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1. Introduction

Recent developments in the theory of dynamical systems exhibiting chaotic behaviour (e.g., ref. 1) have
raised the question whether turbulence in fluid flows could be understood as dynamical chaos. Several
proposals on routes to chaos have been made®*, and these have found some support from observations
in bounded flows such as convection in a box’ or Taylor-Couette flow®. However, the existence of any
connection between the ‘dynamical chaos’ exhibited by such systems and turbulence in open flows like
boundary layers has often been questioned’®. It js generally felt that the chaotic phenomena observed in
low-di ional i yst! may, at best, be relevant to ‘weak’ turbulence, i.e., to stages preceding
onset of fully turbulent behaviour®, There are three basic issues that need to be addressed’.

(i) Chaotic dynamical systems do not exhibit a strong cascade process of the kind generally considered
an essential feature of flow turbulence, where energy put in at low wave numbers produces strong
fluctuations at high wave numbers*®.

(i) In fluid flows, especially those that are open (e.g., boundary layers), the critical value of a control
parameter like the Reynolds number at onset of turbulence is not unique and depends strongly on
environmental disturbance levels, However, in dynamical systems considered to date to model flow
turbulence, the role of external noise 15 not explicitly considered.

(ili) Though chaos has been observed in most dynamical systems in some range of the control parameter,
chaos eventually vanishes in almost all systems as the control parameter increases further, while
turbulence invariably persists in the flow after its onset.

The work is an attempt to answer the above criticism; it is shown that a simple dynamical system can
be constructed with properties that can provide considerable insight into what happens in more complex
fluid-flow situations.

2. Model

The idea underlying the present model is to treat turbulent flow as interaction between motions at different
scales: the emphasis is not on any particular flow as such but rather on general physical arguments valid
for a wide class of flows. For this purpose, we divide the wave number space into two regions, one where
nonlinearity and external disturbances play the major role, representing the so-called large scale or large
eddy motion and the other where the viscous dissipation is dominant, representing small or Kolmogorov-
scale motion. These two scales are coupled by a noplinear energy-transfer mechanism, often called the
cascade process (Fig. 1).

The model has two independent variables U, u both considered functions only of time z, and a specified
external forcing ¢(f). U and u may be thought of as representing the amplitudes of large and small eddy
motions, respectively, the actual velocity being a combination like
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Fi6 1. Schematic diagram of energy processes.

a U(D) exp iy + B u(l) exp i(wz t + &), 1)
where w;, w; are characteristic large and small eddy frequencies and @ and & are weighting functions that
are a measure of the bandwidth covered by the respective motions in frequency space.

The importance of including a forcing term ¢(t) i3 evident from experimental data on boundary layers®
It is our premise here that in boundary layers certainly, andspossibly in most open flows, there is no
transition if there is no forcing: the flow is seen as a (somewhat peculiar) driven nonlinear osciltator.

Here model equations are reproduced below and the considerations that have led to the model are
described elsewhere'®. The model consists of two coupled nonlinear ordinary differential equations subject
to a forcing as given below:

du/dr = Ul—v=U% - K u|u |+ ¢(t) @)
dutdt =k U (Jul+0)~u 3)
with the forcing term to be the sum

gy =geoswr + g, L () - @
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FiG 2. Attractors in the unforced system at k=K=2-3,
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where § is the ampiitude of a periodic component at frequency w and  (t) is a stochastic term with zero
mean and unit mean square.

In (2), v is a parameter that represents the effect of viscosity on the large-scale motion and v — > 0
is like Reynolds number tending to infinity i a flow. K and & are nonlinear interaction coeffictents, o 1s
the viscous term at the small scale and since dissipation is dominant at these scales, ® = 0(1) is assumed.
The ensure that the small eddy variable » will always be excited n the presence of large eddy motion, a
small multiple of U is included in (3) through the parameter o. The forcing (4) permits us to mimic expenmen-
tal studies undertaken to elucidate the mechanism underlying transition, where free-stream turbulence and
other stochastic disturbances have often been reduced and artificial periodic forang introduced.

3. Natare of solutions

Apart from the forcing, the model has five unspecified parameters. For simplicity it 1s assumed that
K =#k=23 and o = 0:05. The choice of the parameter ¥ will follow from a study of the unforced system
and the requirement that as v tends to zero, the forcing amplitude required to induce chaos also goes to zero.

The unforced system has three fixed points (r.e., steady solutions) of which the origin (r.e., U = 0 = )
is a saddle node (has real eigenvalues). Figure 2 shows the bifurcations and atfractors in the unforced
system in v — ¥ plane. Of particular interest is the homoclinic orbit (an orbit that connects a saddle pomnt
to itself), and ¥ is so chosen that at v is so chosen that at v = ( a homoclinic orbit results in the unforced
system. This gives § = 1.27956 and with this choice all parameters, except v and g(t), are fixed.

It can be shown using the Melnikov method’ that for small values of v (<<1), the mode! indeed
possesses chaotic solutions under a periodic forcing. Using the positive Lyapunov charactenstic exponent
(LCE) as an indicator of chaotic behaviour™, the region in the §—-v plane where chaotic solutions are
present under a periodic forcing is shown in Fig. 3. It is seen that there is a value of v above which
chaotic solutions are not possible, and also that as v ~> 0 the amplitude of the forcing needed for chaotic
behaviour tends to zero.

Time series at parameter values marked in Fig. 3 are shown in Fig. 4. It is seen that within the chaotic

region, time series appears to be nonrepeating.

4. Routes to chaos

One of the main reasons for consiructing the model was the hope that this model may have some proper-
ties common with actual flow turbulence, in particular with the process of transition to turbulence.
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Therefore, the routes to chaos in the model have been explored in detail under different external forcings.
The findings may be summarized as follows.

4.1. Perwdic forcing

() With forcing frequency near the natural frequency of the model, a cascade of period-doubling bifurca-
tions precedes chaos as the forcing amplitude increases at a fixed Reynolds number; the scenario with
constant forcing amplitude and increasing Reynolds number is more complicated and period-doubling
bifurcations are possible in this case too. In both the cases, the results are in reasonably good agree-
ment with the Feigenbaum scenario®.

(b) With much higher forcing frequency, when the Reynolds number mereases at a fixed forcing amplitude,
the onset of chaos is sudden, and quasi-periodicity and frequency locking precede it.

4.2. Stochastic forcing

() For a Gaussian pink noise with a spectral density maximum in the neighbourhood of the natural
frequency of the model, either quasi-periodicity or higher states of frequency locking (i.e., frequencies
-related in the ratio of large integers) precede chaos.

(b) For an amplitude-limited white noise, random bursts of large amplitude oscillations, i.e., intermittency,
precede chaos.

L

Conclusions
Based on physical arguments that are valid for turbulent flows in general, 1t is possible to construct simple
dynamical models that possess many features characteristic of transition and turbulence in open flows.

—_

2. The studies on the routes to chaos suggest that the transition is strongly influenced by the nature of
external disturbances.

3. Comparison model resujts and observed behaviour from boundary-layer studies suggests that the
Navier-Stokes equations may contain homoclinic orbits in the limut of infinite Reynolds number.
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1. Introduction

The Asian summer monsoon is characterised by seasonal reversal of winds from easterlics to westcrlies.
The reversal is due to strong pressure gradients developed by the strong land-sea surface-heating contrasts.
The persistent seasonal surface low over the entire Afro-Asian land mass in the desert regions during the
northern hemispheric summer and the associated lowest surface pressure over the north-west Rajasthan in
the Indian subcontinent is of primary importance in the studies of monsoon dynamics.

2. Model

The sensitwity of the atmospheric response to the large-scale summer continental sensible heat sources
such as those prevailing over the great deserts of the Afro—~Asian Jand mass is studied using a linear
steady-state quasi-geotrophic model with basic barotropic and baroclimc mean winds. A heating profile
represented by Gaussian distribution in the lat-long directions and an exponentially decaying function in
the vertical is considered. At the centre of the source, a heating tate of the order of 2°C day™' is pre-
scribed'2.

3. Results and discussion

The vertical structure of the monsoon desert low is found to depend on the honzontal extent of the heat
source, the vertical extent of heating over the source and the mean zonal wind.

With basic barotropic mean state, the pressure perturbation oscillates rapidly in the vertical for very
weak mean rzonal winds. Shallow heating gives rise to stronger surface lowest pressure but the low is not
deep. For mean zonal winds of the order of 2 ms™!, maximum surface lowest pressure occurs with
moderately deep heating urespective of the lateral extent of the source. But the extension of the low from
surface to 900 mb is seen with shallow heating. For winds of the order of 5 ms™ with moderately deep
heating, the surface low extended up to 900 mb and 2 high above it is noticed. For winds of 10 ms™
with moderately deep heating, the surface low is extended up to 800 mb.

Vertical velocities are found to depend on the vertical extent of heating. For mean winds of the order
of >1 ms™!, descending motions occur over the source and over the surface low between the surface and
800 mb when the vertical heating is moderately deep. With deep heating, however, ascending motions
occur. Weak vertical velocities are noticed with stronger mean winds. In such cases, there are descending
motions occurring between the surface and 600 mb. Stronger ascending motions occur with deep heating
in the vertical over the source and over the surface low for mean winds of the order of 2 ms™.

When surface Ekman friction is introduced, the pressure perturbation depends on the depth of heating
in the vertical and the strength of the mean zonal wind.

When wind shear is introduced, the features of the vertical structure differ from the barotropic case.
For surface mean winds of the order of 0-2, 1-0 and 2-0 ms™’, the extent of the Jow in the vertical depends
on the extent of the heating in the vertical. For U,=0-2 ms™’, the extent of low is up to 800 mb with
shallow heating and up to 700 mb with moderately deep heating for all lateral extents of the heat source.
The surface lowest pressure is the strongest for the widest source.

In general, the surface low pressure occurs to the east of the sensible heat source. For the widest soutce
it is about 5000 km to the east. If the Afro~Asian heat source is put at (27°N, 30°E), then the surface
low will be around (27°N, 75°E) which is close to reality.

The general nature of thesc results indicates the overwhelming importance of the vertical structurc and
intensity of the mean wind and the vertical structure and the extent of the heating profile. In general,
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stronger the mean wind, the weaker the perturbations. This implies that if the westerlies over the desert
regions are slightly stronger than usual, the monsoon development could be w_eaker. Wider the source
width, the stronger the monsoon. But the source width in the real nature remains almost the same con-
stituting the Afro~Asian desert region. However, deeper heating can give rise to stronger monsoon accord-
ing to these computations.
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1. Introduction

In recent years, realization of the effective use of a 16-wm laser beam for enrichment of uranium, through
the process of laser isotope separation involving UFg, has motivated considerable research efforts to obtain
a high-gain, high-performance 16-wm laser source. Theoretical studies’ have shown that the premixed,
co: ional CO, gasd ic laser (GDL) is a superior device among the vanous existing lasers for
generation of 16 wm. However, the scope of even such systems, in terms of attainment of high smali-signal
gain and power at 16 wm are limited. A possible alternative solution is to use the ‘downstream-mixing’
scheme, where a cold CO-H, stream is mixed with a vibrationally excited N stream at the nozzle exits,
which may lead to higher small-signal gain and power. The work reported contributes towards confirming
this possibility by numerically investigating a CO, downstream-mixing GDL for the generation of 16-pm
lasing.

The main intent of this investigation is to study the detailed characteristics and performance potential
of a CO, downstream-mixing GDL as a high-power laser device for 16-pwm lasing operation, and also to
obtain a generalized, two-dimensional flow-radiation-coupled power extraction modeling to evaluate the
power of GDLs. Generation of 16 pm has been studied through both the processes, i.e., by using an
external 9-4-um stimulation, and also by generating 9-4 um from the system itself to obtain 16-m lasing
through intracavity cascading process. A brief review of these investigations with results is presented here.

2. Profile of investigations

As a first step a detailed two-dimensional numerical simulation of the non-equilibrium supersonic flow in
a 16-pm CO; downstream-mixing GDL has been done, using an explicit, time-dependent, second-order
accurate, finite difference numerical technique based on the predictor-corrector approach of MacCormack.
For this purpose, a pl two-di jional dy, laminar, viscous, and compressible flow model
for the analysis of such a system with external injection of 9-4 wm has been used®. Further, this approach
is adopted to carry out a complete parametric analysis of such a laser and optimization of 16-wm small-
signal gain®. The effects of N, reservoir temperature’ and line shape function through Voigt function?, i.e.,
considering the bined effect of L« ian and Doppler broadening, on 16-um small-signal gain have
also been investigated. The results of 16-um small-signal gain are found to be as lgh as 167 m™' for
Lorentzian broadening and 110 m™* considering Voigt function.

In the next step, to eliminate the need for external injection of 9-4-um laser, the possibility of generation
Of 9+4-pum laser from within such a system is investigated”. The 9-4-pm small-signal gain of the order of
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10-0 m™! and 3-91 m™" considenng Lorentzian broadenmg and Voigt function, respectively, have been
obtained.

Having accomplished this, a generalized two-dimensional flow-radiat. n-coupled model to extract power
from a GDL has been developed® by coupling the non-lasing numerical solution technique of the first step
with radiation. This modeling has been used for the evaluation of power extraction at 9-4 pm. The 9-4-pm
intensity along with actual gain and population nversion across the mirror length has been investigated m
detail. The role of H, catalyst in power extraction has also been mvestigated The steady-state value of
intensity as high as 5-0 X 107 Watt/m? has been obtamed from this analysis.

This high value of 9-4 um intensity has given immpetus to extend this analysis for power generation at
16 pm through cascade process, ie., simultaneous lasing at 9-4 and 16 pm. However, due to inherent
limitations of the existing wvibrational kinetic models, it was realized that none of them 1s capable of
modeling such a process. Therefore, a new 4-mode vibrational kinetic model for CO,-N; system has been
proposed. Using this model, along with the power extraction model developed earlier, 16-wm laser gener-
ation through cascading process has been investigated®. The 16-wm laser intensity along with the actual
gain and population inversion are also computed across the murtor length. The role of H, catalyst which
is very prominent in this case is also investigated in detail’. The intensities for 16 and 9-4 um as high as
10 % 10° Watt/m® and 50 x 107 Watt/m?, respectively, have been obtained with the presence of 10% of
H, in the laser gas mixture.

3. Conclusions

Major conclusions drawn from this analysis are-

1. Two-dimensional simulation of 16-um CO, downstream-mixing GDL giving deeper insight of the com-
plete flow field, gam, and intensity charactenstics highhights the potential of such a laser for industrial
applications, especially for ennchment of uranium through the process of laser isotope separation.

2. The two-dimensional flow-radiation-coupled power-extraction mode! developed in this analysis 15 a
generalized one and can be used for any kind of GDLs or chemical lasers or similar laser devices.

3. The new vibrational kinetic mode! for CO»-Na system proposed here is the most advanced among the
existing ones.

4. Generation of 9-4 wum and also cascade generation of 16-um lasing 15 possible from such a laser device
with encouraging results.
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1. Introduction

The work is a theoreucal study on the igmition of a pool of liquid fuel at subflash temperatures under the
action of localized ignition sources.

While a few expenmental resuits are available in hterature, no theoretical study exists to explain the
observed effects and elucidate the factors that influence the ignition. Of particular importance is the fact
that igrution delay times in the case of liqud fuel pools arc substantially larger (sometimes as much as 3
to 4 orders of magnitude) than the corresponding values for solid fuels under similar conditions. Experi-
mental evidence indicates strong sub-surface currents preceding the ignition event, resulting in a large body
of liquid being heated before the critical conditions for ignition are achieved. Two probable mechanisms
for the observed fiquid mouons have been advanced, viz., a surface tension drive due to the variation of
surface tension with temperature along the liquid surface and a buoyancy drive due to density differences
in the bulk of the liquid. Other important observations include the effect on ignition delay of i) geometric
factors such as the depth and extent of the pool, i} nature of the substrate on which the fuel rests, iii)
additives which modify the physical properties of the liquid, and iv} the magnitude and distribution of
heat flux, etc. The present work is undertaken to clarify the role of various factors that influence gnition,
thereby substantiating experimental observations and predict possible new effects. The work parucularly
aims to clarify the relative roles of surface tension and buoyancy.

