective of the field non-uniformity. The trend of 
flashover voltage to mcrease when the electrode becomes sharp could be interpreted to mean that for a 
given gap. irregularities on the elenrode surface, such as sharp needles, protrusions, roughness, etc., do 
not necessarily diminish the insulation properties of the SF, gas. However, under these conditions, the 
presence of corona will deteriorate the insulation. Thus, such anamolies should be avoided. It is seen from 
the figure that the minimum breakdown voltage is 62.0 kV below which no breakdown could occur. If a 
higher operating voltage is chosen, say, for example, 70.0 kV, and a holizontal line is drawn at this level, 
then it will have two limiting points for each pressure. These two points, when plotted as a function of 
pressure (Rg. 2 ) ,  will represent the upper and lower limits of a region within whch breakdown will occur, 
and this is called the 'forbidden zone'. For values of radius of curvature outside this zone, no flashover 
w i l l  occur and may he considered as safe zone for operation. Figure 2 shows the forbidden zone for 
voltage levels of 70.0 and 125.0 kV of the present study and also of the work done by Azer and comsa3. 
The upper boundary of the forbidden zone represents the safe limit for both corona and breakdown, and 
the pressure range of 0.25 to 0.35 MPa appears to be advantageous to use in a practical system. 

3.2. Lightning and switching LnpSe breakdown volmge chnracrerisiicr 

Experiments have also been carried out under lightning and switching impulse voltages for the rod-plane 
configuration using the gas pressures of 0.1 to 0.49 MPa and the gap spacings of 10 to 1W mm for the 
rod diameters varying from sharp needle to 12.0 mm. A typical diagram of the breakdown voltage data 
as a function of gas pressure for different gap lengths for a sharp needle under both polarities using both 
lightning and switching impulse voltages is shown in Fig. 3. 
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Fie 2 Foibtdden zone for the rod diameter againrr prer- 
sure of a 20mm robplane gap in SF, ear fur operating 
volraps of 70.0 and 125.0 kV. 
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FIO. 3. Impulse hreakdaun voltage-preuure eharacteristicr as a function of gap lengh for sharp needle (dia, D-0)-plane 
mnhguration In pure SF, gas. (a) Laghtning impulse and (b) Swltshing ~mpulse. 
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From the expenmental results it 1s seen that the SF6 gas is sensitive to h~ghly non-umform fields under 
positive polarity 1ightn:ng impulse voltages only and not under negative poianty voltages. Under highly 
non-uniform fields, the negative polarity switching unpuise breakdown voltages are higher than the corres- 
ponding positwe polarity values as in the case of lightning impulses; however, the magnitudes of breakdown 
voltage are hgher under switching impulses than under lightning impulses. 

It was also seen that the Vso values under positive polarity switching impulse are sensitive to highly 
non-uniform fields, and the negative polarity are sensitive oniy to moderately non-uniform fields. The 
'forbidden zone' similar to the one shown in F I ~ .  2 under ac voltages has also been obtained for both 
under LI and SI voltages. 

3.3. Comparison of data under at, LI and SZ volrages 

The erpeninental data obtained under different voltages have been compared for gap lengths of 10, 20 
and 50 mm for a sharp needle. and the results are shown m Fig. 4. It is seen from the figure that under 
h~ghly non-umform fields, under positive poiarity. the impulse ratios are lower than one This wuld be 
generaliy attributed to corona stabilization leading to the shielding of the point electrod$. 

4' I I , w f ~ d . r n r n  { 
0 1  0 2  0.3 0 4  0 5  i. ._ - _  . 

PRESSURE, MPa -----(a) PRESSURE MPa - 

RG. 4. Breakdown valtagbpressure chaiacrcrkticr for nccdie (dia = 0 mm)+ne gap io pure SFa w. (a) ac, pasitive 
polariry-ll and SI, (hj ac, negative polarity-Ll and SI. 



lISc THESES ABSTRACTS 627 

4. Conclusions 

The breakdown voltages undei slow rising voltages exhiblt relatively hrgher valuo under highly non- 
uniform ficld suggesting that the surfxe rouglmess and the protruriona need not affect the insulation 
rtrcngth of the SF, gas, but the presence of corona due to these wdl deteriorate the gas purlty and hence 
failure ot ~nsulation can occur. The breakdown voltages ot the SF, gas are sensmve to highly non-uniform 
eleclr~c fields under positwe polality LI, and to moderately non-uniform electric fields under ncgatlve 
polarity ST voltages. 
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Thesis Abstract (M.Sc. (Engng)) 

Evaluation of swirl chamber atomiser spray characteristic correlations by M. K. 
Venkataraman 
Research supervisor: M. V. Narasimhan 
Department: Mechanical Engineering 

1. Introduction 

In an effort to correlate the spray characteristic\ of s w d  chamber atomicsrs with geometry and discharge 
pressme, aeveral nandimznsional characterizing iunctmns have heen pupoaed by a numher of inves- 
tigators' 

The conelatlons proposed by Abrarnovlch and Eisenklam reduce ta an dentical form when, n, the lndex 
of fricnonal decay in vortex motion, is equal to 1, i.r., for frcc vortex conditions. Eisenklam's carrelat~on 
reduces to thal of Matsumato and TakashirnaZ when n=O. The corrrlatlon proposed by Dournas and 
Laster is similar to that 01 Eisenklam bemg its reciprocal with n=O.j. The correlation proposed by Ciffen 
and Muraszcw and Carlisle 1s similar and is based on free vortex flow. 

Ranganadha Babu et al' have shown ;!nalytlcally that the correlating parameter proposed by Elsenklam, 
the air core coetficient and the index of i r ~ t ~ o n a l  decay in vortex motmn are related. The mfluence of 
geometry and discharge pressure on the thickness o i  the annular Lqud film ionued at the diccharge orifice 
is examined analytically by Rizk and Lefebvre4. 

An attempt is made in the present study to examine the relative merits of the correlations, proposed 
by the earlier investigators, based on the data reported by Kutty'. 

2. Experimental test &-up 

The test set-up was built around a Roils Royce Derwcnt V aero gas turbine fuel system. 

An air-trap was provided in the fuel line to separate air and allow ioam-free liqu~d for the measurement 
of discharge. In the measuring bulbs the inflowing war directed against the wall to prevent foam formation. 
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Spray cone angle was measured by photugraphmg the spray using the two-chamher method developed by 
Kutty. Air care dlameter at the orillce was deterrnmed by photographmg the axml v ~ w  of lhc air core 
from the spray end. Orifice planc was illurnmated through a perspev window provided at the rear of the 
atorniser. 

Prehmmary experiments wcrc conducted wrh some atornisers Fabricated by Kutty to determine dir- 
chargc. cone angle and reiative air core diamcter. The results were compared with those o i  Kutty to 
examine thz reliabilit) of the reiulta reported by him, as also Lhc repetirivlty of the results ohtamed from 
the test set-up. The agrcemcnl betweeu the meacured and reported results was within f 3 % .  

3. Evduatioe d the correlations 

A lenst square fit of the form y=a I&) 4- b was determined for the experimental data reported and 
currelaring functions proposed by Eisenklam, Matsumoto Sr Takarbirna, Abrarnnvich, Doumar & Laster, 
Giffen & Mumszew and Ca~lisle. A typical fit IS ~hown m R g  1. 

A comparison of the predicted results with each of these correlattons for six nozrlc configuratmns 
revealed that the variations m the predicted value of casffiaent of discharge cone angle and relative air 
core diameter are 44.4.1, 34.8 and 12.65%, respectively, wth  respcct to the maximum predicted value. 

The above correlations are based on limited capenmental data ohtarned at low discharge pressures. TI 
was therefore considered Lhat their comparison based on thc extensive data reported by Kutty would be 
more meaningful. 

Least-square Logarithmic fits werc determined with each of [he correlating parameters using the data 
reported by Kutty (Fig. 2). 

8 
6 0 I I 

60 80 100 
Predicted 

FIL 2 Cone angle 
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The marlmum vaiucs of mem error and standard deviation for coefficient of dischare were 13.19 and 
11.5%. respectively. Correbponding values for cone angle were even bettcr, bang 3.93 and 5 51%. The 
srandard deviation and mean ciror for relative a ~ r  core diameter were howevcr uniformly high. The 
maximum and minimum values wcre 15.71, 27.63 and 34.37, 14 194'0, respecrn+ 

The spray characteristics computed from Ranganadha Babu and Lefebvrc's analvtical relmonr were 
compared with the experimental data of Kutty It is observed thar the predlaed cone angle from Ran- 
ganadha Bahu rt d's equations IS generally higher than the mcasured valuci and that of Rilk and 
Lefebvrc's consistently lower. 