2. Model

The mathematical model employed for the theoretical study 1s essentially a condensed-phase heut-up model
and comprises Navier-Stokes and energy equations, as specialized to a liquid pool exchanging heat at its
free surface with a locafized hear source. The problem is set up as an ymtial boundary-value problem for
the laminar motion of a Boussinesq fluid in an open cavity and the transient thermal history of the pool
15 studied until ignnion. The ignition event itself is judged on the basis of first attainment of a specified
temperature (the fire-point of the liquid) at some location on the surface. The model takes into account
all the relevant variables such as buoyancy, surface tensjon variation with temperature, incident heat flux
distribution, and appropriate thermal exchange conditions at the boundaries including heat losses due to
vapourization at the swrface. The model is quite general in the sense that both two-dimensional and
axi-symmetric cases are included. The equations are appropriately non-dimensionalized and important non-
dimensional groupings such as the Marangoni, Rayleigh, and Prandt! numbers are identified. The non-
dimensionalized equations are finally cast into a stream function-vorticity form to facilitate their solunon
by numerical methods.

3. Numerical solutions

Solutions are sought by numerical means and, i view of the large computational times involed, a compara-
tve study is undertaken to evolve a computationally cconomical, time-accurate numerical scheme. Specifi-
cally, the following two schemes were tried: i) an implicit Hopscotch scheme, and ii) an alternating direc-
tion implicit (AD{) scheme.

For both the schemes, the spatial discretization is kept similar and has the following features: a) Conser-
vatve differencing over variable meshes in both spatial directions, and b) an option for upwind, central,
or hybrid upwind/central scheme for the convective terms. Studies performed on a model set of parameters
reveal a number of interesting features. The Hopscotch method 1s prone to nonlinear instability when the
wall vorticity is lagged by one time step and performs very poorly, even though on an operation count
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basis it is the most attractive The instability is readily cured by terative improvement of the solution but
in the process, the method loses ils competetiveness. ADI method performs quie well and results in
smooth and accurate solutions. Contrary to what is generally believed, tins method gives time-accurate
solutions up to a Courant Number of 5-0, even though economical computations are obtained around
Courant Number 3-0. In addition to evaluating the two differencing schemes, the mfluence of factors
like artificial viscocity, the type of treatment of energy boundary conditions, and the stretching of the
numerical grid on the aceuracy of the numetical solutions is brought out

4. Resuits and discussion

Fairly extensive numerical results are presented for the case of a plane two-dimensional pool with a strip
source of heating for a range of physical parameters representative of alcohols. The geometry and heating
condinons closely correspond to the situation obtained in the experiments of Burgoyne, wherein the 1gni-
non of a two-dimensional liqind pool was effected by means of a flame stabilized on a wick. The numerical
results on ignition delays and the details of the fluid flow compare quite favourably with the experimental
results. Although a fairly broad-based coverage i the non-dimensional parametric space is not possible
due to the large computational times (some parameter sets take more than 4 hours of CPU time on
DEC~-1090 system), sufficient results are obtained to clarify the role of various parameters like buoyancy,
liquid depth, initial temperature, lateral extent of the channel, and heat-exchange conditions at the bottom
of the pool.
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1. Introduction

Cables form structurally efficient and economical load-carrying members in many engibeering applications.
The study of cables is of primary interest to structural, offshorc and power engineers. The rtaut string
which is the limiting case of a sagged cable has received much attention in literature. Even though cables
also have been studied since a long time, certain important aspects like extensibility have been studied
recently. Influence of nonlinearity is another topic which is currently receiving much interest. Since cables
are by their very nature displacement sensitive and possess low damping, consideration of nonlinear effects
in the analysis assumes importance. Uncertainties in the input forces such as earthquake and wind excita-
tion introduce additiopal complicating effects which may bhave significant influence on the cable
behaviour.

2. Present work

The work reported covers some aspects of both lincar and nonlinear behaviour of cables. The scope of
the investigation is as follows:
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a) To examune the complicating effect of a fateral load on the cigensolution of the cable and instability

of the implane oscillations.

b) To estimate the effect of seismic support exatations and their transmission time between the two ends,
on the additional cable tension.

c

To analyse the effect of nonlinearities and associated internal and external resonance phenomena on
the coupled inplane out-of-plane osciliations of a cable.

d

To study the effect of random excitation forces on the nonlinear behaviour of a cable.

3. Results and discassion

3.1. Linear behaviour of cables

In the absence of a lateral load, the out-of-plane oscillations of a cable get uncoupled from the inplane
oscillations!. However, an oscillating lateral load could induce strong coupling between the lateral and the
inplane oscillations. There is continuous exchange of energy between the corresponding modes of oscilla-
tion. It may be expected that due to this coupling, cables could exhibit beat oscillations. For certain
combination of cable p defining its sag and extensibility, the frequency crossover of the symmetric
modes over the anti-symmetric ones is possible. In addition, the presence of a periodic component in the
lateral load, even though uniform, could lead to parametric instability in the cable.
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For long span cables under support motion due to earthquakes, the transmussion time between the two
ends has strong influence on the cablie response. A cable experiences substantial mcrease in the dynamic
tension when compared to the uniform excitation case®, even for a short transmission time, equivalent to
half of its first natural period. A response spectrum method, sutably modified to incorporate the effect
of the transmission time, is developed to estimate the cable tension. Results obtained for a typical long
span cable under the action of El centro 1940 and Taft 1952 earthquakes are shown in Fig 1 In this
figure. 7 is the additional cable tension, H the static tension, 7, the first natural period of the cable, and

stable, -----mr unstable.

Fi6. 2. Effect of internal resonance in cables. Planar and non-planar motions.
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1, the time delay between the excitations at the two supports. The analysis includes longitudinal inertia
effects and thus the significant participation of clastic modes 1n the response contribution is highlighted.
It may also be necessary to include the supporting tower stiffness for a more realishc analysis.

3.2. Nonlinear behaviour of cables

The nonlinear analysis of cable is characterized by the presence of quadratic nonlinearities in the equation
of motion, in addition to the cubic nonlineartties. In the case of a taut cable’, the cubic nonfinear terms
dominate resulting m a predominantly hardemng behaviour. Ou the other hand, for cables even with
moderate sag-to-span ratio, the quadratic nonhnearity terms predominaie. It results in an internal reso-
pance condition of 2:1 relation belween the wplane and out-of-plane frequencies. Under inplane harmonic
excitation, the imternal resomance combined with an external vesonance wnduces nonplanar motion to
develop within a certain region of external-forcing frequency. The stability pattern of the possible stcady-
state solutions of the non-planar motion significantly changes with the internal resonance parameter and
thus with vaniation of cable sag. Results on the frequency response behaviour of a typical cable are shown
m Fig. 2. In the figure, a; and a; represent the amplitudes of vertical and fateral displacements, and o
and o, the internal and external resonance-detuning parameters. The presence of a uniform lateral load
acting along with the inplane harmonic excitation also strongly influences both the existence and stability
of the non-planar motion. The results presented give indication that cables may exhibit chaotic oscillations
in certain parameter space.

‘The study on the uncertainties in the input forces considers two excitation models, one being a narrow-
band random process and the other a combined pariodic and white-noise process. The choice of these
types of excitaton is prompted by the fact that both the models can represent the fluid-dynamic forces
which arise out of vortex shedding and exhibit existence of a predominant Strouhal frequency along with
stochasticity. As a first step towards understanding the cable behaviour under these excitation models, the
analysis Is restricted to the first symmetric vertical mode of oscillation. The cquivalent linearization
technique is adopted in the analysis. The quadratic nonlinearity term leads to bias or & mean value in the
response. The equivalent linearization technique gives rise to multiple response moments in certamn range
of external frequency. Since the moments of a random variable are unique, only one among the multiple
solations need be acceptable. The acceptability of the steady-state solutions is checked by an almost sure
asymptotic stability analysis’. In the multi-valued region, only one of the steady-state response moments
is observed to be stabie. The theorctical results are supported by digital stmulation.
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Random vibration of limit cycle systems and stochastic strings by C. S. Manohar.
Research supervisor: R. N. Iyengar.

Department: Civil Engineering.

1. Introduction

The work deals with two specific nonlinear problems that arise in random vibration of engincering systems.
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The first problem pertains to the effect of different types of random excitations on the inherent periodic
motions of a hmit cycle system. The secon. problem is to find the probability distribution of the eigen-
values of a stochastic stnng. The solunon of this problem is obtained by solving a first-order nonlinear
stochastic differential equation.

2. Stochastic response of Van der Pol’s oscillator
The limit cycle system considered 15 the classical Van der Pol's oscillator governed by the equation

x — et (1 — 4% + x = f(2). [¢3)
For the case of f(f) = 0 the system possesses a stable limt cycle given by
x(f) = sin (£ + dg) + 0Ce). )

Here ¢ is an arbitrary constant dependent on the imtial conditions. In the present study, three specific
models for f(z) are assumed. These are (i) f(r) = W(y) where W() is a gaussian white noise with autocoi-
relation < W{i}W(r) > = 2D3{t; — 1), (i) ) = Pcos Ar + W(t), and (i) f{r) is a narvow-band filtered
white noise random process.

New methods of response analysis based on closure approximations, stochastic averaging and eguivalent
nonlinearization techmque are developed i the study. The interaction between external noise and the
hmit cycle of the system produces distinctly mongaussian response. This nvalidates the applicanon of
linearization methods based on gaussian approximation to the response. A closure solution based on a
bimodal probability density function (pdf) has been developed in this work which leads 1o acceptable
results. Figure 1 shows the theoretical joint pdf of the response x and k. The maxima and minima in this
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function correspond respectively 1o the stable hmmit cycle and the unstable focus of the unforced system
At low levels of noise when the response is mamly controlled by the hmit-cycle behaviour. it 1s observed
that the probability distribution of the imual conditions strongly nfluences the transient behaviour. Digital
simulation studhes for the case of white-noise excitations have shown that the response phase does not
have a umform probability distribution as predicted by the exisung theonies. The newly developed method
of combined averaging and nonlineanzanon successfully predicts this nonuniform distribution. For the case
of f(1) = Pcoshz + W(i), there exists a region i parameter space where the linearization solutions give
acceptable answers. The response here has a mean periodic component. The effect of nowse 1s to reduce
the mean response and increase the variance. The requirement of stochastic structural stability of approx-
imate solutions has been effectively emploved in the present study to verify the validity of the assumptions
made on response characteristics,

3. Probability distribution of eigenvalues of the random string equation

The eigenvalue problem that arises in the vibration of stochastic strings, bars, shafts and souil layers can
be started as finding the solution of the boundary-vajue problem

d
— 100+ g0e) =] + 2 [1 + eft)ly =0

X0) =y(1) = 0. (3.4
Here g(x) and flx) are taken to be stationary random processes with a specified joint pdf. A 1s the

eigenvalue parameter which is now a random variable. In the present study, the pdf of the eigenvalues is
determined by studving the zeros of the solutton y™(x, A) of eqn (4) together with the initial conditions

"0y =0 el 0)=1
=02 =1 5)

The approach 1s based on an earlier work by Iyengar and Athreya'. Here the process y* (x, A} is expressed
m the form
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Fia. 2. Probaility distribution of the first cigenvalue.
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Y, \) =7 sm (0 + \x) (6)
dy*
(1 + 8g) " (x, \) = r\ cos (© + Ax).

The probability distribution of nth eigenvalue can be shown to be given by

P\, <M = P [nm ~ » < 6(1, \)]. 0]

Here, 6(x, A) is governed by

40 xcos® (8 + Ax)
— e 4 A + €f) sin? (O + \x) (8)
dx 1+ 8g

6(0) = 0.

Thus, to find P[A, =< \] one has to solve the above first-order nonlinear stochastic differential equation. In
the present study, specific models for g(x) and f{x) are assumed so that eqn (8) can be solved analyticatly.
Solutions based on Markov process theory, stochastic averaging and closure approximations are obtained
and compared with digital simulations. Figure 2 shows the probability distribution of the first eigenvalue
obtained using the stocahstic averaging technique for the case of § = 0 and f(x) being a gaussian random
process with mean = 1.0 and power spectral density S(w) = 0-4/[16 + w?. The theoretical solutions show
good comparison with digital simulations especially for low values of e. These results are first of their kind
in literature and form an important step in the analytical treatment of the stochastic string equation.
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Studies on lightweight fibrous ferrocement in compression, tension and flexure by Said
Abd Elfattah El-kholy.

Research supervisor: Prakash Desayi.

Department: Civil Engineering.

1. Introduction

Since ferrocement units are thin, ranging from 20 to 40 mm, thermal comfort 1s one of the aspects to be
borne in mind while designing or adopting ferrocement for housing construction. Replacement of sand by
lightweight aggregate (LWA) would satisfy this condition. Short steel fibres when added to ferrocement
improve its strength and cracking behaviour. Thus, lightweight fibrous ferrocement appears to have consid-
erable potential as a construction material. While extensive studies are reported on mechanical properties
of ferrocement and few studies on lightweight ferrocement, no information is available on lightweight
fibrous ferrocement. Hence, this investigation has been undertaken to study the strength and behaviour
of lightweight fibrous ferrocement (in which sand is replaced by foamed blast furnace slag) in compression,
tension and flexure.

2. Workability and strength of lightweight fibrous mortar
2.1. Experimental work

Three values of water-cement ratio (w/c), viz., 0-45, 0-50 and 0-55 by weight, three percentages of sand
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replacement by foamed blast furnace slag, viz , 0-0, 35 and 70% by weight and four values of fibre volume
fraction, wiz.. 0-0, 0-3, 1-0 and 1-5% were used. Different combinations of these parameters resulted in
36 mixes. Mix proportion of cement to fine aggregate of 1:2 was used. Fibres used were hooked steel
fibres of aspect ratio of 80. Workability has been studied using slump cone and V-B consistometer. Also,
for each of the 36 mixes, 6 cubes and 100mm nominal side (a total of 216 cubes) were cast and used in
determimiag the density, compressive strength and splitting tensile strength of the different mixes.

2.2. Results

Results obtained from the test data are as follows:

i) Workability in terms of slump and V-B time increases with increasing w/c ratio and decreases with
increase of the percentage of sand replacement.

i) Inclusion of fibres reduces the workability.

i) Density of lightweight fibrous mortar reduces with increase in the percentage of sand replacement
while the effects of w/c ratio and fibres are found to be mnor.

iv) Cube compressive strength reduces with increase 1 the w/c ratio or the percentage of sand replace-
ment The influence of fibre inclusion on this property is found to be non-uniform.

v) Best fit equations have been obtained to predict the splitting tensile strength of such mortar for all
percentages of sand repiacement as follows:

o, = Vf., [13-547 Vj + 0-646] for wic = 0-45, )

oy = Vifi, [11:20 ¥ + 0-595} for wic = 0-50; )

o, = V£, [6:027 V; + 0-627) for wic = 0-55. 3)
3. Lig ight fibrous ferr in compression

3.1. Experimental work

Test specimen selected was a prism of 100 mm square n cross-section and 200 mm in height. Para-
meters considered in this study were the percentage of sand replacement by LWA, volume fraction of

& = Ultimate compression strength
of prism

€, = Strain at ultimate strength

€ and T, = Coordinates of point C

o —

i
29 Gegree
parabola

1 .
A €y € Strain

Fic. 1. Proposed stress-straun diagram for Ligt ight fibrous fer n
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mesh wires and fibre volume fraction. A total of 48 prisms were tested in compression and a complete
stress-strain curve includmg the descending post-peak portion was obtained.

3.2. Results
Based on the test data, the following results have been obtained.

i) A model is proposed for the complete stress-strain diagram for lightweight fibrous ferrocernent in com-
pression. This is shown in Fig. 1. Coordinates of points B and C of Fig, 1 for the parameters varied have
been obtained from statistical analysis of test results and the resulting equations are:

Ultimaye strength
for 0-0% teplacement

¥ = Vfu[161-14 V,~47-60 V; + 6:27); @
for 35% replacement

= Vi [130:29 V,—80-54 V; + 4-71]; ®)
for 70% replacement

F = Vo [29971 V,~93-29 V) + 3-63]. (6)

Strain at ultimate stress
€, = Vf, [0-:0339 V, + 0-013 Vi + (3-525 x 107%)]. o

Stress at the stabilised point
for 0-0% replacement

for = Vfou [17-14 V, — 60-05 V; + 0-896]; ®)
for 35% replacement
Fop = Ve [21:66 V, — 60-05 V; + 1-039]; ©)
for 70% replacement
Foo = Vo [26223 V, — 60-05 V + 1324]. (10)
Strain at the stabilised point
&=V, [0-1337 V, + 0-098 V;+ (5457 x 107%)]. (11)

i) Influences of the comstituent materials on the stress-strain characteristics, toughness and ductility have
been determined and presented.

4. Lig! ight fibrous ferr in tension

4.1. Experimental work

A streamlined shape of the specimen was used. Parameters considered in this study are three percentages
of sand replacement, four values of volume fraction of mesh wires and four values of fibre volume fraction.
The different combinations of these parameters resulted in casting and testing 48 specimens.

4.2. Results
The following results have been obtained and presented:

i) The stress—strain diagram for specimens tested in uniaxial tension is idealised to a trilinear diagram as
shown in Fig. 2. The coordinates of points B and C in this figure have been obtained from statistical
analysis of test results and the resulting equations are:
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5" = Tensile stress at first crack
fy = Ultimate tensile strength
u C .
09 fi _____ - e €, = Strain at furst crack
- i €y = Strain at 90% of ultimate strength
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Fio. 2. Ideabsed trilimear ptot for hightweight Nibrous ferrocement n tension
First crack strength
FV= Vi, [40-11 V, + 873 V; + 0-234]; 12)
Strain at first erack
€ = Vi, [0-0367 V, + 00079 V; + (0-383 x 107%]; (13)
Ultimate strength
§ nnd®
fi= Ve [1415 V; + 0234 + — fos 14y
4A
Strain at 90% ultimate stress
€00 = Vo, [0:111 V, + 0-067 V; + (0-383 x 109)]. (15)

it} Effects of V,, V; and percentage of sand replacement on first crack strength, strain at first crack,
ultimate strength and strain at 90% of the ultmate strength have been determined and presented.

5. Lightweight fibrous ferrocement in flexure

5.1 Experimental work

Test specimen, a rectangular cross-section, was tested in third-point loading. The parameters considered
in this study are the percentage of sand replacement by LWA, volume fraction of mesh wires and fibre
volume fraction. Different combinations of these parameters resulted in casting and testing 48 specimens.

5.2. Results

From the test data, the following results are obtained:

(i) Influence of V,, V; and percentage of sand replacement on first crack strength and modulus of rupture
of lightweight fibrous ferrocement in flexure have been determined and equations to predict the same are:
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5= Vfa [64.64 V, + 1950 V) + 0-712]; (16)
= Vo [173:36 V, + 26:37 V;+ 0-712] an
(ii) First crack strength in flexure and its value in axial tension, and ultimate strength in flexure and that
in tension have been compared.
(iii) The rising portion of the load-deflection diagram has been represented as a bilinear plot.

(iv) Spacing of cracks has been estimated based on bond-slip hypothesis.
(v) Flexural strength at which the maximum crackwidth reaches the allowable value of 0-1 mm is given by

for = V. [168-185 V, + 71-343 V). (18)

(w1) Effect of V; and V; on toughness and ductility have been obtained.

6. Conclusions

1) Proposed stress-strain diagrams for lightweight fibrous ferrocement in both compression and tension
agree satisfactorily with the experimental curves,

2) Proposed bilinear equation to predict the rising portion of the load-deflection diagram has worked
satisfactorily.

3) The results would be useful in the development of design procedures for lightweight fibrous ferrocement
structural elements required in housing and other comstructions.

Notations
A : gross area of the cross-section
d : average diameter of mesh wires
@ ultimate compressive strength of prism
fcp :  compressive stress at the stabilised point
fao @ cube compressive strength (plain mortar)
few ¢ ultimate tensile strength of single wire
§ @ first crack stress in tension
% : ultimate tensile strength
for @ stress at which maximum crackwidih rcaches 0-10 mm
7 : number of longitudinal wires in the cross-section of specimen
V; . fibre volume fraction
V. : volume fraction of mesh wires (in the longitudinal direction)
€, : strain at first crack in tension
€ : strain at 90% of ultimate tensile strength
€, : strain at ultimate for prism in compression
€ : strain at the stabilised point of prism in compression
oy : splitting tensile strength for mortar cube.
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Microstrip elliptical ring antenna by Dharmishtan K. Varughese.
Research supervisors: A. Kumar and T. 5. Vedavathy.
Department: Electrical Communication Engineering.

1. Introduction

The concept of microstrip antenpas was first proposed by Deshchamps as early as 1953! but the first
practical microstrip antennas were developed n the year 1970 by Byron. Smce then microstrip antennas
have been studied widely and emptoyed in many practical systems.

MERA (microstrip elliptical ring antenna) has been chosen for theoretical investigation as it equips the
designer with one more parameter, namely, eccentricity, than those available in the case of an elliptical
patch antenna (Fig. 1). This may provide additional flexibility to the designer.

2.1. Expression for E,

Of the various methods available for the analysis of microstrip antennas, cavity method has been used for
the analysis of MERA. In the cavity model (Fig. 2) the microstrip antenna 1s modelled as a cavity bounded
at its top and bottom by electsic walls and on its periphery by magnetic walls.

Elliptic cylinder coordinates defined below have been used in the analysis’.
x = hy cosh £ cos
y = hg sinh £ sin (1)

z=12z

where hy = semi-focal distance.

Microstrip
eliipticol ring

1
5a5 £ 5,

Conducting
plane

e

Substrate €r
Ground plane
(a) (b)

FiG. 1. Microsutip elliptical ring geometry.

Feeding
probe
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Fic. 2. Cavity model for elliptical ning resonator

Let MERA be excted by a z-directed line current source located at & =£&; and m = 0, where
£ < &; < & so that the current source may be expressed mathematically by

J=£1f8 (- g9 500, @

The expresston for £, has been obtained by solving the wave equation

k2 vE: + 242 (cosh2 2m) E, =0 (3)
+ —— COS! == COS, =
s o £ n) E;

where 2k = ae o V pe.

The boundary condition requires that 3£, / 88 = 0 at £ = & and £ = &. The solution for E; involves
ordinary and modified Mathieu functions.

Expressions for E, and E, in terms of £ and £, have also been derived.

2.2. Radianion field

The radiation field of MERA at a point P(r, 9, &) lying in the upper half plane z = 0 is given approxi-

martely by (Fig. 3)

J'kne]k"' .

Ey = ———— (fy c0s ¢ + f, sin $) (4a)
4arr

ko cos @ FAd
= —————— (= f, sin ¢ + f, cos &} (4b)

4mr
where f, and f, are the x and y components of the Fourier transform, f, of the aperture ficld £,
fi= I Eiexp { — jkoho sin 0 (cos ¢ cosht cosm + sind sinhg sinm)} ds (5)
apertare

Since # is small compared to the wavelength, it is assumed that the fringing field E, extends uniformly
up to a distance & from the periphery of the ring and is zero beyond that.

Bl = Eelt=&, 6=Elt=¢, & (6)
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Exponential decay
of fringing field

———

1Er m h e \ *
1

Ground plane t o ! Fringing

E-tields

projections

FiG. 3. Approximation of aperture fields E, due to fringing at the edges of the ning structure,
In terms of rectangular components, the aperture field is given by
E, = RE, + YE.. )]

From these relations it is possible to write expressions for £y and Ey tor TMm and TM,,» modes.
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Fig 4b Radiation patterns of MERA for TM, 1o, mode,
& = 10, F = 10 GHz. & = 1-10. & = 130, £ = 0-47, and
£y =00

e §

MERA is designed using standard mode charts given by Sharma' and Kretzschmar®, Numerical compu-

tations of the radiation patterns for TM, 10, TM, 0.

typical radiation pattern.

2.3. Inpur impedance

TM,» and TM,y, are cartied out. Figure 4 15 one

Expressions for the input impedance of microstrip elliptical ring antenna have been derived employing a

paraltel RLC circuit model. The resonant resistance

R 1 V2 ®
TG epy
V=Eg-¢yx h ©)
1
fros = ——mm a0)
wVLC
and RN CIL (11)
where Q7 is the total quality factor
1
Zn=R+jX= : 7 (12}
— t joC A ——
Ry JoL
Pr=P +P.+ P a3

where P,, P. and P, represent the power radiated, dissipatcd at the conducting surfaces and dissipated in

the dielectric substrate.
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2.4. Drrectivity
12 Re [E,HY — EoH3)
P /4nr

| max. w.r.t. 8 and ¢. (14)

2.5. Radiation efficiency
s x 100 15)
m= Pr

neglecting P, where Py is the total power accepted by the antenna from the connected transmitter.

3. Conclusions

Based on the investigations carried out on the input impedance, directivity and efficiency of MERA the

following observations may be made.

(1) For the TM.y;0 mode, there is a reduction in the resistance at resonance, as the feed point is moved
towards the inner periphery of MERA from the outer periphery for alumina substrate (e, = 10).

(2) It may also be seen that as the dielectric thickness is increased from 0-075 to 0-16 cm and from 0-16
to 0-32 cm for m = 0 and m = w/ 4, the resonant resistance and the input impedance increase for the
TM,0 mode.

It is observed that the dependence of directivity and efficiency with frequency deviates from the expected
nature.
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Multicriteria games with applications to two-target game problems by D. Ghose.
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1. Intreduction

Game theory is concerned with the modelling and analysis of decision-making in situations of conflict
which arise when many decision-makers (players or agents) attempt to control the behaviour of a system
to satisfy their own individual requirements. A particularly important branch of game theory is that of
pursuit-evasion differential games' which finds application in aeronautics in modelling and analysis of prob-
lems of interception of a manoeuverable flight vehicle (the evader) by another flight vehicle (the pursuer).
These are called single-target games as only the pursuer possesses a weapon system (modelled as a target
set in the state space). An extension of the single-target game is the two-target game in which each player
has a target set>. This model finds application in the analysis of aerial combat encounters between fighter
aircraft. In these games, each player has the dual objective of avoiding his opponent’s target set while
simultaneously bringing the opponent on to his own target set. This provides the motivation for modelling
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these games as multicriteria games. However, the Iiterature on game theory has very httle to offer in
terms of useful solution concepts for multicritenia games. In this work, it is attempted to develop a theory
for such games starting from the static matrix games and apply these concepts to the modelling and
analysis of two-target differential games.

2. Two-person multicriteria matrix games

A two-person zero-sum multicriteria matrix game (in which each element of the matrix as a vector) is
defined and various kinds of solutions for these games are proposed. Existing solution concepts for these
games in the literature are those of equilibnum strategies’ which are based on Pareto optimality and
mutual response properties. Here, new solution concepts based on security notions are defined. Pareto
saddle-point concept is the most desirable among them. The restricted class of matrix games for which
they exist are identified. Pareto optimal security strategies are defined and their existence proved. Neces-
sary and sufficient conditions to obtain these through scalarized games are also established®, It is proved
that a finite number of scalarizations are sufficient to obtain all the Pareto optimal security strategies of
a player. Finally, an additional structure of qualitative outcomes is imposed on the multicriteria matrix
game and optimal security strategies of both pure and mixed kind are obtained®.

3. Two-person multicriteria continuous-kernel games

Next, the concept of security is extended to a general two-person nonzero-sum multicriteria continuous-
kernel game in which the players have a continuum of strategies. Only pure strategies are considered here.
The zero-sum game is treated as a special case of the nonzero-sum game. Different kinds of scalarized
games are formulated from the original multicriteria game. These are then used to prove the existence of,
and to obtain necessary and sufficient conditions for the determination of, equilibrium, Pareto optimal
response and Pareto optumal security strategies for the players

4, Multicriteria differential games and modelling of two-target game problems

After presenting the relevant theory on the security and Pareto optimality aspects of static games, the
above ideas are extended to dynamic or differential games. Pareto optimal securty, response and equilib-
rium strategies are defined and sufficient conditions are obtained through scalarization procedures. Next,
two-target differential games, which are generalizations of pursuit-evasion games, are modelled as zero-sum
multicriteria differential game problems based on the fact that each player has a dual objective of avoiding
his opponent’s target set and terminating the game on his own target set®’. It is shown that the concepts
of Pareto optimality and security are important in choosing winning strategies for players since the oppo-
nent, by violating certain threshold levels on individual criteria, can cause an undesirable outcome for the
player. The utility of the concept of security 15 discussed m relation to other existing solution concepts for
two-target games which are viewed to be variations of the equlibrium solution concept.

5. Qualitative analysis of two-target games

To establish the fact that the notion of security is important in its own right in two-target games, and not
merely because it has been modelled as a multicriteria game, a qualitative analysis of the two-target game
is carried out next. Secured outcome regions and secured outcome strategies are unambiguously defined
depending on the preference ordering of the four possible outcomes (win for either player, draw, or
mutual kill) of the game by the players. It is shown that under certain conditions an initial state can
belong to two different secured outcome regions for the two players. Conditions under which the secured
outcome regions of the two players match are also presented. A construction procedure, based on the
qualitative solution of two single-target games®, is presented to obtain the secured outcome regions of
players, for any pair of preference orderings of outcomes by the players®.

6. Quantitative analysis of two-target games

Finally, the multicriteria model of the two-target game is reverted to, and the secured draw and mutual
kill strategies are defined in terms of the security levels on the individual criterion functions. Strategy
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optimization problems are formulated, the solution to which, if they exist, determines the best possible
secured outcome strategies for players A number of examples are solved to illustrate the procedure’®,
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Effect of surface roughness on the prebreakdown and breakdown phenomena in SF
and its mixtures by Mohammed Mustafa Khan.

Research supervisor: R. S. Nema.

Department: High Voltage Engineering.

1. Introduction :

‘When compressed SFq gas was first introduced as an electrical insulant in high-voltage equipment, it was
found that the insulation strength of the system was less than what was predicted by theory. An explanation
for this apparent reduction in the dielectric strength of compressed SF; gas can be given by considering
perturbations of the macroscopic electric field produced either by roughness of the electrode surface or
by protrusions. The reduction in breakdown voltage depends on protrusion’s shape, size, gas and gas
pressare. It is, therefore, essential to investigate these effects. In this work, the effect of protrusion on
the dielectric strength of SFe, SFs + N, and SF; + CO, mixture in uniform field is studied at different
gap spacings and gas pressures in the sub-atmospheric range so tha, 2 comparison is possible in this regard.

2. Results and discussion
2.1. Breakdown voltage
It is to be noted that no corona is observed prior to breakdown in both with and without protrusion. The
measured breakdown voltages in the absence of protrusion agree well with the calculated values by NKH

formula. It is, therefore, clear that the Paschen’s law holds good in the experimental range in every gas
and mixture studied with uniform field in the absence of any protrusion.
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1t 15 seen that with protrusion, the breakdown voltages are not the same at different pressures for the
same pd. Therefore, Paschen’s law does not hold good in the presence of protrusion.