It 1s concluded that for predicting the coefficient of discharge and cone angle of swirl chambcr atornisers 
the conelation of Mataumoto and Takashma appears to be the best. 'The mxnmum values of the precision 
parameters, mean error and standard deviation for the predicted coefficient of discharge and cone angles 
are 8.37, 7.3 and 4.15, 3.68%. resprctivciy 

Lefebvre's equations predict coefficient of discharge, cone angle and relanve a x  core diameter of swrl 
chamher atumisers to within 4 precision of arntmd 10%. 
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Thesis Abstract (Ph.D.) 

Flow bebaviour in a mixed flow pump with varying tip clearance by Timir Kanti Saha 
Resealdl supe~visors: S. Soundranayagam and M. V. Narasimhan 
Department: Mechanical Engineering 

1. Introduction 

The work desenbes an experimental investigation of the internal fluid dynamim of a mired Row pump of 
specific apead N, = N\/Qw" = 100 rpm (metric) which cmreapunds to the range of specific speed of 
cooling water pumps in large powcr stations in India. The emphasis was on obtainmg a detailed physical 
picture a! the flow and understanding the underlying phenomenon thus helping to lay a foundation for 
rational design. 'fie investigation was carried out on a special pump test facihty that was designed and 
budt for this puipose. A pump impeller was designed usmg the fundamental concepts of turbomachine 
theory and with a minimum of empiricism. Experimental measurements were used to verify the concepts 
implic!t in the design methodology and also vahdate the wmputational techmques used to predict the 
internal veloc~ty and angle distribution. The effects of ~ c a l e  wcre illustrated by comparing the pump per- 
formance with that of an identical machius being studied in a parallcl invest~gation at low Reynolds 
numbers in an aerodynamic test rig. The work also includcd investigation of the cffect of tip clearance on 
pump pedotmance. 
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FIG. 1. Experimcntai impeller. 

2. Experimental arrangements 

The experiments were carned out m a closed-circuit tect facility ~ncorporating a resorber and havmg 
provision for rhe control of fluid temperature and pressure. The lniet tip diameter of the pump was 
272 mm. Provis~on was made for detailed vzloc~ty and angle traverses immediately up and downstream of 
the mpeller blades as well as downstream of the stator. All the three components of velocrties were 
measured using multihole pressure differential probes l'hc overall flaw rate was measured using a ven- 
turimcter cahbrated in szi!~. 

The test impeller is shown ~n Fig. 1. It has eight hladcs of aerofoil sectlon, the blade shapes being 
obtained by conformal transformation of rectilmear cascades on to conical flow surfaces. Thc t ~ p  clearance 
could be closely controlled by a x d  adjustments of the impeller shaft. 

3. Results and discussion 

The measurements establ~shed that there was considerable three-dimensional flow with spanwire migration 
of the meridional stream lines specially at offdesign conditions. Extensive recirculation occurred at the 
tip of the blades at inlet when the flow rate was severely throttled leading to pre-rotation of the iocomlnp 
fluid. The decrease in flow rates also resulted in the presence of recirculating eddy at the huh at impeller 
exit. The change in the overall performance of the impeller at the onset of such recirculating eddies was 
toa weak to be noticrd m rhe head flow characterstic that continued to rise with reduction in flow rate 
without any sign of stall. 

Figure 2 is a sample of the spanwisc variation of meridional velocq at mlet to the lrnpeuer as the flaw 
a t e  is decreased. The occurrence of flow reversal at the rip at rduluced flow e clearly seen. This reverse 
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Ri 2 Spanwise vanalion of meridtonal velocity at impel- FIG 3 Spanww runarcon of total and srntlc pressure cocf- 
ler ~nlet. hnent at lmpeller inlet 

flow at the tip originates in the impeller blade spaces and hence carries angular momentum upstream in 
the reversal eddy. Turbulent mixing of the reversal eddy wlth the incoming flow transfers angular momen- 
tum to thc lattct causing it to rotate. The experiments established that such pre-rotation existed only when 
flow reversal at the up was present. The repeated passage of the recirculating fluld m the up reversal 
eddy through the blade space causes an incrcase m irs total presseure due to repeated blade work (Fig. 3) .  

Ro. 4 Spanwm varlstmn of tangenrlal velocity at stator Ra  5 Variation predtcted and expertmental rnendional 
outlet. veloctry downstream of impeller 
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It was possible from the experiments to scparate out the work done by the Conolis forms and aerototl 
actlon. Lt was seen that acrofoil action 1s negative at the huh where Coriolis actlon predorninatrs due to 
the large pcrcentags change In flow radius. The results clearl) lndlcate that, contrary to usual expectation, 
the use of ?D aerofoil data a at hest a poor guide to the design of bladmg in nured flow ~mpellers. 

Stator blades are prowded in pumps to ~upposedly removc the swirl leaving the impeller. The experi- 
ments show that the stator biades can reduce the average swirl but cannot eliminato the interblade circu- 
lat~ons associated with the streamwse vortlcity carried over from the rotor. This 1s illu\tiatrd in Rg. 4 
which shows the variation of tangentlal velocity downstream of the stator. 

The present study strongly suggests that the complcx flow In such mned flow impcller can, for design 
purposes. be succesMly predicted by modem compurational techniques by assuming tha flow to be 
axisyrnmrtric An example of the degree of agrcsment between the predicted and measured mendionel 
veloc~ty variat~on of the hrghly distoned impeller outlet flow is s h a m  in Fig. 5 .  Results such as thcse can 
form the bass of rational pump design 
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Thesis Abstract (M.Sc. (Engng)) 

Some studies on partial contact in pin joints by Ashis Kumar Malty 
Research supervisor: T. S. Ramamurthy 
Department: Aerospace Engineering 

Joints are essential elements In load transfer between structural components. They ate introduced in large 
structural systems for a varicty of essential functians. Common examples are mating different matelials, 
connecting different simpler or  smaller components and provision far occasional or periud~c disassembly 
for packing, transpan, inspection, serurmg, etc. Joints allow ease and flexibility o i  construction, choice 
of desirable load-transfer process, flexibility in size. shape and interchangeability of components. But the 
joints are also locations of high-stress concentrations and consequently form potential source of failure. 

Among different types of pints, pin joints are extensively used to connect the components of an assem- 
bly. Cleariy, each pin-hole combination creates stress concentration and is a potential source of srmctural 
weakness. The problem has, therefore, for many years, attracted extensive analytical and experimental 
in>-estigation. The pin joint has been a difficult problem far analysis for over a number of decades. The 
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difiificuItir\ arise mainly due to thc follow~ng icasons: 0) cornpies nature of load transfer at joint locat~orrs, 
(11) thiec-dimensional effects, (lii) behawour of misfit pin, (iv) f~ictional atrcaacs at pin-pldc ~ntctiicc,  
(v i  pin bendmp. rtc Due to severe complemty of the problcnr most o i  thc analyals in literature is based 
on some simplified models. Mos? of the earlier attempts were rnamly concentrated on the smple problems 
of a perforated plate (i u.. plats with a hole). They studied the weas d~srrihution in a perforated plate 
under varlous loading condmons. Latet, a few studies attempted to analy~e the lrncm behawour of push 
fit problem. Wlth the advent of computer and advanccd numcrlcill techmquzs, researchers are now able 
to solve d~fferent aspects of stress analpls m pm pint.;' " 
2. Problem definition 

A thin isotropic sheet with a circular pin in a circular hole is considered for analysis. The hole and the 
pin diamctcss arc taken as 2.3 and Za(l+h) whcre A 1s the plopurtiunal inrcrference of the pin-hole 
combination and dccidca the fits of the joint to be either interference (h>O), or push (neat, mug) (h=O) 
and claarance ( 1 4 ) .  The cases ot nonzero X mag be classified as nusfits. In rhc caae of misfit pins the 
pin-piate mtcrtace exhrbm partial separat~onluontacr under loads. The extent of thc scparatlon is a non- 
linear functron of h a d  magnrtudc and is generally not known a priori. This leads to a changmg boundary 
value problem and introduces nonlincaity io stjess and displacement distributions with respect to load 

in the separatilm region, we have o,=O and U>nA. In the contact region, we hair U=aA and rr,<O. 
Thus, on the coniplete inrzriace, we must have either 

U3aA or U=ah 

u, = 0 0; s 0. 