There is a large reduction iu the dielectric strength of highly electronegative gas SF, and its mixtures
in the presence of protrusion. It is seen that maximum percentage reduction observed is 50% iu the case
of SF at 600 Torr in this study. This may be explained by considering the enhancement of the field at
the tip of the protrusion, reduction of the gap length and field emission from the protrusion.

2.2. Surface roughness sensitivity

A surface roughness factor £ is used to describe surface roughness sensitivity. The surface roughness factor
is defined as the ratio of breakdown voltage level measured in the pressure and in the absence of
protrusion.

Data obtained have been converted to determine the surface roughness sensitivity of gases and mixtures
at different pressures and gap spacings for SF;, SF¢ + N; and SFg + CO,.

Calculated and measured values of surface roughness factor are found to agree reasonably well. Surface
roughness factor has been calculated from Pedersen’s formula® which is given below

PRuac = (KVE) /11 = 3 (1 &1 — )7
where P is Pressure, Rpay, Maximum protrusion height, and K, 18 and I? 24-24/Kpa-cm or 2460/bar-cm,

Figure 1 is plotted to illustrate the results between surface roughness factor and the electrical breakdown
strength of SFy and its mixtures with N,. Similar results have been obtained for SFs + CO; also. It is
observed that the upiform field breakdown strength is the most influencing factor in the reduction of
breakdown strength with protrusion®.
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Studies on the pre-breakdown and breakdown phemomena in binary and ternary gas
mixteres containing SFs and CCLF, by G. R. Venkateshaiah.

Research supervisor: M. S. Naidu.

Department: High Voltage Engineering.

1. Introduction

Gases and gaseous plasmas find a wide variety of applications in gas-discharge lasers, thermonuclear de-
vices and as gaseous insulating/arc-quenching medium in electrical power systems. Electronegative gases
of high dielectnic strength such as §Fs, CCloF> and perfluorocarbons are extensively used. Such gases are
expensive and sometimes produce toxic and corrosive byproducts. Also, the working conditions vary sig-
nificantly with regards to thermal conductivity, condensation temperatures, pollution, field nonuniformities,
etc. Optimum solution Yes 1n taroring suitable gas mixtures by admixing electronegative gases with low-cost
butfer gases like Ny, CO,, air, etc., forming binary and ternary gas mixtures.

Although a fair amount of data is avajlable on the breakdown strength of some of the multicomponent
gas muxtures, at high pressures, very little information is available on the fundamental physical processes
that oceur prior to breakdown. The present investigation is aimed at accurate determination of the swarm
coefficients for ionization and electron attachment (o/p, m/p), critical E/p (E/p at which « = m) over the
range 100 < E/p = 240 V cm™ Torr™" and also the sparking potentials V, over the range 2 = Pd = 50
Torr-cm. (near Paschen’s minimum) in the mixnure of gases (SFe—CCLF;, N,—CO,, SF—CO,,
CCLF;—C0,, SFs—~CCLF,~N;, SFe~CCLF,— CO, and SFs—N;~CO;) using Townsend’s steady-state
technique. The data in ternary gas muxtures have been obtained for the first time.

2. Experimental apparatus and procedure

Tonization experiments and dc-breakdown voltage measurements have been carried out using Townsend’s
steady-state technique. Uniform field electrodes of Rogowski profile with provision to vary the gap distance
up t0 30 mm have been used in this study Binary gas mixtures were prepared by the multiple dilution
technique whereas the ternary gas mixtures were prepared by the method of partial pressures to an accu-
racy of £ 1-0%. The coefficients « and m are measured to an overall aceuracy of £ 3-0% and the
breakdown potentials to an accuracy of x 0-5%.

3. Results and discussion
3.1. SFe—CChF, mixtures

Critical E/p [(E/p). at which a = m below which sparking should not occur 1 gases/gas mixtures] obtained
in the present study and derived from the ionization experiments is shown in Fig. 1, together with the
data of Wotton ef al™* and Somerville et al’, derived from the measured breakdown voltages (V) and
those of Frechette* obtained from the jonization expetiments. a/p, 7/p, and (E/p). exhibit a characteristic
nonlinearity with the addition of CCLF, to SF; over the entire range of E/p studied. The results of
Wootton ef al* and Somerville er al® display a continnous increase in (E/p), with the addition of CCLF;
to SFg up to about 80% and then decrease to that of pure CCLF,. The present results and those of
Frechette! indicate a slight decrease in (E/p), with the addition of small concentrations of CCLF; (up to
20%) and then increase to a maximum value at around 70% which is about 6 to 9% lower than the (E/p).
values obtained from the breakdown test results. The differences in (E/p), may be due to different elec-
trode geometry and Pd range adopted by different workers. The positive synergism exhibited by the
mixtures may be attributed to the increase in the attachment rate assisted by large vibrational excitation
cross-section of CCLF, and consequential modifications in the electron energy distribution in the mixtures
from those for pure gases.

Measured sparking potentials (V,) in SF;, CCL,F, and CCl,F,-SF; mixtures near Paschen minimum (2
= Pd = 24 Torr-cm) determined at low pressures (16-20 Torr) are shown in Fig. 2. It can be observed
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that V., increases almost limearly with Pd for all mixture ratios Also, for any given Pd, V, increases with
the addition of CCLF, to SF, similar to what was observed by Wotton et af'? and Somerville er al® for
Pd > 60 Torr-cm. V, of the mixtures contamning 60 and 80% CCI,F; can be observed to be always higher
than those of pure SF; and CCLF,. The data of V. in these mixtures clearly establishes the positive
synergistic behaviour observed in the ionization experiments.

Similar investigations carried out mn the bimary mixtures of No-CO,, SF—CO; and CCLFCO; de-
monstrated that CO; is also an excellent buffer gas comparable to or even better than N,, which can be
mixed with electron-attaching gases. CO, exhibited efficient electron slowing-down property in the mixtures
with SF, and CCL;F,. Additon of small percentages (20~-30%) of SF, or CCLF, increased the dielectne
strength of COs considerably (36-40%).

3.2 SF~CCLyF: Mixwures

o/p and n/p are experimentally determined n about 22 combinations of the ternary gas mixtures in which
each component gas is vaned from 0 to 100% over the range 100 = E/p = 240 V cm™' Torr™!. The a/p
and n/p characteristics exhibited nonlinear variations with the addition of CCLF; to SF—N, mixtures The
degree of nonlinearity was observed to decrease with the addition of more and more N; into the mixtures.
This was attributed to be due to the ionization of CCLF; by metastables of N, and increase in the electron
mean energies-of. the _swarm with the addition of small concentrations of CCLF; (= 20%).

(E/p). obuained from a/p and w/p characteristics in ternary gas mixtures is shown in Fig. 3, together
with the theoretical values of Frechette et al® (full lines) and the values obtamed from the measured \'A
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by Somerville er al® (dashed lines). Each curve represents a fixed N, concentrafion like 0, 20, 40, 60 and
80%. It can be observed that the degree of nonlinearity in the characteristics decreases with the increase
in the concentration of N in the mixtures.

Maximum (E/p), of 126 occurs at 25% SF, concentration of SF—CCLF, mixtures, whereas peak values
of 114 and 104 occur at around 10% SF in the ternary mixtures contaming 20 and 40% N, respectively.
Characteristic nonlinearities in the mixtures may be due to modifications in the electron energy distribution
from those of pure gases which vary according to the percentage concentration of the component gases
and, as also E/p. In addition, the efficiencies of ionization and attachment are dependent upon the electron
energy distribution in the mixtures.

Sparking potentials (V,) measured in a few selected mixture ratios of practical importance (10-30-60,
20-20-60, and 30-10-60) in SFe—CCLF,-N, mixtures over the range 4 = Pd = 50 Torr-cm are shown in
Fig. 4, together with the data in pure gases SFs, CCLF, and N, for comparison. It can be observed that
although V; of the mixtures is lower than those of pure gases of SFs and CCLF,, the breakdown strength
of N, is increased considerably (10 to 50%) over the range of Pd studied. From the breakdown test results
of Wootton e al™* such mixtures were found to be economically viable in CGIT systems while possessing
about 87% of the dielectric strength of pure SF,.
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Similar investigations have been carried out in SFe-CCLF~CO, and SFeN,~CO, mixtures. From the
results it can be observed that CO, has performance comparable to N, as a buffer gas (glectron slowing-
down gas). o/p, 7p, (E/p). exhibited characteristic nonlinearities which decrease with higher concentrations
of CO, in the mixtures.

4. Conclusions

The present study clearly demonstrated the existence of positive synergism for higher concentrations of
CCLF; in SF; (greater than 20%). Addition of small concentrations of SFs; or CCLF, (about 40%) to
buffer gases N, or CO;, increased the dielectric strength of the binary mixtures equal to 80 to 90% of that
for pure SFg, thus making them economically viable. Ternary gas mixtures exhibit nonlinear synergistic
behaviour for different mixture ratios with respect to ionization, attachment and sparking potentials which
decreases at higher concentrations of buffer gases. From the considerations of critical E/p optimum mixture
ratios suggested are: SFg(10% )-CCLF5(50% )-N3(40%); SFs(10% )~CCLF:(40%)-C0(50%) and SFs(20% )
COy (20%)-N2(60%) for insulation purposes.
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Developmental studies on ion thrusters for satellite propulsion by M. H. Bala-
krishnaiah.

Research supervisor: G. R. Nagabhushana.

Department: High Voltage Engineering.

1. Introduction

Geosynchronous satellites are widely used in many important applications such as communication, weather
forecast and geological survey. The orientation of these satellites in orbit is subject to many gravitational
fields and therefore changes gradually. However, the orientation is quite critical in most applications and
must be maintained within + 0-1° between the orbital and equatorial plane of the satellite. It is estimated
that changes due to gravitational fields are in the range of 0-9° per year thus requiring correction once in
40 days. Presently, conventional hydrazine thrusters are being used for such corrections. Nearly 100 kg of
fuel is required for a life of 10 years.

Jon thrusters can be used in place of conventional thrusters for finer correction bringing down the
propellant consumption to just 10 kg. . '

The ‘electron-bombardment ion thruster’ originally developed by Kaufman®, using mercury as the prop-
ellant, has been used extensively. Its advantages over other existing chemical and electrical thrusters are:
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(i) high specific impulse, (1) low volume of mercury for a given mass, and (iii) high efficiency. The
present work was therefore directed towards developmental studies on electron bombardment ion thrusters
with mescury as the propellant.

2. Principle of operation and present work

In this type of thrusters, mercury is vapourised at a desired rate and the vapours pass into a hollow
cathode where a discharge is maintained to produce partially ionised mercury vapour. The partially ionised
vapour is then distnbuted into the main plasma chamber with the help of a baffle. In this chamber, the
electrons are subjected to crossed electric and magnetic fields so that they travel in helical paths towards
the anode and cause a high degree of ionisation of the neutral mercury vapour. A screen and accelerator
grid combination (having numerous aligned aperatures) extract the ions and accelerate them into space
thereby giving rise to a reaction thrust on the satellite.

To maintain electrical neutrality of the satellite, the ejected ion beam is neutralised by electrons from
another hollow cathode discharge.

The present work involved the following:

(i) Preliminary design and fabrication of an ion thruster for a nominal thrust of 10 mN.

(ii) Design and fabrication of a mercury flow meter and vapouriser.

(i) Establishing the mercury vapouriser characterisucs in terms of heater mput and mercury flow rate.

(iv) Establishing the current-voltage characteristics of a hollow cathode. This involved studies of the
influence of:
(a) mercury vapour flow rates ranging from 18 to 30 mg/min,
(b) cathode tip temperatures in the range of 900 to 1200°C,
(c) discharge currents in the range of 1 to 2 ;\, and
(d) magnetic fields 30 to 70 Gauss.

(v) Study of the mercury vapour plasma in static condition in terms of number density and energy of
electrons as a function of
(a) mercury flow rate,
(b) discharge current, and
{c) maguetic field.
The range of these parameters is already indicated in (iv) above.
The study was carried out by obtaining the voltage current characteristic of a simple Langmuir
probe.

(vi) Establishing an ion beam with a current of 160 mA& (design value being 157 mA for 10 mN) with
the use of another hollow cathode as a neutraliser.

(vii) The thrust developed was measured using an eddy current probe. During this measurement, the
thruster was mounted on a four-legged stand (the legs being designed for critical loading) that
would deflect because of the thrust. The deflection was calibrated using a strain gauge and a linear
variable differential transd: Thrust was carried out (using the eddy current probe)
for different mercury flow rates, discharge currents, magnetic fields and acceleration potentials.

(vilf) A 127° electrostatic analyser was designed, fabricated and used for studying the energy distribution
of the ions in the ion beam for different
(a) flow rates of mercury, *
(b) main discharge currents,
(c) magnetic fields, and
(d) acceleration voltages.

3. Results and discussion

The hollow cathode was found to operate satisfactorily with the keeper discharge current in the range of
01 to 1-5 &, the keeper discharge voltage being in the range of 8 to 14 V. The discharge-initiation voltage
was dependent mainly on mercury flow rate and the cathode tip temperature and was in agreement with
the results of other workers?.
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The number desnity of electrons in the main plasma chamber was calculated based on Langmuir’s theory
and found to be in the range of 7-8x 10" per m® and 1-2x10"7 per m® at baffle and screen, respectively.
The spatial density distribution at grid is shown in Fig. 1. This is in agreement with the results of Strick-
faden and Geiler’. The number density of ions calculated using Bohm’s criterion® and orbital theory® agree
well with the above values. The electron energy distribution was found to be non-Maxwellian consisting
of a Maxwellian group of electrons with low energies—1-5 to 2 eV near the baffie and 1 to 2 eV near
the screen grid—and a group of primary electrons with high energy—34 eV near the baffle and 15 eV
near the screen, respectively.

Tons were extracted by applying an appropriate voltage and were neutralised by electrons from another
hollow cathode. Under dynamic condition, the thruster produced 10 mN thrust with an 10n beam current
of 160 ma for 2 main discharge current of 2 A at 35 V and acceleration potential of 1000 V, when the
mercury flow rate was 22 mg/min, and keeper current of 0-6 A at 14 V. The thrust measured using eddy
current probe was in close agreement with the thrust computed using beam parameters (Fig. 2).

The ‘analyser constant’ of the electrostatic analyser® built was determined both theoretically (i.e., from
the dimensions) and experimentally. They were found to agree very closely. The studies with the analyser
gave the following results,

(i) Variation of energy distribution along a radius indicated that uniform thrust was developed over
the total area of the aperture of the thruster.
(il) The energy distribution of the ions is nearly monoenergetic for different mercury flow rates (Fig, 3).

(iii) The current in the main discharge had a linear relationship with the thrust.

Since the thruster is a multiparameter device the analyser can be used to study the performance of the
thruster.

During these studies, only two cathodes were used and were exposed t© atmospheric air nearly 100
times to make necessary changes in the system. The total duration of operation is estimated to be more
than 1000 hours. In the absence of such frequent exposure to air (oxygen), the life would be much higher.
Therefore, it is believed that thrusters using the above comstruction would be useful for North-South
station-keeping of geosynchronous communjeation satellites.
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Effect of foundry variables on structure and properties of investment cast nickel base
superalloy PK 24 (IN 160) by H. S. Chandraseckariah.
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1. Introduaction

Research and development activitics on materials for high-temperature applications have led to a new
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Table I

Specified composition of PK 24 (IN 100)

S Element Units  Spectfications St Element Units Specificattons

no Mm Max M0 Min Max
1 Carbon C % 015 0-20 19 Molybdenum Mo % 2-00 4-00
2 Silicon Si % - 020 20 Nitrogen N2 ppm - -
3 Manganese Mn % - 020 21 Nb + Ta % - 025
4 Sulphur $ % - 0015 22 Nickel Ni % - baj
5 Silver Ag ppm - 0-0005 23 Oxygen 0O; ppm - -
6 Alrrunum Al % 50 60 24 Lead Pb ppm - 0-0015
7 Arsenic AS ppm - - 25 Antinony Sb ppm - -

8 Boron B % 0-01 0-02 26 Seleniom Se ppm - -

9 Bismuth Bi ppm - - 27 Tin Sn ppm - -

10 Cadmum Cd ppm - - 28 Tantalam Ta % - -

n Cobalt Co % 13-00 17-00 29 Telluram Te ppm - -

12 Chromum  Cr % 8-00 11-00 30 Titanmm Ti % 4:50 5-00

13 Copper Ca % - 0-20 31 Thallmum Tl ppm - -

14 Iron Fe % - 100 32 Vanadium V % 0-70 120
15 Gallum Ga ppm - - 33 Tungsten W % - 0-20
16 Hafnium Hf % - - 34 Zine Zn ppm - -

17 Indium In ppm - - 35 Zirconium  Zr % 0-03 0-09

18 Magnesium Mg ppm - -

class of matenals known as superalloys. Broadly, such superalloys fall under the categories of cobalt-, iron-
and nickel-base superalloys. Of the above, nickel-base superalloys are more suitable for higher temperature
applications. The initial developments in nickel-base superalloys were through enhanced alloying. However,
beyond a particular level of addition, enhancement in properties is possible only through improvements
in processing. Single-crystal approach, rapid solidification and mechanical alloying do represent feasible
routes, but such sophisticated techniques are economically unsuitable for the production of majority of the
superalloy components for industrial applications. On the other hand, vacoum investment casting method
has been accepted as a satisfactory processing technique for superalloys.

Adequate literature is available pertaining to the effect of vanous alloying elements on the structure
and mechanical properties of investment-cast nickel-base superalloys, but data on the influence of the
mould variables and other processing variables are rather meagre. Likewise, hardly any information is
available on the casting characteristics of nickel-base superalloys cast in investment shells. Realizing the
need for the generation of such vital information for the most popular nickel-base superalloy PK 24 (IN
100}, a systematic investigation was completed. Salient details of the experimental investigation and the
findings are given here.

2. Experimental details

This investigation was on the nickel-base superalloy PK 24 (IN 100) which contains many major and minor
alloying elements, apart from a number of carefully controlled trace elements. Specified composition of
the alloy is given in Table I. The investment casting test tree was very carefully designed to consist of
test specimens for the study of different mechanical properties and microstructural aspects. Assembled wax
tree was invested in the refractory slurry (fused silica + ethyl silicate) and stuccoed to form the shell.

Meltung of IN 100 (PK 24) was carried out in a medium-frequency, double-chamber, vacuum-induction
furnace. At various predetermined temperatures of the molten metal and the investment mould, and
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maintamning different preselected vacuum levels, test castings were made. From the solidified casting tree,
individual test specimens were separated and used for the study of surface finish, foundry charactenstics,
microstructural aspects and mechanical properties.

3. Conclusions

The findings of the investigation were analysed systematically to study the influence of casting vartiables,
viz., (a) pouring temperature, (b} mould temperature, (c) level of vacuum, and (d) number of shell coats
on the above-mentioned properties of PK 24 (IN 100) test castings made through vacuum-investment
casting process.

a. Swrface fiush of castings

A general inference is that conditions conducive for increased chilling of metal at the metal-mould interface
result in 1mproved surface finish of the casting.

b. Foundry characteristics

(i) Metal mould equilibrium temperature (MME temperature): MME temperature is of importance in
controlling the solidification and hence the final structure and properties. Mould temperature and
pouring temperature have marked influence on MME.

(ii) Fluidity: Individual processing variables do affect the fluidity but the combined effect of two or more
variables on fluidity is much higher.

¢. Microstructure

(i) Microporosity: Higher vacuum levels result in minimal microporosity, and increased section thickness
leads to higher levels of micropores.

(i) Grain size: Higher pouring temperatures, lgher vacuum levels and thicker section size result in
larger grain size. As the grain size influences all the properties, selection of optimum processing
variables based on the above considerations is very essential.

(ili) Dendrite arm spacing: The variation of DAS follows a trend simular to that of grain size.

(iv) Eutecric volume fraction and carbide volume fraction. The variation of these with the processing
variables is very marginal.

(v

Secondary gamma prime morphology: Secondary gamma prime phase plays a vital role in the high-
temperature strengthening of nickel-base superalloys TEM studies on the alloy mvestigated revealed
that increased heat inputs in terms of pouring temperature and mould temperature result in reduced
particle size.

d. Mechanical properties

Hardness values change very little when process variables are altered. The variations in mechanical prop-
erties closely follow variations in microstructural characteristics, viz., grain size, DAS and micro porosity.
High-teroperature UTS is a very important consideration for this alloy (PK 24 (IN 100)). Values of UTS
at the elevated temperatures do get influenced by process variables and conform to standard specifications.
Microstructural constituents, in particular the secondary gamma prime particles, exest a marked nfluence
on the high-temperature UTS value.

As a turbine blade material, this alloy is required to have satisfactory stress rupture properties. It has
been found possible to enhance the stress rupture life through judicious selection of the process variables.
Empirical relationships have been derived conmecting all the process variables with each one of the prop-
erties, thus enabling the prediction of any property corresponding to a set of variables employed.

It is concluded that the process variables studied, viz., pouring temperature, mould temperature, vacuum
level and the number of shell coats have varying influence on the mucrostructure and hence the properties
of investment-cast, nickel-base superalloy Nimocast PK 24. A judicious selection of the variables is essential
and possible in order to realise the optimum properties.
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An efficient three-di ional finite-el t analysis of simple and extended tube ex-
pansion chamber mufflers by A. D. Sahasrabudhe.

Research supervisors: M. L. Munjal and S. Anantha Ramu.

Department: Mechanical Engineering.

1. Introduction

Exhaust noise of internal combustion engines has been a major source of traffic noise. Hitherto, the design
and analysis of reactive muffler components has been based on simple one-dimensional analysis using
transfer matrix method. However, commercial mufflers require three-dimensional (3D) analysis m the
frequency range of interest owing to the propagation of higher order modes. Out of the various methods
of 3D analysis, finite element (FEM) is the most attractive!. A real 3D finite-element model requires
several hundreds of nodes resulting in tedious data preparation and solution of a large number of simul-
taneous equations. Therefore, previous researchers have generally restricted themselves to 1, 2D or axisym-
metric 3D analyses with simplifying assumptions. In the present work, finite-element formulation of an
acoustic problem has been done by two well-known methods, viz., the variational method and the Galerkin
weighted residual method. A finite-element computer program has been developed incorporating special
solution techniques. A preprocessor computer program has also been developed to handle input data
preparation. Program is then used for a truly 3D analysis of reactive muffler components Jike simple and
¢xtended tube expansion chambers and sudden area discontinuities.

2. Results and discussion
The selection of suitable element shape functions is an important aspect of the finite-element analysis. For
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a linear wave propagation, which is a second-order partial differential equation, C' continuity model is
desired. In this model, contmuity of pressure and its three spatial derivatives have to be ensured. In the
present work, 8-noded hexabedral elements with Hermitian shape functions are used for the C! continuity
model, while isoparametric quadratic (20-noded brick and 15-noded prism) elements are used assuming C°
continuity model. The results obtained in the form of transmission loss (TL) by both these models tally
very well indicating the adequacy of C° continwty in which continuity of pressure alone is ensured (see
Fig. 1). It has been observed that using the C' continuity model and Hermitian element®,

typical finite-element dimension < 0-2 Apy,. [63)
The use of C° continuity model and quadratic elements leads to
typical finite-element dimension < 0-52 Apy. )

Thus, C° continuity with higher order elements requires less number of nodes in modeling, which
increases computational efficiency and hence should be preferred to C' continuity.

Two special solution techniques, viz., matrix condensation® and transter matrix techniques* have been
developed making use of recursive substructuring principle to reduce the core memory and CPU time
requirements substantially. The saving m core memory and CPU tume by using these efficient techniques
with m = 2 (2" segments) in comparison to full FEM model is of the order of 35 and 64%, respectively.
For large systems, with m = 3, the efficiency is enhanced further.

These special techhiques have then been used for the 3D analysis of simple and extended tube expansion
chambers and the results are found to corroborate with the experimental and analytical results available
in literature. The effect of expansion ratio, length of the chamber, lengths of the extended tubes, radial
and offset locations of the inlet/outlet tubes have been investigated and certain design criteria have been
established. A couple of them are as follows.

(i) An approximate relation for the 1/d ratio required to achieve the plane-wave behaviour up to a
frequency kl (= nw) has been obtained as

(5)ol5) (5] :
i d / (@ln a4 (n-2m @

where the suffix denotes the frequency ki, for n =3,

1
(T),,: 0-65, and

(ii) For a given area of the expansion chamber, the circular shape is best suited for delaying the onset
of higher order modes.

(iii) The performance of ded tube expansion chambers is better compared to their simple expansion
chamber counterparts. The extended length of the inlet and outlet tubes being responsible for the'
creation of resonant end chambers, suitable values may be chosen for them to achieve better perfor-
mance in the desired frequency bands. In fact, with the extended inlet and outlet tube lengths (1.
and 1,,) as per the following equations
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where 1; is the length of the chamber, the resonance peaks cancel three out of every four troughs, thereby
widening the high TL frequency band (Fig. 2)

Finally, the 3D finite element analysis has been used to obtain the equivalent transfer matrix of a
sudden area discontinuity within the plane-wave frequency limit incorporating the effect of evanescent
higher order modes®. Using this transfer matrix, accurate and comprehensive expression for the Karal
factor (representing the inertive effect of discontinwty) has then been obtamned as a function of ~ (radius
ratio), kr; (non-dimensional frequency) and 8* (offset distance). This Karal correction factor is useful in
accounting for the inertive effect of discontinuity and hence the accuracy of plane-wave results is ensured
right up to the plane-wave limit.
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Thesis Abstract (Ph.D.)

Laminar buoyancy-induced flows and transport processes in stratified media by
D. Angirasa.

Research supervisor: J. Srinivasan.

Department: Mechanical Engineering.

1. Imtroduction

In recent years there has been a growing awareness that density-stratification plays a crucial role in deter-
mining buoyancy-induced flows and transport processes. The ocean as welt as the atmosphere are stratified.
Most of the lakes are dense at the bottom and light at the top. Other examples include storage tanks and
envirenmental chambers.

| 1 1
0 10 20 30
Y
Fig. 1. Veloaty profiles at X = 100 for Prandtl number, Schmidt number = 100 and buoyancy ratio = ~2 for various

values of straufication parameter S,
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In many natural convection flows the buoyancy that drives the flow has more than one component. The
buoyancies may aid or oppose one another. Then, the interaction among the multiple buoyancies and
stratification is quite complex Very little is known about such phenomena Ostrach’ recently reviewed the
literature on combined buoyancies.

In this work, the role of stable temperature stratification on the flows and transport characteristics has
been studied in detail by numerical solution of governing partial differential equations. Thermal buoyancy
and the combined buoyancy of heat and mass diffusion are considerced.

2. Numerical procedures

For solving boundary-layer type of problems an explicit pumerical scheme was employed. For the recir-
cutating flows the alternating direction mplicit (ADI) scheme was used. In either case, upwind differencing
was employed for convection terms to ensure numerical stability. Detailed discussion of the schemes is
given by Roache?.

3. Results

We first considered laminar natural convection boundary layer flow adjacent to a vertical surface due to
the combined buoyancies of heat and mass diffusion in a thermally stratified ambient. The stable ambient
thermal stratification is assumed to be lmear. It is observed that even for very high levels of thermal
stratification, boundary-layer flow is possible provided the buoyancy due to mass diffusion is dominant
and aids the vertically upwards thermal buoyancy (Fig. 1). Both aiding and opposing buoyancies were
considered, and also the effect of Schmidt number. Nusselt and Sherwood number data are presented for
gascous and agueous solutions (Figs 2 and 3).
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Laminar axisymmetric plumes due to combined buoyancies in a thermally stratified medium was consi-
dered next. We found that plumes depart from boundary-layer type of flow for much smaller levels of
stratification because of the progressive decay of both buoyancies in the streamwise direction.

Recirculating flows arising due to thermal buoyant convection in a thermally stratified environment were
treated next. For high levels of thermal stratification which makes the temperature potential at some
height of the plate as zero, we observed horizontal wail plumes which were shown by Chen and Eickhorn®
in their laboratory flow visualization. We demonstrated that the usual defimtion of the Nusselt number is
not suitable for natural convection in stratified media.

Finally, we considered natural convection flows mn square horizontal cavity with the open side exposed
to a stable thermally stratified environment. We observed that the number of recirculating zones has
increased for the open cavity. Plume instabilities were seen in cavity flows.
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Crystallographic aspects of thermally induced organic solid state reactions by K. Vyas.
Research supervisor: H. Manobar.
Department: Inorganic and Physical Chemistry.

L Introduction

In recent years, x-ray crystallographic techniques have been widely used in the study of solid-state reac-
tions?. This is due to the realisation that the rigid crystalline matrix provides an extraordinary spatial
control over the mitiation and progress of the reaction. Consequently, structural and geometric parameters
such as packing and orientation of the reactant molecules, their conformation and the short contacts
between reactive centres play a vital role in contrast to the electronic and dipolar effects which are impor-
tant in solution chemistry, This leads to stereo-selective and stereo-specific products and sometimes to
products impossible to realise in solution. It is this ‘spatial’ or ‘topochemical’ factor which is of interest
to a chemical crystallographer. The structural investigations of the reactants and products of the following
thermal solid-state reactions were undertaken to understand the mechanism of the reactions at the molecu-
lar level in terms of the topochemical factors. The reactions are:

(1) O- to N-acyl migration in salicylamides (Scheme 1)

(ii) cis-trans isomerisation in substituted bi (cyclopentenylidene) derivatives* (Scheme 2).

2. Results and discussion

2.1. O- to N-acylmigration (Scheme 1)

Two derivatives of the reactants, viz., O-benzoyl and O-propionyl salicylamide (OBZ and OPR} and the
corresponding products, viz., N-benzoyl and N-profinoyl salicylamide (NBZ and NPR) were prepared and
characterised by spectroscopic methods. Two modifications of OBZ, viz.,, OBZ4 (4 molecules/unit cell)
and OBZ16 (16 moleculesfunit cell) in P2,/C space group were obtained. Their X-ray crystal structures
were solved using direct methods and refined by least-squares procedures. The structures of the acetyl
derivatives (OAC and NAC) have been solved earlier in our laboratory®. Hence, these two structures were
alsa considered for discussion.
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OPR: O-propionyl salicylamide (1~ 85°C) NPR: N-propionyl salicylamide
Scheme 1.

The molccules of the reactants are held together by hydrogen bonds. The amide structures were
rationalised using the close-packing principles and directional preferences of the N-H - - - O = C bond
by Leiserowitz and Hagler®. Primary amide molecules form centrosymmetneally related dimers by means
of N—=H - - - O bonds. These cyclic dimers are inteslinked by other N ~ H - - - O bopds through various
motifs. Taterestingly, cach structure provides an example for cach motif, viz., screw axis motif (OAC),
wanslation motif (OBZ4 & OPR), ghde motif (OBZ16). The hydrogen bond interactions are also depicted
in terms of graph-set notatons proposed by Etter’.