The above inqualities can bc expressed in a single equatton form as 

([J-ah) mr = 0. 

The above equation must satisfy at every point on the merface boundary at any stage of contacdseparanon 
configuration. 

3. Method of analysis 

We use hlhannonic polar tngonomern'c series solution\ of Michell fol the clastlc l~elds of the pin and the 
sheet. For the pin portion we consider the body force potential function (V") along with stress function 
(+J Thcse identically satisfy the governing differential equatlon and some of the boundary condlt~ons. 
The rernainmg boundary conditions are apprormately sausfred w ~ t h  the help of collocatton technque. 

3.1 Lug loaded through nn inferfe,enre fit prn 

A lug is nothing but a two-dimensional finite plate with a pin. Depending on the supporting edge location 
with respect to the loading di~ection, one gets either a pull or push load srtuation (F1g.l). The difference 
in stre5a conccntratioc factors for the two curtfigurations is hrought out dearly. This ha, an important 
bearing in estimating the fatigue crack growth studies of cntical joints in the aircraft mdusrry, thus tnfluenc- 
mg the life of component and life cycle cost of the equipment. To confirm the analytical findings of bubble 
separation4 s set of experiments using photoelasticity were conducted. The experiments were carricd over 
for both push and pull type of loads. The bchaviour due to eccentricity of the pin p o d o n  wdb checked, 
and initiation of separation war dclccted using a make-and-break of electrical circuit. The symmetry in 
the problem was exploited by Locating the electrical circuit paths at 10" intervals but wlth 5" offset on thc 
two sldes of the axm Thus, without cluttering up the specimen the experimental data for each 5" step 
were obtained (Fig. 2). 



IISc THESES ABSTRACTS 

4. Importnot results 

The results of continuum solutions using body force potentials have shown that the anamolies of earlier 
results especially for very soft pin are removed. This has resulted in the reduction of critical load parameter 
for onser of separation. Most of the results obtained by analysis are for ideally smooth interface between 
the pin and the hole surface. The change in the stress mncenuation factor between pull and push loads 
is small for radial stress as wmpared to hoop stress. 

1. DK'JONG, T. Strcrxs amund pin-loaded holes in ciastically onhotropic or isorropie plarw, 
J. Comporire Maur., 1977, 42, 313-331. 

2. GHOIH, S. P. A M ~ Y T ~  of ioinls w r h  elarnc pins, Ph.D. Thesis, Deptt of Aeraspase Engng, 
Indian Institute of Science, Bangdore, India, 1977. 
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Sepvrar~un of smooth c,rculai incluvon from eiartic and wco-elasnc plater 
su(?lecfcd w unmrral rmsmh. J Mrch Phy.  .Solids, 1470, 18, 295-309 
Recent studies on the behawour of tnrerfercncs fd pms m comportre plates, 
Cornporirr Srrocr., 1989. 13, 81-99 

Thesis Abstract (Ph.D.) 

Asperity interaction effects in elastic contact between nominally flat rough surfaces by 
N. Govinda Raju 
Research supervisors: M. K. Raghavan, B. Dattaguru and M. V. Narasimhan 
Department: Mechanical Engineering 

I. Introduction 

Surface roughness has profound ~nfluence on the tribologlcal performance of metallic and non-metalhc 
5uriaces. In  rough surfaces, the comtacl may ha plastic ur elastopla\tic in rhe firct few cycles of load; ii rs 
entirely elastic aftcr a few cycles of load~ng. Thus, the elaitic contact of rough surfaces is of great practical 
significance. 

The number of contacts per umt length increases srgnificantly with dccrcase in separatlon between the 
contacting surfaces. Hence, the average spacing between the contacts decreases with decrease in separatlon. 
Noor of the staristical models reported in literature take into account the effect of vanation in the average 
spacing between the contacting asperities on the deformation characteristics of the contactmp surfaces'" 

2. Present study 

A stat~stical niodel which takes into account asperity interact~o~l effects in elastic contact between nominally 
flat rough surfaces is prcsented. For purposes of studymg the effect of decrease m the average s p a c q  
between the contacting aspenties in a real surface with increase in deformation, model srufaces w ~ t h  
unifomly spaced identical (a) wedge-shaped aspentm with cyclindrical tip, and (b) conical aspermes with 
spherical tip are proposed. The effect of variation of spacing between the asperities an the dzfommtion 
characteristics of the model surface when com~ressed by a ripid planc is studied wlth contact restricted to . - .  
the curved np region of thc asperit~es usmg finite elemcnt method for contact problems developed In this 
work. Exoressions in dimens~onless form correlating the quantities hke load, real area of contact and total - .  
compliance with deformation are developed for the asperities in the model su~iaces with the curved up 
depth factor. A ; 0.5, 3 and 6 and spacing ratlo B/Br in the range 1.4X10.~ to 0-85. (Here B and B' are 
the base width of the asperities and the spacmg between the asperities, respectively). 

For studying the elastic contact between a rigid plane and a nominally flat rough surface with (a) wedgc- 
shaped asperiues, and (b) con~cal asperit~es, it 1s assumed that, at any separation, all the contacting 
asperities are uniformly spaced. Differential equations are formulated to define, for an elemental change 
in separation, the elemental changes in the load, area of contact and total compl~ance of an asperity in a 
real surface in t a m s  of the asperity profilc parameters and the correlating expressions defining the defor- 
mation characteristics of the model surface at the spewfied spacing ratro. The differential equauons are 
numerically integrated to detemlne the load, area of contact and total compliance of the surface. This 
formulation permits the use of appropriate probability distribution functions for the asperity protile 
parameters like peakisumrnit height, peakismmit radius, flank angle and curved tip depth factor. In the 
present study, the peaklsnmmit radius and the curved Up depth factor are assumed to be constant for all 
the asperities whde the distribution of peakisurnmit height is assumed to be Gaussian. 

The finite element method for two-dunensional and axisymmctric contact problems with zero presbure 
at the contact boundary nodes, developed m this work, predicts both the load and the pressure distribution 
accurately, inespecttve of whether the contact boundary node is a comer or  a mld node. 
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3. Conclusions 

Thc study on model surizces wirh (a) wedge-shaped, and (b) conical asperitlcs show\ that: 

(i) The spacmg ratio, B B ' .  has profclur~d influence on the deformat~on characteri\tics of indindual as- 

pernies. 

(ji) The gcomerrical area of interference, i.e.. the ratio of the real area of contact to the geomctn'cal 
area of contact mreascs a~gnliicantly with BIB'; the effect of A on this Increase is ins~gmficant. 

(iii) The stiffness of mdwldual nsperitles at any A and BIB' > 0.05 is inversely proporoonal to the flank 
angle of the aspenty. At any flank anglc and BIB' < 0-6 the rate of decreaae in stiffness with increase 
in B B '  s higher, the luwer the vdlue of A. However, the stifrneas per unit nominal dimansion of the 
model surface lncmascs signiiicanrly wirh BM'. 

(iv) The mean pressure predicted by the finite clement analysis for B B '  in the range 0 to 0-85 is 6 to 
25% higher than that by H e m  theory and this deviation rs higher, the smaller the area of contact. 

(v) The dmensmnless maximum shear stress increases significantly w ~ t h  BIB' and A .  At BiB' > 0.2, the 
dimensionless maxlrnum shear stnss is considerably higher rhan the value predicted by Hertz theory. 

The smdy of contact between a ngid plane and a real surfacc w~th  (a) wedpe-shaped and (b) con~cal 
asperities reveals that: 

(I) For ~cparation r i lm < 6 (d is the separatmn between the rigid plane and thc ieferencd plane ol the 
real ulrfacc and o is the standard deviation of the peak height distribut~on in the rral aurfxr) and 
A > 3, the load, area of contact and mcan pressure on an aspcrity are significantly highcr when 
mteracrion effects are conndered; these increases are h~gher the smaller the height of the aspenty. 

(ii) Asperity rnteractmn effects on the deformat~on characteristics of rca! surfaces with conical abperitles 
and with wrdge-shaped asperities arc sigmficant at separation, d / o  less than 5 and 6, respectively. 

(ili) The vliriation of total area oI contact with total load is very nearly linear in the case of interaction 
also. 

(iv) For any separation d/a < 6 ,  the total compliance of the real surface is conslde~ably higher when 
interacrion effects are considered. 

(\,) The stiffness of the real surface Increases significantly w ~ t h  sepantmn and approaches a constant 
value at a separation dim of about I .  For A > 3, the stabilized value of the stiffness increase5 signiiic- 
antly with A. 
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Thesis Abstract (Ph.D.) 

Biomechanical modelling of manual materials lifting operations - a study on Indian 
workmen by S. Dasgupta 
Research supervisors: K. N. Krishnaswamy and T. Ganguly 
Department: Management Studies 

1. Introduction 

Manual operatlons of hfting loads, that we encounter in industrial as well as agricultural sectors, may be 
analysed in three different approaches, namely, the physiological, the psycophysical and the blomechanical 
modelling approaches. Of these, the biomechanical approach is relatweiy new, and has the advantage of 
examining the operations in a much wider perspective with the help of the present-day computational 
facility. It has its limitations, of course, in investigating the repentive operations where human fatigue 
plays a very important role. 

This study aims a1 exploring the feasibility of using biamechanical modelling methods in evaluating 
occupational stress and predicting the maximum lifting capability of Indian workmen engaged m manual 
lifting operatlons. 

For this purpose, a six-hnk sagittal plane static model (described in Rg. 1) for human body was de- 
veloped to suit Indian workmen. The lengths o i  these links are derived from selected anthropometric 
dimensions using widely referred empirical relationships. The welght and location of the centre of gravity 
of each link were also denved from the body weight and link lengths in a similar way. 

The stress distribution was analysed in terms of forces and torques on the low back (LSISI) and the 
knee which are two most important pints involved in liftmg operations. 

An effort was made to determine the maximum lifting capability by comparing the analyrically calculated 
torque at each joint with its maximum voluntary strength limit for the population obtained from published 
data. 

It has been found in the past that some of the biomechanically best postures are unacceptable to 
workers in practice. One of rhe possible reasons may be the existence of conelations, among different 
body angles governing the body posture, that make some of the theoretical combinations invalid. There- 
fore, the study was also designed to examine the existence of correlations among body angles. 

It is necessary to extend the domain of application of the biomechanical models directly or ind~rectly 
to repetitive tasks to make the models more effective in investigating real-life work situations. An effort 
has been made in this study to extend the application of the model to repetitive llfting task by finding 
the possibility of existence of any statistical relation between lifting capabilities at single and multiple 
frequencies of lifting. 

2. Experiments and dafa collection 

For the analysis of stress dishihntion on the low back (LSISl) and the knee joints, anthropometrlc charac- 
teristics and body weight of 17 healthy male workers were measured as required by the model. 

A program was written in PASCAL to calculate the stresses at the low back and the knee for all 
possible combinations of hody angles which are feasible to keep the body with load in equilibrium. The 
program also finds out rmnimnm average stress on the body for afferent load weights and load heights. 

For the prediction of maximum lifting capability, the selected anthropometric dimensions required by 
the model and the body weighis were recorded for 25 male workers. Moreover, each worker was asked 
to stand on a platform and pull a spring balance fitted to it. The pull of the balance simulated maximum 
lifring capability of the worker. The exact hody posture was recorded by lateral photograph with a grid 
at the background. The workers were asked to repeat the experiment for another two levels of load height 
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Relation between body dimensions and body links 

Symbol Body dimensions (cm) Link lengths (cm) 

Dl Stature L1 = 1.0709 * D4 + D3 

D2 Standing elbow height 

D3 Wrist to grip centre L3 = 5.806 + 0.9646*04 

D4 Lower arm length LA = 13.2817 + 0.8172 * D5 
D9 = 0-301 * D6 
Dl0 = (D2 + L3) - (D9 + L2 + L4) 

D5 Lower leg length LS = 0,195 ' Dl0 

D6 Foot length L6 = 0.806 * D6 

FLG. 1. Link represcntatmn of liftlng posture 

created by raising the worker's standing posltion with layers of bricks. A program was written in PASCAL 
to find out the maximum lifting capability by comparing the torque at each joint at the recorded posture 
with the maximum strength limit of the joint. The postural data collected in this experiment was also used 
to find the correlation among different body angles. 

For finding out statistical relation between maxmum lifting capabilities at slngle and multiple lifting 
frequencies, two groups of workers were selected. The workers were asked to pull the spring balance in 
free style with factory uniform excluding shoes. Each of the first group of 40 workers was asked to 
participate in three experimental sessions with lifting frequencies of 1 lifdmin, 3 liftdmin and 6 liftaimin. 
A rest of 20 minutes was given between two sessions to eliminate the effect of fatigue. The peak heart 
rare was recorded before and afier each session for each worker. In a similar way, the second group of 
30 relatively healthier workers were asked to pull for frequencies of 1 lihimin, 6 liftslmin and 12 tiftsimin. 

3. Re$& and dircussion 

The study as a whole revealed some important facts and supported some existing concepts. The theoretical 
analysis of stress distribution (in terms of forces and torques) on the low back and the knee joints revealed 
that the knee and the back forces were inversely correlated and thus neither of them can be considered 
independently while optimizing the overall stress on the body in lifting activities. It was found in the 
analysis that workers bring the load closer to the body to minimize the overall force on the body during lifting. 
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It was found that bending the knee and straightemng of the back as has bccn iccornmcnded by several 
past researchers, rlill serves as a useful rule in liftmg. 

In 76% ot the cases, the model could predict the marmum lifting capab~lity wirh slgmficant (p<040l )  
correlation (close to 0-8) and regression coeffiacnts. 

Sigmficantly h~gh correlation coefficlcnrs were found between several body angles. The Lnre and ankle 
angles were always found to be inversely (negative) correlated for ail levels of llftmg heights and had a 
highest value of -0.744 and significant at p<0.001 levzl. 

High correlat~on coefficients of the order of 0.8 and s~gnri~canr at p.c0.001 level were observed between 
maximum lifting capabilities at s~ngle and rnuliiplc lifting frequencici. 

1 B u i a u ~ ,  F J . Gnoss, C M. Model tor rtattc irftmg reiauunih~p ot loads on spine and the Lncc. I. 
AN%) PUDH, 1 W Bioniech.. 1984. 24, 281-286 

2 CHAFPIN, D B A computerized bianirchanxcnl modrl-drvclopment of and use I" ~ u d y m g  
gross body action. I Bmneih , 1969, 2, 429341. 

3 GAKG, A n m  Cuaem. D. B. A biomcihanical ~ornputcnzdd i ~ ~ n u l a t m r  of human itlcogrh. ANE 7'rrins.. 

March 1975, 1-15 
1 DUTTA, S. P hw KLILURNI. V. P. B m m e c h a n i ~ ~ l  IOVCSLI~BIIODS on posttsml attirudc and arrenglh capabilit~cs of 

Irldldn workcia, J hnm E n p  (Indiu), l9SI-1982. 62. IDGE ( 1 1 ) .  +I0 

Thesis Abstract (Ph.D.) 

Consistency and correctness principles in quadratic displacement type finite elements 
by B. P. Naganarayana 
Research supervisors: B. Dattaguru, T. S .  Ramamurthy and G. Prathap 
Department: Aerospace Engineering 

I. Introdnetion 

Locking and stress oscillations have becn scrious problems confronting rcscarchers in the field of finitc 
element formulation of constrained medn elastnty. Many heuristic explanations and technques have been 
offered in the li tar~mre, but with partial success The present work is directed at pinning down the exact 
reasons for these problems in displacement-type formulations and Lo elimindte them in an effective m a n n a  
on a rational basis. 

2. Fundamental principles 

Now, it has been well known that the conventional isoparametric finite element formulation of constrained 
elastic media leads to some 5porious constraints apart from the expected true constraints in the penalty 
limits'. The reasons for locking can be pinned down lo these spurious consrramts on a rational basis 
through a pnori analytical error models for several simple element$. The paradlgrn-fild-consiFtency-thus 
evolved suggests the elimination of inconsistent terms in the strain energy expression that are associated 
with these spurious constraints for alleviating the problems ol Locking and delayed convergence. 