Tn all N-acyl derivatives (NAC, NBZ, NPR), the side chain (N-acyloxyamude group) is linked to the
phenolic oxygen atom by an intramolecnlar hydrogen bond. The packing of the molecules in the lattice is
further strengthened by intermolecular hydrogen bonds. The hydrogen-bonding pattern of the secondary
amides is discussed in the light of principles put forth by Etter® and aiso in terms of graph-set notations.

On the basis of the crystal structures of the reactants an attempt has been made to understand the
mechanism of the reaction. The reaction is considered in terms of nucleophile—¢lectrophile interaction®.
Based on televant parameters for such interaction, contact distance N(1) - - - C(8)(d) and the angles N(3) -
C(8)~0(3) (o) and C(7) - N(1) -~ C(8) (w). an intramolecular mechanism was proposed. In addition,
based on the unexcepticnally short contact one of the amide hydrogens with the phenolic oxygen O(2)
apd the orentation of the amide group an ntramolecular hydrogen abstraction process was suggested.

The reactant molecules were next analysed for thermal motion'®*! using anisotropic thermal parameters
(U,5). Rigid bond tesi has been used to evalvate the accuracy of the U,s. Rigid molecule test' revealed
that the molecules are not rigid. Between the reactive centres, viz., C(8), and N(1), there js a significant
internal motion as evidenced by large mean square displacement amplitude between the atoms. Non-rigid
body analysis'* indicated that the libration of acyloxy group about the C(2)-O(2) bond contributes signific-
antly to the internal motion of the molecules. Interestmgly, this libration, apparently plays an important
rofe iv bringing the acyl carbon C(8) towards the nucleoptule, viz., the amide nitrogen N(1), for the bond
formation to occur. To sum up, both structural features and thermal motion analysis are in a position ©
throw light on the mechanism.
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hexaphenyl 1, 1’-bi(cyclopentenylidene); YD: trans-2, 2-dioxo-3, 3', 4, 4', 5a, 5'B-hexaphenyl
1, 1'-bi (cyclopentenylidene).

Scheme 2.

2.2. cis-trans Isomerisation in sub d bi (cyclop ilidene) dervarives

The compounds MR, YD and PD were prepared and characterised spectroscopically. The crystal structure of
MR and PD were determined and compared. However, the structure of YD could not be done as crystals
of good quality could not be obtained. Surprisingly, the x-ray structure of PD is different from that assigned
by Atkinson® based on spectral data. The spectral data was reinterpreted based on the observed crystal
structure. The isomerisation reaction resembles the behaviour of indigo derivatives. There is a relative difficulty
to isomerise in the present case unlike the facile conversion in indigoes. This observation could be explained
on the basis of lack of conjugation through the central bond connecting the five-membered rings.

The above-mentioned studies reveal the importance of x-ray diffraction technique m understanding the
mechanism of the solid-state reactions. It may also be added that the thermal motion analysis has been
applied for the first time to a reaction involving a covalency change.
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Synthetic spectroscopic and structural studies on transition metal complexes of diphos-
phazane ligands by M. S. Balakrishna.

Research supervisor: 8. S. Krishnamurthy.

Department: Inorganic and Physical Chemistry.

1. Introduction

The main objective of this work is to synthesize new acyclic and cychc diphosphazane ligands of the type
RN(PX;), and [RNP (X)]; and to study their reactivity toward varous transition metal organometallic
dexivatives. These diphosphazanes offer considerable scope as ligands since the substitutents on both
nitrogen and phosphorus can be altered readily with attendant changes mn the P-N-P bond angle and
conformation around the phosphorus centres'?. The reactions of the diphosphazanes with transition metal
organometallic derivatives containing labile ligands yield several interesting complexes™ which have been
h ized by el | anal and ir and nmr ("H, **C and *'P) spectroscopic measurements. The
structures of a few representative compounds have been confirmed by single crystal x-ray analysis.

2. Synthesis and structural studies

2.1. Ligand synthesis
The general method adopted for the synthesis of diphosphinoamines and cyclodiphosphazanes is as follows® 7:

The chlormne atoms in the RN(PCly),(I) and {Bu'NPC1]; (III) can be easily replaced by atkoxide or
aryloxide groups as shown in Scheme 1.

2.2. Reactions of diphosphazanes (II) with Group 6 metal carbonyl derivatives

Mononuclear Group 6 metal carbonyl derivatives of (II) of the general formula cis—[M(CO)o(PX;)NR](V)
have been prepared by the displacement of the coordinated olefin from the norbornadiene complezes,
cis~[M(CO)M(CHg)] (M = Cr, Mo} or piperidine from cis—[M(CO)y(pip)s] (M = Mo, W) by the approp-
riate diphosphazane ligands following well-established procedures as shown m Scheme 2.
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Even in the presence of an excess of the diphosphazane ligand only the cis-chelated complexes (V) could
be isolated. The structure of one of these complexes, cis—[Mo (CO}(P (OPh),),;NPh] has been confirmed
by single-crystal x-ray analysis.

Seven coordinated complexes of diphosphazanes, RN (PX;); (R = Me, Ph) have been prepared by the
following ronte:

MIACO){MeCNY:] + RN(P(OP),), —> [ML(CO);(P(OPh):) ;NR] VI [M = Mo, W; R = Me, OPhj.

‘These complexes are the first examples of seven coordinated derivatives of diphosphazane Iigands. The
structuce of one of these complexes, viz., [WI{CO); (P {OPh),);) NPh] has been confirmed by single-crystal
x-ray analysis. The complex shows the less-common pentagonal bipyramidal geometry around the metal
centre.
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2.3. Reaction of diphosphazanes (II) with iron pentacarbonyl and [FeCp (CO)yJz (Cp = n'~CsHs)
Reactions of Fe(CO); with diphosphazanes, RN{F(OPh);); (R = Me, Ph) under ultraviolet irradiation
(using a medium-pressure 450-W mercury ultraviolst lamp with a water-cooled pyrex jacket) afford both
mononuclear (VII) and binuclear (VIII) complexes as shown in Scheme 3.

The thermal reaction of PhN(P(OPh),), with [FeCp (CO),]; yields a mxture of IX and X which are
separated by fractional crystallization. The formation of complex X is interesting in that one of the P—N
bonds of the ligand cleaves to give the fragments P(OPh); = NPh and P(OPh), which act as bridging
ligands between the two metal centres.

2.4. Reactions of diphosphazanes (II) wuth rhodium derivatives

Reactions of diphosphazanes, RN(PX3), with rhodium derivatives such as [RhCl] (COD)]: and [RhCl
(CO),L; lead to the isolation of dinuclear complexes as shown m Scheme 4.

X2 X2 %
/Cl\ T NR NS rn S r e
/ \P/ \P/ \Cl/ \P/
X X2 X2
(R=Ph; X=0Ph) X11
212 1:2 4
{rRhC1 (con],
RN{PX2)7
R [Rrci(co),l, [Rhct(co), ], R
X2P PX2 XoP PX2
[ C ] _co ! | Zco
_RR_RR Cl—Rhe——
oc”]  c L N [RRCI (CO)), [ Sco7L ~al
2 ~ / i or X2 /PX2
N NN
N [RhCt (COD )]2 iy
X1 (R=Ph;X=0Ph) X1V (R=Me; X= OPh)
X2 X2
F’\
\P/Rh\ h\P/NR
X2 X2

XV (R=Ph; X=0CgH,Br-p)
[cop= 1, 5-Cyclooctadiene]

Scheme 4.
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XIX {M=Pd,Pt ;R=Me, | [M(COD)Cl,] XX (M= Pd;R=Ph; X= OPh;
Ph; X = OPh) R'=Me, Et, Prl)
R
R RN(PX3),
9P, /pxz PXy /:xz a afp % X2 Xg
q AP
: RN _“Pd7__ ONR
P P
X2 X2

PXz /N
\ / A
C\"-Td-“—‘lrd—Cl

N

N

R XV1I1 (R=Me, Ph; X=0Ph)
a= Pdy(dba)y , (dba = dibenzylideneacetone) , b=PdCly ( PhCN),

XV1I (R =Ph; X=0Ph)

XVI (R=Me ; X=0OPh) PXy

Scheme 5.

The ¥P nmr spectra of these complexes clearly display Rh—>'P coupling. The 'J(RhP) value vaties
from 187 to 285 Hz.

2.5. Reactions of diphosph 1) with palladium and platir derivatives

Reactions of diphosphazanes with suitable palladium precursors lead to the isolation of both mononuciear
and dinuclear complexes. Reactions with platinum derivatives have been explored to a limited extent and
only complexes of the type cis—[PtCl-(P(OPh),),NR| have been isolated. The complexes isolated are
shown in Scheme 5.

A novel dinuclear palladium (O) complex, {Pd2{(P(OPh),),;NR }3] (XVT), containing three bridging biden-
tate N-methyl diphosphazane ligands has been isolated and this represents the first example of a palladium
(0) complex with acyclic diphosphazane ligands. An analogous reaction with the N-phenyl diphosphazane,
PhN(P(OPh),); does not give a dinuclear complex; only a bis-chelated complex (XVII) could be isolated.
The structure of XVI has been determined by single-crystal x-ray analysis which reveals an unusually short
metal-metal distance of 2-856 A.

The chelate complex, [PAdCL(P(OPh),);NPh], reacts with Grignard reagents, R'MgX (R = MeEtPr) to
give the organopalladium derivatives, {PdRj(P(OPh),),NPhJ(XX).

2.6. Coordination chemistry of ‘cyclodiphosph [BUNP (OPh)],

Reactions of cyclodiphosphazane, [Bu'NP (OPh)], have been carried out with Group 6 metal carbonyl,
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Scheme 6. :
thodium, palladium and platinum derivatives and several new complexes have been isolated and charac-

terized (see Scheme 6). In these compl monodentate as well as bridged bidentate modes of coordina-
tion of cyclodiphosphazane ligands have been observed.

3. Condlusions

The results obtained demonstrate the versatility of diphosphazane ligands. Fairly small differences in the
diphosphazane ligands can cause significant changes in their coordination behaviour®'®. Some of the com-
plexes isolated (XVIII, XXI-XXVI) can serve as valuable synthons for preparing a variety of home- and
heterobinuclear complexes and high-nuclearity clusters.
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Novel reactions of copper(I) ph ide with heteroall A synthetic and structural
study by N. Narasimhamurthy.

Research supervisors: A. G. Samuleson and H. Manohar.

Department: Inorganic and Physical Chemistry.

1. Introduction

Reactivity of copper(I) phenoxide and its complexes with O, has been the subject of several recent inves-
tigations™*, These studies have indicated that copper(I) phenoxide with appropriate coordination geometry
and electronic environment provides a suitable site for the activation of O, However, these studies have
been concentrated primarily on the activation of O; and little attention has been focussed on other small
molecules like heteroallenes. Although activation of CO, by copper(I) phenoxide has been studied®, sur-
prisingly, its analogs like CS; and related heteroalienes have remained uninvestigated. In the present
study, novel reactions of copper(J) phenoxide with heteroallenes have been identified Synthetic ramifica-
tions of these reactions and structural characterisation of the products by spectroscopic techniques and
single-crystal x-ray study are discussed.

2. Results and conclusions

The synthetic and mechanistic aspects of the reactions of copper(I) phenoxides with hetercalienes and
related molecules, studied, are depicted in Fig. 1. A novel reactivity of copper(l) phenoxides and alkoxides
(1) with CS; is exploited to prepare a variety of aryl and alkyl orthocarbonates (2). This is the first
example of such a reactivity observed with copper(I) phenoxides and alkoxides*. Several orthocarbonates
hitherto unknown and difficult to prepare are synthesised using this procedure. It has been shown that
the reactivity and ease of formation of these products depends on the steric, electronic and coordination
effects of the substituents at the phenoxide. Several control experiments carried out to understand the
reaction pathways are depicted in Fig. 1. It has been shown that the reaction proceeds through a tetrameric
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“)

Fic 2 Copper(l) complexes isolated from the reaction of [Cu'OArLn] with CS; and PhNCS. (L = Phosphorus donor).

copper(I) phenoxide intermediate rather than by a simple stepwise nucleophilic substitution of phenoxide
ion at CS,.

In the presence of tertiary nitrogen and phosphorus donor ligands 2 modified reactivity of copper(l}
phenoxide with CS, and related xanthates has been observed®. These modifications lead to a facile method
for the preparation of thioncarbonates(5) and mixed thioncarbonates (6). Differences in reactivity with
respect to the nature of the ligand are observed. The use of pure o-donor ligands like triethylamine and
tetramethylethelenediamine show increased reactivity and give good yields of thioncarbonates. In the case
of moderate w-acceptor ligands like 1,10-phenanthroline or 2,2’-bipyridyl, the course of the reaction could
be monitored spectrophotometrically and 1s shown to follow a pseudo-first-order kmetics. Strong w-acceptor
ligands like PPh; and C;H;NC show reduced reactivity and do not promote the formation of thioncarbo-
nates (5). These results are rationalised on the basis of the formation of a binuclear copper(I) phenoxide
complex. A further understanding of these reactions needs the synthesis and isolation of binuclear cop-
per(l) complexes with o-domor nitrogen hgands, the structural and physicochemical studies of these com-
plexes and the effect of structure and environment on the affimty of CS,. These aspects should be able
to bring out features which will throw some light on the mechanistic understanding of the reaction.

Unlike CSs, the reactivity of copper(I} phenoxides with othér heteroallenes like PhNCO, PhNCS and
dicyclohexylcarbodiimide has been shown to be dependent on the nature of the ancillary ligands, order of
addition of the reagents and the nature of the solvents used. The reaction of copper(I) phenoxide with
PhNCS in the presence of PPh; or P{OMe); as an ancillary ligand lead to different products. The synthetic
and structural characterisation of the products obtained with PhNCS and its analogous CS, are described
in Fig. 2. The reaction of PhNCS in the presence of P(OMe); leads to a compound without the ancitlary
ligand. THis compound represents the first structurally characterised hexameric copper(l) complex [(4-
MeCh;CH.O-)C(=NCHs) (pq—S)Cu]s,7 formed by the insertion of PhNCS across Cu(I)—0. The ligand
{(4-MeChyCaH,O—)C(=NCeHs)S™ displays a novel type of tridentate coordination through bridging S and N
atoms. The six cuprous ions together with coordinating atoms assume a ‘paddle-wheel’ geometry. The hexamer
shows two different types of Cu-Cu distances. In contrast, the reaction of PhNCS in the presence of PPh as
a ligand provides a copper(I) complex [(4-MeCH;CgHLO)C(=NC¢H;)SCu(PPh;)} possibly monomeric in nature
with one coordinating PPh; ligand. Interestingly, the latter compound in the presence of coordinating solvests
like CH,CN loses PPh; readily and converts to hexameric complex. The analogous CS; reaction in the presence
of PPh; leads to a monomeric tetrahedral copper(l) complex, [(PPh;),Cu(n™—8,)COCsH,CH;—4)] coordinated
by two PPh, ligands and two sulphur atoms from the dithiocarbonato moiety. These two reactions have

implified the istic unds ding of the formation of h ic complex. A hanism is proposed,
involving an intermediate monomeric copper(I) complex coordinated by a phosphorus donor ligand, for the
formation of these compounds.
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These findings suggest that the nucleophilic activation of heteroallenes by copper(I) phenoxide may
require a fine tuning of coordination geometry and electronic environments. Such higand modification to
alter the properties of the copper(l) phenoxide is expected to open up new areas of nteresung chemsitry.
As these studies progress, 2 better understanding of the factors which affect the reactivity should be gamed
and rational design of specific catalysts might become a reality.