The required reconstitution of the constrained strain fields cannor be done arbitrarily. The reconstituted 
strain field i and the conjugate stress field d derived from it (ir=D<, where D is the rigidity coefficient) 
should satisfy an orthogonality condition 

in 8 eT(i - C) d n  = 0 (1) 



Fm 1. One rriemenr cantilever beam under tlp shear force 
Q. Bending moment variation (BM3). 

where 6 is the strain field that is bematically derived from the displacement fields. Equation (1) is 
derived from an equivalence of the minimum total potential energy (MTPE) principle with reference to 
the modified Heliinger-Re.issner (HR) prhxiple. Violation of such a requirement-vanationol correctness- 
induces spurious load mechanisms resulting in extraneous stress oscillations and non-existence of the Bar- 
low points (Fig. 1). Due to the orthogonal nature of the Legendre polynomials in the domain of Gaussian 
quadrature, the method of expanding the inconsistent fields in terms of Legendre polynomials becomes a 
very simple efficient tool for consistency analysis (the term associated with the inconsistent Legendre terms 
directly gives the spurious constraint associated with it) and field reconstitution (just drop the inconsistent 
Legendre term). 

It is recently obsened that extraneous stress oscillations persist even when the formulation is field-con- 
sistent if the s t r w t r a i n  relationship is "on-uniform over the element domain (e.g., tapered elements). 
In such cases, the stress (or stress resultant) fields are interpolated to a higher order when compared to 
the conespanding strain fields in an isoparamettic displacement-type finite element formulation. Again, 
due to the onhogonal nature of the Legendre polynomials in the doman of Gausslan quadrature, these 
higher order Legendre terms do not participate in the strain energy computation and hence in displacement 
recovery. Thus, the nodal displacements recovered cannot identify these terms and result in oscillations of 
corresponding order if the stresses are computed from the strain fields directly using the constitutive 
relationships. Again, an equivalence of the W E  principle with reference to the Hu-Washizu (HW) 
principle is sought to ger the two orthogonality conditions required to reconstitute the strain and stress 
fields simultaneously: 
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O : SHEAR STRESS RESULT&Nl 
, LI : AXldL STRESS RESULTANT 

I 

The force and moment resultants from a tapered curved beam elementJ are plotted in Fig. 2 conforming 
to the above obsenations. 

It is interesting to observe the modified consistency requirements when the mapping of the strain fields 
from the natural covariant system to the Cartesian system in an isoparametric formulations is non-uniform 
over the element domain. In such cases, the constrained strain field in the Cartesian system is interpolated 
to a higher order when compared to its order in the natural system. Thus, the order and the nature of 
the true and spurious constraints get modified in such formulations. For example, if the mid-node of a 
3-noded Timoshenko beam element of length L is displaced from its central position by an amount A, 
the spurious constrants become 

8 A 0,, + L - 0 and A 8,1i -+ 0 (3) 

asxrciated with the quadrauc and cubic inconsistent Legendre polynomials in the m s t r d n e d  transverse 
shear strain field as against B,,, 4 0 associated with the inconsistent quadratic term in the case of undis- 
torted element. Thus, a distorted element may lock and show higher order stress oscillations while 11s 
undistorted counterpart does not lack! 
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There are s~vcral  approaches to achteve con?:stency m the Cartesian system. 

(I) Coiresmn hose ,forn!uionons: Here the coostrained tlelds are explutly expanded in the Cartesian sys. 
tem and tbc inconsistent Legendre t e r m  :i;e dropped This :r :he most effccttvc method 

(ii) Cmcnmr bare formalatlo?: It Is not always possthie to expand the stram fields ~n the Cartesian 
system. lr. such cases, consistency cm be achieved m thc covanant natural system and fhcn co,zawienlly 
mapped iilto the Caites~an system. This method ia  found to R e  very convenlent m the pbatelshell 
elements. But the gencrali::~ at  the nethou is 11miied In sppl~cation nnce rheic is no atatc-;,l-thc-ast 
tool for consistent mapping which can be universally rrlird upon. 

(iii) Reduced mregronon. Thir ii the simplest :o code and optma1 onegraimn stratcgicr are posilblr tor 
mogt of the elements. It should be noted that this often violates variational correctness, offers poor 
accuracy when the elemcnrs are disiorted and not convznlent ~n formulating cornposlte clemcnts. 

The consistency and correcfneir pnnciples dis~usscd abo\c form the bauc gmdclmes for formulilfing Brim 
elements that are iree of lackmg and stress osnllations. l h e  consistency and correctless requirements are 
ar~alyzed and achiered for severd quadratic disp1acemer.t-type fimte elcnrents of practlca! in!ciest finally, 
the relevance of these consatency and coneclnels pnnciples ia discussed wth  reicrence to h t e  element 
fomulatmns in several other fields. The Imitation of the woik-non~avaiiahillty of a univcrsail\r applicable 
statc-of-thc-art tsol far consistent nan-unlfurm mappmg-:s rnentioncd. 

Thesis Abstract (M.Sc. (Engng)) 

ERect of landing platforms and exit closure on the drag force near the top portions 
of tail stacks by K. Suresh Kumar 
Research supervisor: G. N. V. Rao 
Department: Aerospace Engmeermg 

The statlc and dynamic effects of atmospheric wind on tall structurer likc satellite launch vehtcles bcforc 
lift-off, tall stacks of thermal and nuclear power stations, etc., have attracted cunaldelrbie atientlon of 
research workers during the past three decades. It has been recently discovered that the loading over the 
top one to three diarneten of stacks is considerably more than that elsewhere, althougii one would nor- 
mally expect less load due to 'relie? of flow at the rap'.'. T h ~ s  mcrease o i  coeffiaent of d r q .  C ,  over 
the top portion of a stack has been incarporsted m the latest AC! chimney code3. The present study is 
part of a programme direcled towards better understanding of wind loadmg over the top portion af a 
stack. In this work. detailed expenmental investigations of enhanced loadtog near the top of stacks with 
and without closing the mouth and with landing platforms of various sizes at dffcrent positions from the 
top have been made. The results, while mntimlng the higher loading, also suggest certain cirnple ways 
of alleviating this enchanced load by choosing the posltion and size of landing platforms 
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2. Experimentd results 

Three inadels of tall stacks of model height betiwen 1.10 and 1.25 m and diffcrcnt tnpcn were prowded 
wlth starlc pressure holes at 90" In azimuth at diffi'rcnt levels below the top to about five diameters below 
the top, along the four generators. The holes along a generator were uncquallv distributed, wlth a larger 
concentration ncar the top. There were altogether 48 holes In each model. Tests in a uoiiolm wmd at a 
Reynolds nmnbcr of about 10' wric conducted and prcswres at every 10" in azin~ulh wcre measurcd by 
rotating thc model. The pressures wcrc megrated to get the drag coeificlent. Tests wcrc made wth  and 
mthaut landing platforms. Photographs ot surfxz flow patterns were taken u s u l  lampblack suspended in 
kerosene. 

Test, confirmed the dlag increase ncar thc lop in the ahsrnce of any platform The effect of cio\ing 
the mouth did not affcct this conclusion. Small platforms at the top tmdeil la increase the drag hut, 
surprisingly, a platform at rhe top with an outer diameter equal to three times the stack diameter at thc 
top completely nulhfied the enhanced along-wind loadmg. It was further obsened that a smaller platform 
at ahcrut 1.3 tmcs the outer diameter a1 the top, but locdted at 3 LO 4 d~amelcrs below the top, also has 
the samc rllect of nullify~ng the enhanced along-wind loading. 

3. Results and conclusions 

A study af the pressure distribution and surfacc flow pattcrn mdicatcd that thc enhanced loadmg n due 
to hlgher suction a~sociated with flow separation over the top This higher suctlon penetratrs to regions 
~n the rear of the body thareby incl-waing the net along-wind had ,  although the positwe presswe on the 
front is reduced near the top due to relref. This explains the observation that the along-wind load mcreases 
from zero at the tap (in the abscncc of platforms) ta a niaximum value at about 0.5 diameters below, 
which is h~ghcr than rhc average value and slowly settles down to a nearly constant value helow ahout 5 
diamelerr. The landing platturm near the top creaks a hipher prwsure region on the front hoth ahove 
and below 1t by preventlug the tendency of the flow ta move towards the top and constraining ~t to movc 
normal to the surface of the stack. The cornmunicatmn of this higher pressure to the rear reglons reduces 
the suct~on which is more than the increased positive pressure at the front. These reasons have heen 
suggested to explain tha reduced along-wind load due to landiug platforms. 

Vickery's express~on4 for the along-wind load which is aprcad over several publicallons and contalna 
several ambxguities has been rcdcrrved m a cohcrcnt manner. 
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'Thesis Abstract (Ph.D.) 

Numerical study of some compressible boundary layer flows by Amalendu Sau 
Research supervisor: G. Nath 
Department : Mathematics 
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Dming thc last two decsdrs a rapid growth of lntcrest m the comprcsslbie boundary layer flows has 
accornpanled developmcnla in hlgh-speed filght, jet engmes, rockets. hailistm, combustion, gas turbines, 
ram jets and other now1 propukion rncchanisms, brat transfer at high ipceds and thst wave phenomena 
Compirssibllq adds thc obr~ou.; compl~cation of varying density and also the eticct of temperaturc van- 
ation on viscosit?. since icmperatuie vanations tend to bc w ~ d e  m such problems. There arc certain other 
features of boundary layer In a cornpress~ble flow. In compressible flow thc boundary layers (mcludtng 
wakes and jet" are nor the only regions in which visamty and lhaat conduction cffecls arc important, 
since these effects are also important ID the mteriar and, in some cascs, bchind the shuck waves. 

2. Present study 

This work is devored to numclical atud~es of home steady and unsteady cumprcssible boundary layer flows. 
The  first problem deals with the scm-smilar solut~ons for the problem of unsteady lammar compressible 
boundary layer flow at the most wind-ward gencratols of sharp cones on the pianc of rymmetly at the 
angles o l  attack with large injection rates. The ~nnueilces of Mach number, total enthalpy at the wall, 
dissipation and cross-flow paramctcrs on thc flow and heat transfer have been discussed in detail. Stcady 
nonsmilar solutmn for the problem with small mjection rates bar been studled by Libby'. In the second 
problem, the unsteady nnnsimilar, compresslhle boundary layer flow over a rotating sphere has been 
investigated fur various sets or values of parameters for rotatmn. mass transle~, Mac11 nurrhcr and wall 
enthalpy. Solutions are obtained at dlffcrent times. startmg [rum the origln of itreamwisc coordinates to 
the pomt where streamwlse s h n  fricnan reduces to zero. The unsteadiness m the flow field (for both first 
and second problems) 1s due to the free stream vriociry which varies arbitrarily with time In the thlrd 
prohiem, we present the unsteady, compressible lammar boundary layer flow at the stagnatron line of an 
infinltc swept cylinder. A lorccd convection thermal boundary layer rs produccd by giving impulsive 
chanzes to thc iree stream vclocrtv and to the wall enthalpy causlne unsteadmess m thc flow field. 'The 
effects of temperature panmeter, fluid properties and tranapiratmn cooling on the skin friction and heat 
trsnsfcr are cunsidered. The fourth problem considers the steady nun~milar lamrnar compross~blz boundary 
layer flow over an up and downstieam moving wall with an applied magnetic ficld. The clfect o l  variable 
gas propertics and vectored mass transfer has been mcludcd in thc analysis Self-similar solution for thc 
problem without magnetic field and gas properties has heen discussed by Inger and Swean2. 

3. Results and discussion 

The goveruing partla1 differential rquations f a  each problem have besn solvad numerically by using 
quasilinearization technique in combmation with an implicit tinite differace schcmc as developed by In- 
ouye and   ate?. The effects of vanous parameters on skin friction, hcnt-transfcr caefflcients, veluclty and 
enthalpy pmf~les for the above problems have been discussed in deiad with the atd of graphs and tables. 

From the results of the first problem it is observed that for amall mass transfer (injection); the variatmn 
of dcnsitwkcos~ty product across thc boundary layer, wall enthalpy. crosr-flow and dissipation paramctcrs 
have significant effect on the frict~on and heat-transfer coefficients. 'The velocxty overshoot occurs and it 
is strongly dependent on the blowing rates, wall enthalp) and the dissipation parameter. For large blowing 
rates, the normal structure of the boundary layer is present, i .r . ,  a d a t i v e  thick inner layer of constant 
properties and a relative t h ~ n  outer layer adjusting the inner and exrema1 flows. The location of dividmg 
stream line moves away from the surface as mjection increases, but the effects are opposite as wall temp- 
erature and time increase. In the unsteady nonsimilar flow over a rotating sphere, the results show that 
skin frmion and hcat transfer respond to the unsteadiness in the extprnd flaw. Rotatmn and suction 

increasc the skin frictlon and heat transfer for small vducs of strcamwise coordinates but injection causcs 
rhe opposne etiecr. In the subsonic range, the effect of Mach number is more pronounced on the heat 
transfer. Rotation, injection and a hot wall advances the point of occurrences of zero meridmnal akin 
fnction towards the equator, whereas suction and cold wall delay it. In the unsteady boundaly layel flow 
over a cylinder, it is observed that in the case where unsteadiness caused by giving an impulsive change 
to the wall enthalpy, ~t takes comparatwely leas time to reach steady state and the skin frmion and 
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heat-transfer coefficients show much change immediately after recewing the impulse. But, m the other two 
cases, where unsteadmess is caused by giving an impulsive change to the free stream velocity, it takes 
comparatively more time to reach the steady state. The temperature parameter shows more effect on the 
heat-transfer coefficient than on the skin-friction coeff~cient and both of them decrease rapidly with injec- 
tlon. In the case of steady nonsimiiar flow over an up and downstream moving wall in the presence of 
an applied magnetic field, it is observed that both skin friction and heat-transfer coefficlents respond 
significantly on the variations of magneuc and dissipation parameters and on the viscosity index. As the 
magnetic and dissipation parameters increase, both skin friction and heat-transfer coefficients increase, 
whereas the viscosity index parameter shows the reverse effect. Velocity overshoot occurs which increases 
with the increase of magnetic parameter. 
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Thesis Abstract (Ph.D.) 

Modelling of liquid drainage and cell separation in foams by M. Venkata Ramani 
Research supervisors: R. Kumar and K. S .  Gandhi 
Department: Chemical Engineering 

1. Introduction 

Cellular foam 1s a gas-in-liquid dispersion having a very high gas content (normally > 85%). It provides 
high interfacial area and low liquid hold up. These specific properties of foam make it suitable for effective 
separation of surface-active substanws. Most of the biological materials are surface-active and can be 
separated by foam fractionation'". Some microbial cells too are surface active and have a tendency to get 
concentrated at the gas-liquid interface without addition of any external surface-active agents. Thus, foam 
offers an easy means of separation of surface-acfive cells from dilute broths. 

2. Mechanism of foam drainage and mU separation 

As foam is formed and moves up, it drains its Liquid downwards due to gravity, thus reducing the liquid 
content of foam. The cells attached to the gas-liquid interface are unaffected by drainage. and hence the 
concentration of cells in the foam increases during its upward movement. The drainage thus has a profound 
effect on the final extent of separation and it is necessary to know the amounts of liquid drained to analyse 
the performance of any foam column as a separation device The present investigation is an attempt to 
develop from basic principles a model to predict the amounts of liquid drained. 

The significant difference between the foams of cell broth and surfactant solutions is in the structure of 
films. Agglomerates of cells adhere to the interface. Thus the film is not flat on the liquid side. The 
adsorbed cells protrude into the bulk of the liquid and, because of their finite dimensions, reduce the 
amounts of liquid drained. In the present investigation, the drainage with both cells and surfactants was 
studied in batch as well as co-cunent foam columns. 
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3. Model for static foam drainage and cell separation 

Static foams are batch and unsteady m nature. Hence they have the advantage of having higher amounts 
of drainage and lower final Liquid hold up. A survey of the literature revealed that, though the subject 
has recewed much attentlon, only a few models are available for drainage in batch foams based on 
mechanistic considerations. In the present work, a model has been developed for dramage from surfactant 
solutions and cell broth, which predicts the liquid hold up, and hence the amounts of liquid drained, as 
a function of time. The foam is modelled as being made up of pentagonal dodecahedrons. It has essentially 
two components, namely, films and Plateau borders (junct~on of three hlms). The Plateau borders are 
iurther classiiied as horizontal or verncal depending on the angle they make with the vertical. The basic 
structural parameters and the expressrons for !ilm thlnning and velocity through the Plateau borders were 
adopted from the available literature','. Material balance for all the three components of foam yielded 
three simultaneous first-order partial differential equations. The solution of these unsteady material balance 
equations requires formulation of some new boundary conditions. A few realist~c assumptions made in the 
present investigation simplify the equations for films and horizontal Plateau borders to ordinary differential 
equations, which could be solved analytically. The eqnatlon for vertical Plateau borders however remains 
a first-order partial differential equation, and was solved by the method of characteristics6. Thus, the 
individual hold ups were obtained, and used for calculation of the amounts drained. The theoretically 
computed amounts of drainage were compared with those measured experimentally for a wide range of 
parameters. The agreement was found to be quite satisfactory. 