Carbon compounds contaming more than two hetero atoms on the same carbon atom are known to
exhibit changes i conformation and structural parameters. The results of the investgations of such
(anomeric) interactions in orthocarbonates, C(OR)s, by MM2 calculations and x-ray diffraction methods
are also reported®. MM2 calculations on C(OR),;, R = H (1), Me (2), Ph (3) indicate two closely spaced
mmuma Djq and S; symmetry. Single-crystal x-ray structures for three derivatives of orthocarbonates
C(OAr),, Ar=—~CHs (4), —CiHsMe;—3.,5 (5), CeHBr—4 (6) are solved The two crystallographic
nonequivalent molecules m the wmit cell of (4), as well as (5), adopt conformations in which the central
C(OC), units have a near Dyq symmetry, while the corresponding fragment in (6) has a distorted S
symmetry. These findings suggest that the energy between the two conformers Dy and S, 1s very small
as also mdicated by MM2 results. The consequences of this effect on conformation and structural paramet-
ers of these compounds are discussed in detail.
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Synthetic studies in terpenoids by S. Janaki.
Research supervisor: G. S. R. Subba Rao.
Department: Organic Chemistry.

1. Introduction

The Diels-Alder reaction involving a cyclohexa-1, 3-diene and a variety of dienophiles 1s one of the most
common and elegant methods for the construction of a bicyclo {2-2:2] skeleton!. The greater comprehen-
sion of the steric and electronic effects govermng Diels-Alder reaction? has led to the utilisation of spec-
ifically functionalised dienes and dienophiles to produce adducts which are otherwise difficult to obtain
with a degree of regio- and stereospecificity

Our continuing interest in the synthesis of spirosystems® prompted us to carry out the synthesis of spiro
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compounds of B-vetivone family. The spiro centre can be produced by the specific bond cleavage of the
bicyciof3.2.1] system. One ‘of the attractive ways of making a bicyclof3.2.1. Jsystem is by the skeletal
rearrangement of a bicyclo]2.2.2] system.

2. Experimental and discussion

Regiospecific addinon of a-chloroacryionitrile to the diene (5), obtained by metal ammonia reduction
of 6-methoxy-1-methyltetralin (3), followed by conjugation, furnished the adduct (6) as a mixture of endo-
and exo- isomers (5:2). Hydrolysis of the mixtare with aq.KOH in DMSO afforded the ketone (7)
Reduction of the ketone (7) with sodium borohydride gave a mixture (3:1) of endo- and exo- alcohols (8
and 9). Rearrangement of the endo- alcohol (8) with BF3-Et,0 gave a 3:2 mixture of the enone (10) and
the ketone (i1). Oxidatiop of the ketone (10) with RuCls. 3H;O-NalQ, furnished the keto acid (12).
Addition of methylmagnesium iodide to the keto acid (12), followed by esterification afforded the hydroxy
ester {13). Dehydration of the ester (13) gave a mixture of olefins (14 and 15) which was separated by
chromatography over silica gel impregnated with 15% silver nitrate. The exo-olefin (15) was readily
isomerised to the endo-olefin (14) with PTS. Grignard reaction of the ester (14) with methyl magnesium
iodide afforded a mixture of (&)-hinesof (1) and 10-epi (+)~hinesol (2)*. The structure of the ketone (L1)
was deduced from spectral daia and confirmed by chemical degradation experiments. The ketone (11) was
deoxygenated vig thio acetalization followed by desulfurization with Raney-Ni to furnish the compound
(16). The compound (16) was oxidised with RuCly-3H,O-NalOQ, to the dione (17). Aldol condensation of
the diene (17) gave the unsaturated ketone (18), thus establishiug the positicn of the double bond in the
ketone (11).

The synthesis of structurally interesting tricyclic bridged sesquiterpenes, isolated from E.georget Diels,
has been attempted using the above strategy.

Diels-Alder reaction of the diene (24), readily accessible from the corresponding aromatic precursor (22)
by metal-ammonia reduction and isomerisation, with «-chloroacrylonitrile gave the adduct (25). Hydrolysis
of the adduct (25) furnished the tricyclic ketone (26). Grignard reaction of the ketone (26) with methyl
magnesium 1odide afforded the alcohol (27) (exo- and endo- mixture) which underwent a stereospecific
W Meerwein rearr: on refluxing with BF:-Et,O in benzene to yield exclusively the enone
(30). The enone (30) was transformed to the sesquiterpenes (19) and (20). On the other hand, reduction
of the ketone (26) with sodium borohydride furpished the isomeric mixture of alcohols (28) and (29) (1:3
ratio). The endo-alcahol (29) underwent a smootih acid-catalysed rearrangement to the enone (3t). The
enone (31) was further elaborated to the natural product (23).

Catyone (32) calyenone (33) and precalyone (34), isolated from the agueous cthanolic extract of Roylea
calycina (Roxb.) Briq., showed sigmificant anticancer activity against P-388 lymphocytic leakaemia in mice’.
Precalyone is readily converted to cayone by mild acidic reagents like silica gel and amberlite IR-120 (H"
form). Calyone undergoes dehydration 1o give calyenone. In view of these interconversions, the synthesis
of calyenone will prove the structure of other two molecules and hence the total synthesis of calyene was
attempted.

An attempted synthesis of 36, a key intermediate in the synthesis of calyenone, was accomplished
starting from the ketone (37). Thus, Woodward alkylation of the ketone (37) with potassium-t-butoxide
and methyl {odide gave the ketone (38). Reduction of ketone (38) with sodiwun borohydride, followed by
acetylation of the resulting alcohol (39) gave the acetate (40). Allylic oxidation of the acetate (40) furnished
the enone (41). Metal-ammonia reduction of the double bond in the enone (41) gave the aleohol (42a)
with A/B trans ring junction. The acetate (42b), obtained by the acetylation of the alcohol (42a), was
carborethoxylated to the ester (43). Introduction of 8(9) double bond in (43) with phenylselenenyl chloride
furnished the enone (44). The ketal ester (45) was reduced with LAH and the residue obtained after
removal of the solvent was found to be a mixture of companents, none of which analysed for the required
product.

Rsuznfly, Errington et al® isolated the methyl ester of 7-oxo-11-nordrim-8-en-12-0ic acid (44) as the
major component from the terpenc fraction of the culture fivid of Lepiste glaucocana (Bres.) Singer and
deduced its structure from analytical and spectral data. Since the intermediate (38) is readily available
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from the previous experiments, its conversion to the metabolite (44) has been successfully carned out to
confirm the proposed structure. Thus, reduction of the ketone (38) under Huang-Minlon conditions yielded
the compound (46). Allylic oxidation of the compound (46), followed by metal-ammonia reduction of the
enone (47), gave the saturated ketone (48) with A /B wans ring junction. Reaction of 48 with dimethyl
carbonate in the presence of sodium hydride afforded the B-ketoester (49) which was subsequently con-
verted to the natural product’ having the 8(9) double bond through the sequence of reactions involving
the elimmation of phenylselenenyloxide.
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Investigations of the interaction of molecules with clean and modified transition metal
surfaces by techniques of electron spectroscopy by K. Prabhakaran.

Research supervisor: C. N. R. Rao.

Department: Solid State and Structural Chemistry Unit.

1. Introduction

In the last two decades, electron spectroscopic techmiques such as ultraviolet and x-ray photoelectron
spectroscopies (UPS and XPS), high-resolution electron energy-loss spectroscopy (HREELS) and Auger
electron spectroscopy (AES) as well as low-energy electron diffraction (LEED) have emerged as the most
powerful means to investigate the electron states of solid surfaces and adsorbed molecules™. This has
become possible because of high surface sensitivity of these techniques and potentiality to carry out studies
in ultra high vacuum on well-defined systems like single crystal surfaces. A major theme in this work is
addressed to understand the nature of interaction of a variety of molecules with the surfaces of metals,
modified metals, alloys and metallic glasses and to characterise the intermediate surface species formed
during their chemical transformations. One of the important problems discussed is related to the characteri-
sation of molecular oxygen adsorbed on single crystal as well as polycrystalline metal surfaces. Attempts
have been made to understand the nature of oxygen in the superconducting oxide YBa;CusOgge:

2. Experimental

Electron spectroscopic measurements were carried out in VG ESCA 3 MARK II and VG ESCALAB
spectrometers. Hell radiation (hv = 40-8¢V) was used for the UPS studies and AIK o (1486-6eV) or MgK
@ (1253-6eV) x-radiation for the XPS studies. In electron energy-loss spectroscopy (EELS), one measures
the loss in energy of the incident electrons during an inelastic scattering process on interaction with matter.
If a primary beam of energy in the range 2-5-6eV is used information on the excitation of the vibrational
dipoles of adsorbed molecules is obtained.
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In AES, x-radiation or an electron beam is used as the source. This initiates iomzation of a core electron
and the vacancy created in the core level is filled by a nonradiative electron jump from z higher energy
jevel with the simultancous ejection of an Auger electron from one of the energetically accessible levels.

In LEED, electrons of well-defined energy dnd direction of propagation diffract crystal surfaces. The
clectrons are scatiered mainly by the individual atom cores of the surface and produce wave interferences
that depend strongly on the telative atomic positions of the surface under examination.

3. Results and conclusions

In recent years, there have been several reports in literature on the prescnce of chemisorbed molecular
oxygen speaies on various metal surfaces. A critical overview of the present understanding of the nature
of molecular oxygen adsorbed on metal surfaces as denved from UPS, XPS and HREELS investigations
has been presented. It seems clear that at low temperatures, molecularly adsorbed oxygen exists in a
peroxo form (O3°) with filled w, antibonding orbital. However, on surfaces such as of Ag, the possibility
of the presence of a superoxo type of molecular oxygen (O57) with more than half-filled =, anubonding
level cannot be ruled out.

Adsorption of molecular oxygen on Cu(110), polyerystalline Cu and polycrystalline Ag was carried out
at low temperatures. In all these systems we have observed the presence of a peroxo type of molecular
oxygen which dissociates in the temperature range 150-230K. This species is characterised by a v(0-0)
of 600~800 cm™' and an O(Js) binding energy of 531-5-533 eV. The adsorbed molecular oxygen gives rise
to a three-peak UP spectrum due to m, 7, and o, levels. At higher temperatures, molecular oxygen
dissociates to atomic oxygens which forms an ordered layer on the Cu(110) surface, exhibiting a (2X1)-O
LEED pattern. Adsorption of oxygen on this surface at Jow temperatures (~ 80K) tesults in the formation
of (1x1) LEED pattern. On a polycrystalline Ag surface at low temperatures, besides a peroxo speces,
we see evidence for a superoxo type of molecular oxygen characterised by v(O-0) band around 1300cm ™
in HREELS. This species disappears when the surface is warmed to 200K, whereas the peroxo species is
stable up to 230K. Polyerystalline Cu surface has been modified by presorption of electronegative atoms
such as Cl to enhance the stability of the chemisorbed molecular oxygen. The co-adsorbed chiorine depletes
the metal electron density available for transfer to the antibonding orbital of O, which makes the dissoci-
ation stuggish.

An attempt has been made to understand the nature of oxygen m superconducting YBa;Cu;Ogg
(Te~90K) in the normal and the superconducting states. The study reveals the existence of a peroxo type
of oxygen species {037) charactensed by an O(1s) binding energy of 532-6eV in addition to the O species
with an O(ls) binding encrgy of 528-5¢V. The concentration of the peroxo type of species increases
significantly when the sample 1s in the superconducting state. By measuring the intensity of the melastically
scattered electrons, using an electron energy-loss spectrometer we are able to monitor the surface conduc-
tivity changes of the sample as a function of temperature.

We have carried out electron energy-loss spectroscopic studies of surface hydroxylauon on a Cu(110)
surface covered by atomic oxygen, by.interaction with proton donor molecules such as water, methanol,
formic acid, ammonia, dimethyl amine; H,S and HCl The characteristic 8(OH) and v(O-H) bands of
surface hydroxyl group are observed around 1100 and 3600cm™, respectively. We have investigated the
interaction of organic molecules such as formaldehyde, acetaldehyde, paraldehyde, acetome, acetic aad,
cthano! and diethyl ether with clean and oxygen-covered Cu(110) surfaces. ¥t is shown that on a clean
Cu(110) surface these molecules adsorb molecularly at low temperatures and transform to various surface
species on warming. Interesting chemical reactions take place when these molecules are adsorbed on an
oxygen-covered surface. We have also attempted to understand the nature of interaction of carbonyl com-
pounds with a Cu(110) surface modified by depositing aluminium atoms.

-

In another experiment, we studied the interaction of carbon monoxide (CO) with the surfaces of glassy
and partially crystalline alloys containing elements such as Ni, B, Si, Fe, Mo, Cu and Pd. The prominent
mode of interachon of CO with the surfaces of glassy alloys is found to be dissociative. CO dissociation
on a glassy CugZrsy surface fonns graphitic and carbidic carbon species.
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Oxygen-, nitrogen- and carbon-containing molecules, namely, oxygen, water, methanol, carbon
monoxide, nitrogen, ammonia and amunes adsorbed on metal surfaces have been characterised by employ-
ing Auger electron spectroscopy. Analysis of Auger spectra shows that these Auger transitons rise from
the molecular orbitals of the adsorbed specics and are distinetly different from the transitions arising from
the atomic species.
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High-temperature superconductivity in thalliwm cuprates and related systems by
A. K. Ganguli.

Research supervisor: C. N. R. Rao.

Department: Solid State and Structural Chemistry Unit.

1. Intreduction

Synthesis and characterization of novel oxide materials have been a major area of research for solid-state
chemists. Discovery of high-temperature superconductivity in oxide matenals' bas further brought forward
the importance of sustained efforts for the synthesis of novel materials with probable higher superconduct-
ing transition temperatures which will be of tremendous importance to various frontier technological appli-
cations.

2, Experimental and discussion

Synthesis, characterization and properties of the following families of layered superconducting T1 cuprates
have been investigated: (1) ThCa,.BasCu,Ous, (2) TICa,1Ba;Cu,Onas, (3) TICa1-, Y, ~Ba;CusOrys,
(4) Th..,Pb,CaSr,Cu;0r45, (5) TICa;.. Ln,Sr2 CuyOrss, and (6) TISra-, La,CuOs.s. Besides x-ray diffrac-
tion, electrical and magnetic measurements, a varety of other techniques such as high-resolution electron
microscopy, neutron diffraction, x-ray photoemission, x-ray absorption, non-resonant microwave absorp-
tion, thermoelectric power and Raman spectroscopy have been employed to investigate these superconduct-
ing cuprates®™. After developing a method for the synthesis of the thallium cuprates, the n=2 and 3
members of the TLCa,-Ba;Cu, 04,5 family were the first to be characterized i some detail. Intergrowth
structures in this family of cuprates were also identified. TICaBa,Cu;O745, the n = 2 member of the 1122
type belonging to the TICa,_;Ba;Cu, s, series, containing only one TI-0 layer was then synthesized and
characterized for the first time* (T, ~ 90K). Partial substitution of Ca by Y m this 1122 cuprate was found
to decrease the T.. Although members of the Tl-Ca~Sr-Cu-0 system cannot be prepared, partial substitu-
tion of Tl by Pb enables us’ to prepare 1122 cuprates of the type Tl,..Pb,CaSnCu;Oy5; the x=0-5
member shows a T, of 90K. A neutron-diffraction study of this oxide has also been carried out. A pew
series of superconducting cuprates of the formula TICag.sLng sSr;C0:07.45 (To. 60-90K) (Ln= rare earth)
has been identified®. TiCa,_,Yb,Sr,Cu,O745 (0-25 = x =< 1-0) is a fascinating system where the nature of
charge carriers seems to change from electron-like to hole-like as a function of composition. The first
member of a new TISr,.;-,Ln,Cu,0z,43 (Ln=La) series of superconducting cuprates possessing the 1021~
type structure has been synthesized’. The n=1 (1021) members show Ts around 40K, with electrons or
holes as the majority charge carriers depending on x. .