Statlc foam drainage of microbial cells was then studied to account far the difference caused by the 
presence of cells. Experiments were carried out with Saccharomyces cansbergensw which was selected for 
detaded investigation as it is known to exhibit high surface act~vity. The cells were grown for 18 h and 
separated from thelr broth by passing nitrogen through the broth. The sepdratlon factor, or, is defined as 
the ratio of concentration af cells in the foam to that in the residue. This was exverimentallv measured 
by analysing the concentrations of foam and residue. Modelling of drainage required incorporation of new 
ideas. The material balance esuations remain the same desoite the cells and it is the drainage mechanism 
that is altered by their presence. Of all the three components of foam, fdms are the most affected in this 
regard because of their smaller thickness. The fdm walls become cormgated due to the presence of cells 
and thus change the flow field in the film. An expression for the modified drainage of films was developed. 
The expression depends on the fraction of the area of films covered by the cell agglomerates. Further, 
when the film thickness reduces to the d~mension of one cell agglomerate, the mechanism of drainage 
undergoes another change. Similarly, flow through the Plateau borders will also be modified when their 
triangular cross-sect~ons reduce to accommodate just one cell agglomerate. Under such conditions, a new 
mechanism of drainage was proposed whereby films and Plateau borders are squeezed such that the cell 
agglomerate blocking the flow IS swept out. It was proposed that during this stage the drainage rate 1s 
proportional to the Liquid hold up. The drainage of films and Plateau borders thus follow diiferent equa- 
tions depending on the mechanism of drainage. These modifications were introduced into the material 
balance equations. They were solved to obtain the amounts of liquid drained as a function of time. Ram 
these, the separation facton could be theoretically predicted. The experimentally measured separation factors 
were compared with those obtained theoretically and the ageement was found to he quite satisfactory. 

4. Exit foamate rates 

The next step was the study of exit foamate rates and separation factors from vertical co-current foam 
columns. Exlt foamate rate is defined as the rate of the liquid leaving the column at the top7. Experiments 
to find the exit foamate rates are different from those of static foams in that the foam is continuously 
generated and collected through an outlet. It was observed that foam moves vertically up until ~t reaches 
the base of the outlet port. As it moves further up, the direction of movement becomes horizontal. During 
this stage, the gravityantrolled vertical drainage still continues. Hence, the analysis of this section bas 
to take into account the drainage while the foam moves horizontally. A model has been developed wherein 
the foam column has been idealized to be made up of two zones. The first zone extends from the foam- 
liquid interface to the base of the outlet port. Here the motion is entirely vertical. The second zone 
corresponds to the outlet zone. Here the motion is assumed to be entirely horizontal, but allowance is 
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made to account for the variation m the rcsidenc~ timer of the clexuents of foam as they paas through 
the outlet zonc The h a w  mccllanisnl~ of Cilm thinnmg and Plateau horder draiiage raman  the same as 
for static loam dramage. Submodels fur both the soncs were developed which enabled the calculation ot 
hold up m all the three components of foam The simplified equations of the first zone were numerically 
solved w~th  the boundary cond~fion? defined. The equatzons for films and horizontal Plateau borders 
of the second zone were solved analytically whereas the equation for the vertical Plateau borders (a 
first-order partial differential equation) was solved by the method ui chaructcristlcs. An expressLon for 
predicting the cxlt foamate rates was devclupcd. The same framework was used to fmd exlt fo.imate 
ratcs with cell agglomcrdtca. For cell agglomerates, the modifred film drainage and new mechanisms 
of dramage, alter the critical conditions were reached, were, however, mcorporated. The theoretically 
computed exit formate rates werc compared with those ohtamed expenmentally. The agreement found 
was qurte catafactory. 

It can be concluded that models for static foams as well as dynamic foams were develop~d from first 
princqlea. The models aucccssiully pred~ctcd the mrounts drained and the eut foamate rates ior sulfactanta 
and for cell agglomeralei. While some models exist for surfactant solutions, this is perkips the first model 
for cell agglomerates br both static and dynamic foams. 
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1. Introduction 

The F-SI system euhib~ts higher order structural ordenng trans~titions as well as mayetic transition. The 
Intersection of these higher order transitton lines among themselves or with a two-phase field results in a 
critical pamt. However, understandrng of the cntical pomtr In this system and their influence on the 
microstructuml evolution rernamed unsatisiactory. 

The aim of the present work is to fill t h s  gap and to study the microstructural evolution in the F e 4  
system with emphasis on the rule o l  critical paints. 
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FIG 1. Partla1 phase diagram of rhc Fe-SI system showing the dlffcrenr pussrble critical pomtr w~th and wnhaur majnellc 
lntrrachonr (Ftg. l a  and b, relpedlvely). A. Tetracritics1 pornt, B- Bm~r~cal palm (la) or Crorcal cnd pmnt (Ib), C .  
Consolure point and D: Metastable tiicnllcal pomt. 

2. Experimental 

Mays with silicon rangng from 8.7 to 14 2 at.% were prepared by three different rapid solidif~c*lion 
routes (planar flow casting. meltspiuning and twin rolling) Thc alloys were homogenised in single-phase 
field and isothermally treated within the B2+D03 two-phme field to study the microstructural evolution 
Saturalioion magnetisation studies were carried out on these samples. 

3. Results and discussion 

Figures l a  and b show the phase diagrams of Fe-Si system with and without magnetic transdion. The 
different possible critical points under thcse two conditions are marked. It IS clearly seen that The bicntical 
pomt becomes a critical end point when we neglect the magnrtic tramition. The nictaatable extensloo 01 
the higher order transition line in the two-phase ficld is marked by dashed line. Figure 2 shows the free 
energy composition diagrams corresponding to the temperatures (TI-T6) malked in Fig Ib. The tempera- 
tures at which the samples are actually heat-treated ale also denoted in Fig. lb  carresponding to the alloy 
composit~on studied. The free energy composmon diagams indicate that there 1s a possibllity of conditional 
spinodal in this system if the higher order transformation precedes the first-order transformation. Earlier 
studies on Fe-A1 system by AUcn and Cahn' have shown that such a possibllity cxlsts. The results of 
mrcrostmctural evolution in the heat-treated samples show that the bright field as well as fundamental 
dark field micrographs are characterised by modulations. The modulations are found to be along 100 
direction. Based on our analysis following the methodology of LaugNin el aP, these were attnbured to 
the spinodal decomposition. Figure 3a shows a bright field micrograph which clearly exhibits the modula- 
tions. Figure 3h shows a superlattics dark field image taken with a reflection common to both B2 and 
DO,. The contrast within the 82-type domains, which was earlier referred to as anomalous contrast by 
Saburi and Nenno3, is attributed to the rrnucleauon of BZ along the APBs. The contnbution to the 
superlattlce reflection from the two phases differs as it depends on the volume fractmn (depends 011 the 
phase boundary composit~on) and the order parameter 01 the two phases which are different and hence 
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Composition 

Fic, 2 Free-energy cornposman diagram showmg the posshl~ty  of condttional aptnodal I" the Fe-St system The skrpc 
.ind cuivrtuie arc contmuour dt rhe hlghei order triinwun pomt 

Fio 3a Bright field rmerograph showmg modulvtions In 
heat-treated Ee-12 at.%Si alloy (948 W12h4U WlZh). 

Fw.3b Superlattice dark held liom the same region 
shown I" FIE. 38. 
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Aging Time h 

Fr(i 4 Vrnmon of raturntion mqnetmtm with mthai- 
ma! rrearmeni m Fe-12 ar SSn alloy qualmtively retleutlng 
the change in oidcid structures. 

the observed contrast. As the DO; spots are observed even m the samples heat-treated for the shortest 
duration within the two-phase field, the sequence of transformat~on in Fe-12.2 at.%Si can be summarized 
as 

A2 - B2 -+ DO, + D03'+DO< -+ B2+DO; 

A cntical test for the proposed sequence has been provided by the measurement of saturation magnetl- 
sation as DO3 structure wth more of Fe-Fe bonds compared to B2 is expected to have hlgher magnetic 
moment. Flgure 4 qualitatively reflecrs the proposed sequence Thus, the innid nse m saturation magneti- 
sation can be attributed to the formation of DO; and the consequent decrease is due to the renucleation 
of 82 .  

The effect of different rapid solidif~cation processq on the ordering transformatmn and the microstmc- 
tural evolution has also been studied. The B2 domain sizes were found to correlate w ~ t h  cooling rate in 
Fe-12 at.%Si alloy processed by different techniques. The observed magnetic properties were corrclated 
with the structure. 

4. Conelusions 

1. Higher order transitmns precede the first-order transition. 

2. There exists a conditional spinodal m the Fe-Si system. 

3. The B2 domain sires were found to correlate with the cooling rate in Fe-12 at.%Si alloy. 
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I .  Introduction 

Nmonic PE-16 is a nickel-iron base superalloy strengthened by the solid solutlon strengthening effects of 
Cr and Mo and the precipitation hardening effects of gamma-prime and carbides. The alloy finds wide- 
rangmg applicattons at high temperatures in aircraft ductmg systems, gas-turbine flame tubes. missile hat 
components, superheater tubes and nuclear reactors as wrapper tubes, clad tubes and tie rods. Somc 
intormation exists In literature on tenslle properties, but it is relat~vely scanty on tatigue and creep-fatigue 
properties. An attempt is made m This work ra underrtand the influence oi  prior microstructure on the 
deformation and fracture behaviou~ of this alloy at high temperatures. 

2. Experimental procedure 

Low~cycle fatlguc tesrs were performed in air under axial strain-controlled mode usmg scrvohydraulic 
systems on spenmcns of 25- and IO-mm gauge lenptb and diameter. Three different m~crostructural condi- 
tions investigated were develuped hy suirahlc heat treatments Alloy A was in solution annealed condition 
devoid of all carbides and gamma-prime of 18 n m  diameter and M& precipitates; AUoy C was also in 
double-agcd condition with gamma-prime of 35-nm diameter and MC and MI& precipitates. The effect 
of prior microstlucture and strarn amplitude of the LCF properties of The alloys was investigated at 92.3 
K at a constant strain rate of 3 x 10.' 9.'. The effect of strain rate on the LCF properms of alloys A 
and B was examined at lhree temperatures, namely, 723, R23 and 923 K at a fixed strain amplitude of 
i-0.6%. Optical microscopy, scanlung electron microscopy and transmission electron microscopy of fatigue- 
tested samples were carried out and the deformation processes analysed by a rigorous work-hardening 
analysis. 

3. Results and discussion 

The cycle stress responses of alloys A,  B and C at 923 K exhibit an mitial hardening followed by a 
softening rcgime. F ~ ~ u r e  1 typically represents such a cycle stress response of alloy B at 923 K. ?he 
operative deformation mechanisms depends on the sire of the gamma-pnme: sheating for fine and Orowan 
looping for coarse precip~tates. In alloy C, microscopic evidences have been obtained for shearing of the 
fine gamma-prime formed dunng testing. Furthermole, the absence of cyclic softening regimes at 300 and 
723 K where in-~iru precipitatiou doea not take place has led to the conclusion that sofienmg in alloy C 
is associated w t h  thc shearing of the fine gamma-prime formed during testing. From a systematic measure- 
nlent of the slip band spacings on the alloys tested at different stram arnpliludes, a has been found that 
with increaw in \(rain the slip spacing decreases and larger strains are accvmmodated by an increase in 
the number density uf slip bands. Further, the degree of homogeneity of slip is found to be maximum in 
alloy A, whereas it is minimum in alloy C. The degree of homogeneity of deformation IS found to have 
a close relationship with the observed fracture modes in alloys A, B and C. Alloy A, possessing the 
maximum homogeneity in slip, has exhhited transgranular crack mitiation and propagation. Alloy R at 
low strains and aUoy C a: all strain amplitudes have shown mixed-mode propagation. The impingement, 
of planar slip bands on the grain boundaries in alloys B and C has led to a decohesion of the carbide- 
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no. Za. Total strain amplitude w number of reversaln to ho. Zb. Coffin-Manson plots of alloys A, B, and C at 923 
faxlure. K. 

matrix interface and infergranular cracks. These variations in deformation homogeneity and fracture modes 
have resulted in the difference in fatigue life of the d o y s  (Fig. 2). The superior fatigue resistance of alloy 
A is attributed to the beneficial effects associated with the revenibility of slip and observed increase in 
the degree of slip homogeneity. In alloy C, in-siiu precipitation leads to strain localization and internal 
cracks. Furthermore, the occurrence of intergranular cracks associated with gram boundary carbides re- 
sulted in poor fatigue life of alloy C. 

The dependence of cyclic stress-response behaviour and fatigue life an strain rate and prior microstruc- 
ture has been analysed in detail and mechanisms responsible for them are examined. Furthermore, the 
dynamic strain ageing (DSA) characteristics in LCF of alloy A have been established by conducting 
exploratory fatlgue tests. 

The initial hardening seen in cyclic stress response has been attributed to the dislocation-dislocation 
interactions at a strain rate of 3 X 10F2 s-'. At low strain rates, at 723 and 823 K, DSA influences 
dislocation motion and work hardening. Type A+B serrations are observed in low temperature regimes 
and Type C serrations at T37U K. Furthermore, plateaux in the yield stress and a positive temperature 
dependence of flow mess are observed in the DSA temperature range. Applying McComick's model over 
the temperature range where positive Portevin Le Chatlier effect is observed, the activation energy for 
the onset of serrated flow is obtained as 258 Idlmole. DSA has been attributed to the locking of mobile 
dislocations by substitutional elements, Al and Ti. At all temperatures, with increase in strain rate from 
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Rc 3 Vanatmn of Bo w r h  o2 (nurnheri !I. brackets mdl- 
cat* correlarmn caeffment) 

3 10-1 s-! , fatigue life increases and reaches a peak value at intermediate stram rates. However. w t h  
funhzr increase m the srrain rate life decreases. From shp band spacing measurements the high fatigue bfe 
at ~nremeda te  strain rate has been found to be associated with the maxmum degree of homogeneiry in 
deiomation. At low strmn rates DSA enhances the localkanon of deformatm and causes interpanular 
cracks. Houerer, at 923 K. at low strain rates, oudation influences fatigue fracture and decrease iatigre life. 

The mechanisms associated with cyclic hardening and sofiening have been anaiysed from the tensile portions 
of the h:steresis loops using KocksMeckmg-Ertnds (KME) models'. In alloy C at 300 and 723 K, the 
apphcabihty of the madhed KME model has beer! established from a hnear ranation of 0o wth 2. Figure 
3 represents a typcal example of @@PO' plot seen m allay C at 303 K. Here, rhc ordinate intercepr which is 
inversely proponional to inrcrparucle spacing Increases wth  successive cycles. A physical process that can 
explain the phenomenon a the formation of Orowan loops. As each dislocation leaves a loop around the 
partlcle, the effective interpanicle spacing decreases. A smilai analysis of the models in allay B revealed that 
linearity of 8 u d  plots holds good for successive cycles The ordinate intercept increases in the hardemg 
regme while it decreases in the sofielung regime. A physical process that can explain the phenomenon is rhe 
formation of pile-ups an gamma-pnme m the hardening cycles. As shearing rtans, effective mean free path 
of the mobile dislocations inneases due ro a redurnion in the precipitate sue. Furthermore. in alloy A. at 
3 X 10.' S - I  at 823 K a linear varianon of 0s with $ plots indlcares the apphcabihry of the modifled &ME 
model and obsracles to the dislocanon motion are considered to be slip band intenect~ons. 

4. Conclusions 

a) Under a suirable combinat~on of pnor microsrmcrure and testing temperature. the crdic stress responses 
of the allojs are marked by an initial harderung followed by a softening regime Hardening is main11 due to 
dislocatioddisloca~on and dislocatio~precipitate inreraction while sofrenlng is due to a reduction in [he size 
of the gamma-prime due to repeated shearing. 

b) Modified Kocks4lecking-Esirin's model 1s found to stisfactonly explan work hardening behawour of the 
alloys. 

c) AUoy A having the maximum homogeneiry m deformation exhiblts transgranular nack iniliation and prop- 
agation and madmum fatigue life. while alloy C having the m a m u m  heterogeneity In deformation show 
mixed propagation and minimum fatlgue life 

d) At  723 and 823 K. at low s tmn rates, DSA influences deformation and fracture behavioui and reduces 
fatigue life. At 923 K. oxidation enhances transgranular and intergranular crack initiation and propagation and 
thereby decreases fmgue Life. 