Members of the PrBa,Cu;0;.5 system possessing the orthorhombic structure over a wide range of oxygen
stoichiometry (8 = — 0:5 to + 0-5) have been prepared and characterized®. Similar compositions with a
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tetragonal structure have also been prepared. None of the oxides 15 superconducting, independent of the
structure or stoichiometry. Praseodymium seems to be present to a smal} extent in the 4+ state m oxygen-
excess (negative) samples. Orthorhombic PrBa,Cu;0;..5 samples show that the presence of twins has no
relation to superconductivity. A neutron-diffraction study of a near-stoichiometric sample has shown a
disordered orthorhombic structure with 72% occupancy of the 01 (chain) sites and with no interchange
between Pr and Ba sites.

Oxides of the type Lay,M,BOs:s (M=Na, Sr or Ba; B=Ni or Pd) have been synthesized and their electn-
cal, magnetic and other properties have been investigated. Nickelates of the type Las-Ni,Oys(0-6 < x < 0:2)
show onset of diamagnetism around 20K. No anomalies are observed in the resistivity, magneto-resistance and
thermopower of these nickelates®. Palladates of the type La;-MPdOs; have been synthesized for the first
time. These crystallize in a tetragonal structure, @ = 4-12A, ¢ = 6-90 A. All the palladates show high
resistivity and nearly temperature-independent magnetic susceptibility behaviour'’. The 570cm™ mfrared band
of La,PdO, decreases in intensity on substitution of La by Na, Sr or Ba.
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Bilinear constitutive medels for bimodulus materials by J. G. Ashoka.
Research supervisor: K. Vijayakumar.
Department: Aerospace Engineering.

1. Introduction

The expanded use of polymers and fiber-reinforced composites in acrospace, hydrospace, and petrochem-
ical industries has stimulated fresh look into the behaviour of these materials under service. One of the
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important chartacteristic behaviours of these materials, known as bimodulus materials, wheo viewed as
idealised elastic medha 1s that they often exhibit different mechanical properties under teusie loading than
under compressive loading. Proper material modeling 1s required to enable correct behavioural prediction
of components made of such matenals. Although several hypotheses have been proposed earlier to formu-
late consistent constitutive refations’?, none of the models based on such hypotheses is firmly established*.
The present work deals with a critical review of exisung constitutive models «nd embarks on the develop-
ment of some new constitutive models for isotropic and orthotropic brmodulus materials. For this purpose,
the followng six criteria have been identified as essential requirements to be satisfied by a consistent
consututive model: (1) Principle of coordinate 1nvariance, (1) Symmetry of compliance matrix, (ui) Depen-
dency on stress tensor state, (iv) Principle of linear shear respouse, (v) Principle of continuity 1n homogene-
ous media, and (v1) Principle of reduction to classical materials.

2. A general constitutive model for isotropic bimedulus materials

Isotropic bimodulus materials are characterised, apart from axis independency of uniaxial elastic coefficients
and coincidence of principal stress planes and principal stram planes, by the feature that the shear modulus
in pure shear stress state can be different from shear modulus in pure shear strain condition.

2.1. Orthotropic matertals with isotropic shear response

To retain isotropic shear response of isotropic bimodulus materials even when the principal stress-strawn
relations are orthotropic, orthotropic materials with jsotropic shear response are first dentified by consi-
deration of transformation relations for elastic coefficients of an anisotropic material from one coordinate
system to another in terms of multiple angles instead of conventional powers of sines and cosines.

2.2. A general consututive model

Alfter a cntical review of existing models, a general constitutive model has been presented satwsfying all
the six criteria of a consistent constitutive model mentioned earlier. The proposed model is described 1
biaxial principal stress plane and provides zonewise hnear principal stress—strain relations®, Elastic coeffi-
cients take on differcnt discrete values depending on (i) the signs of principal stresses, (ii) the signs of
principal strains, and (iii) the energy ratio greater than or less than unity. The last criterion, beheved to
be new, is introduced to cater to unequal cross complances in tension-compression situations and to
unequal shear moduliy in pure shear stress and pure shear strain states. Rigbi’s riddle, namely, the condi-
tion of isotropy in a solid is incompatible with the existence of two modulii has been successfully resolved.
The model is described by ten zones and needs six independent material constants, of which four corres-,
pond to uniaxial compliances and two need to be determined from biaxial tests. Two special models based
op the signs of principal stresses and principal strains are derived.

3. A general constitutive model for orthotropic bimodulus material

A general constitutive model is presented satisfying the six criteria of a consistent model. The model
proposed Is described in material symmetry directions and zonewise linear orthotropic strain—stress relations
are maintained. The elastic compliances in the model are dependent on (i) the signs of normal stresses,
(ii) the signs of normal strains, and (iii) on the energy ratio greater than or less than unity. The model
accounts for four different cross compliances and different divect compliances. The model is described by
12 zones and needs 13 independent compliances. Of these. eight correspond to uniaxial compliances along
material symmetry axes, and five need to be determined from biaxial tests. Six special models are derived
from the general model by considering one or two of the cnteria mentioned above for defining the com-
pliances.

3.1. Application to composites

In the literature, limited experimental data are reported for a few composite materials exhibiting bimodular
behaviour. The applicability and evaluanion of the constitutive models need determination of compliances
from experimental data by fitting the dala through nonlinear regression analysis. This requires minimisation
of a deviation function between the estimated strains and the measured strains, subject to equality
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constraints among the compliances due to continuity relations in each model, A nonlinear constrained
minimisation process has been carried out by adapting NAG system routine EG4UAF which utilizes quasi-
Newton method along with esimation of Lagrange multipliers. The strain and stress sign-based model has
been applied to the limited expermental data available for Aramid and polyester cord rubbers, graphite
epoxy and ATJ-S graphite composite materials
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Bentonite-kaolinite-sand mixtures as backfill material for nuclear fuel waste disposal
vault by H. N. Dwarakanath.

Research supervisors: A. Sridharan and M. Sudhakar Rao.

Department: Civil Engineering.

1. Introduction

The aim of the present investigation is to find a smtable backfill material to be used in underground
nuclear fuel waste disposal vaults. The requirement for such backfill material with regard to permeabulity,
shrinkage, compactibility, erodibility, swelling, swelling pressure and compressibility’ are stringent and
contradictory in some cases. Hence, one has to arrive at optimum conditions. In this work an attempt has
been made to study known mixtures of bentonite, kaolinite and sand in different proportions to examine
their suitability as backiul material. It will be easy to compare the propertes of any natural solid with
those of known standard mixtures of bentonite, kaolinite and sand and check their sustability.

In the present work, aspects like ground-water contamunation and production of toxic radon gas from
nuclear fuel waste has been discussed®. Also, sites that have been identified as safe in literature for
permanent isolation of different levels of nuclear fuel wastes have been discussed in detail.

2. Materials and methods

Bentonite, kaolinite and sand are used as materials in this investigation. The test procedures for determin-
ing Atterberg limits, free swell indices, compaction characteristics, swelling and compressibility characteris-
tics have been discussed with regard to bentonte-kaolinite-sand mixtures. Permeability tests were also

d d for some selected mi Pinhole tests were conducted as designed by Sherard et al ® to check
the erodibility characteristics of soil mixtures.

3. Results and discussion

It has been found that the index properties of bentonite-kaolinite-sand mixtures such as liquid limit,
plastic limit and plasticity mdex calculated from their individual values are higher than the ones experimen-
tally obtained. The free swell index of the mixtures aiso behaved in a similar way as the liquid and plastic
timits. Shrinkage limit was found to initially increase with the increase in liquid limit/bentonite content up
to a certain value after which it was found to decrease with increase in liquid limit/bentonite content.
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Correlations have also been obtained between free swell index and hquid hmit and free swell index and
bentonite content.

Loose bentomte-kaolmite-sand mixtures with bentonite content less than or equal to 10% compress
even at a nominal pressure of 6-25 kPa on inundation with water whereas mixtures having bentonite
content more than or equal to 15% invariably showed swelling. Time-compression curves were found to
be almost linear for lower pressures whereas for higher pressures thev were typical ‘S’ curves of Casa-
grande’s type. The permeablity coefficient is found to decrease about 10 folds with decrease in void ratio
(the range bemg 0-6 to 1-6) and increase in bentonite content from 15 to 30%. Attempts have been made
to correlate (i) equilibrium void ratios at 6-25 and 400 or 800 kPa, (i1) /inal void ratio on rebound, and
(i) compression index with liquid limit and/or bentonite content.

There 15 a good linear correlation between the reciprocal of maximurn dry density and optimum moisture
content for various mixtures studied. Other published results also show similar behaviour. Attempts have
also been made to find the correlations between compaction characteristics such as maximum dry density
and optimum moisture content with liquid limit, bentonite content and shrinkage limit. All the points on
the wet side of the optimum of the compaction curves of the bentonite-kaohmte~sand mixtures were found
to lie between 0 and 4% air voids hne

Bentonite-kaolinite-sand muxtures were found to erode as indicated by the pinhole test results and the
material eroded was found to be kaolmite (essentially silt-sized fraction). Polyvinyl alchohol (PVA) was
found to be an effective additive in binding the soil particles thus preventing them against erosion.

The effect of PVA addition on other engineering properties such as mndex properties (liquid, plastic and
shrinkage limits), free swell index, compaction charactenstics, swelling potential and swelling pressure and
compressibility have been studied.

4. Conclusions

Based on the results obtained, a mixture of about 20 per cent bentonite, 25 per cent kaolinite and 55 per
cent sand could provide an effective backfill material. The influence of kaolinite 1s marginal and its percen-
tage could be effectively controlied depending upon the availability of sty material. Thus, there is an
in-built flexibility in using these materials as constituents of backfill. If the backfill material 1s likely to be
a mixture of bentonite, kaolinite and sand, the results presented in this work would be of great use for
suitable selection of a backfill material.
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L. Introduction

It is a well-established fact that the information-carrying capacity of a carmier wave increases as its
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frequency goes up. That is why lightwave communications have become particularly attractive in the con-
temporary environment of ever-mcreasing mformation traffic, especiaily during the last decade with the
advent of low-loss optical fibers. A vital component of an optical fiber-based communication link is the
connector which enables a demountable connection between a pair of optical fibers. For a viable communi-
cation link it is essential that the connection be strong, reliable, and as loss free as possible, It is therefore
mmperative to continually update our knowledge of connector theory and design. This work represents a
step in this direction.

Of the many possible approaches for designing connectors, the expanded-beam.comnector is the most
attractive. Holographic approach for the realization of expanded beam connectors offers many advan-
tages'?; for example, low fabrication and replication costs, elimination of specialized jobs like grinding,
polishing, etc., required for obtaining high-quality conventional optical elements (COEs); and the multiple,
simultaneous, wavefront-transforming capabilities of single holographic optical elements (HOEs). In the
past, attempts were made to design holoconnectors'**, but there exists no systematic study of the first-prin-
ciples design, in which the nature of the output beam from a chosen fiber is explicitly considered. We
have therefore carried out a first-principles analysis of a holoconnector; and the results of the analysis

along with a proposed practical design, which constitute the original contribution are presented in this
work,

2. Contribution of the thesis

The schematic diagram of a holoconnector for use with single-mode optical fibers 15 shown in Fig. 1, which
essentially consists of two HOEs, H1 and H2, an input (or ‘transmutting’) fiber T and an output {or
receiving) fiber R. The aim is to couple the power radiated by fiber T into fiber R. Fiber T, emitting a
divergmng Gaussian beam, illuminates H1 which transforms 1t into a piane wavefront. This plane wavefront
propagates in free space until it meets H2, which then transforms the plane wavefront into a converging
wavefront on to ﬁber R. This operation essentially couples the optical field from one fiber to another by

using hol b for haping. The recording configurations for H1 and H2 are shown in
Fig. 2.

Using the Fresnel-Huygens diffraction formula® and the Gaussian approximation® for weakly guiding
single-mode fibers, expressions for the amphtude transmittance of the HOEs, H1 and H2, recorded using
the output radiation of a single-mode fiber and a plane reference beam, have been obtained. The holo-
connector set-up has then been analyzed using diffraction theory and expressions for the pr ing fields
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have been obtained at each plane of interest. The central result of our analysis is an expression forAthe
image field, in the plane P4, based on which various characteristics of the holoconnector have been studied.

The salient features of our analysis are the following:

-

. The amplitude distribution of the image field in the plane P4 is Gaussian. However, the émplitude
distxibution is asymmetrical along the two axes of the plane P4 and thus is an elliptic Gau§sxan rather
than a circular Gaussian, as assumed for the output radiation pattern of the single-mode fiber.

[

Using the quadratic and linear phase factors in the image field, coordinates of the image in receiver-
fiver plane P4 have been calculated.

3. The variation of the image-plane distance with inter-hologram spacing has been studied graphically and
it is shown that in the ideal case the HOEs, H1 and H2, should constitute a sandwich.

. The focussing action of H2 has been verified graphically by studying the evolution of the Gaussian
beam spot size between the planes P3 and P4 of the holoconnector.

Using the overlap integral formalism®, expression for the tr ission coefficient for the holoconnector
has been obtained. Using this expression, useful equi-efficiency curves have been obtained. It is shown,
using some typical values and neglecting the ellipticity of the image field, that a transmission coefficient
of 0-75, which corresponds to an insertion loss of about 1-2 dB, can be obtained for the holoconnector.

N

w

Using physical and practical considerations a design for the holoconmector has been proposed (Fig. 3).



fISc THESES ABSTRACTS 207

References

1 NisHIHARA, H , INOHARA, S, Holocoupler: A novel coupler for optical arcuits, JEEE J, 1975, QE-11,
Suitara, T avpKovama, T 794-796.

2. SoLYMAR, L anp Cooke, D 7. Volume holography and volume granngs, 1981, Acadenuc Press.

3

As, E. A, SEAFORD, E., Holographic coupler for ntegrated optcs, Appl. Phys. Lett | 1974, 24, 207-208
Soares, O aND .
PennmcTON, K 8

4. Soakres, O D D. Hotographic coupler for fiber optics, Opt Engng, 1981, 20, 740-745.
5 GoobMan, J W Introduction to Fourier opucs, 1968, McGraw-Hill
6. Marcuse, D, Loss analysis of single-mode fiber splices, Bell System Tech 1., 1977. 56,

703-718

Thesis Abstract (M.Sc. (Engng))

Indeniation and low penetration depths by M. R. Sridhar.
Research supervisor: S. K. Biswas.
Department: Mechanical Engineering.

1. Introduction

Past investigations have shown that static indentation hardness of materials decreases with depth of inde-
ntation in the first 100pm range and then remain more or less constant with penetration up to a large
penetration depth'. This is contrary to general expectation for homogeneous and isotropic material where
hardness is insensitive to penetration and indentation load. Hardness measurement in this regime (less
than 100,m) of penetration is further compounded by the problem that indenter tip 18 rarely defect frec.
The defect exists as a curved surface or as tips of large included angles. The defect height in commercially
ground indenters comes in the range 1 to 10um. Hardness measurement in this penctration range is likely
1o be influenced by the inevitable presence of defects at the mdenter tip

An attempt is made here to study the hardness of commercially availabie rolled lead sheets using conical
indenters where t:p defects have been engineered in a regulated manner (double cones) A two-dimensional
stip line field model® of a double wedge has been used to simulate hardness trends observed in conical
indentation experiments. An attempt is thereby made to assess mechanical properties of the surface layers
of the lead sheet.

2. Experimental

An experimental rig for conducting indentation experiments was designed and fabricated. Indentation s
carried out through sudden application of weight on top of an aluminium cylinder which is kept vertical
by adjusting tensions in six thin inextensible wires which hold the alummwum cylinder. As the indentation
progresses the vertical movement of the cylinder is recorded as 2 function of time by an LVDT. An
exponential carve is fit into the penetration time recording and mean pressure at zero time is obtained.
This value is transformed to the more standard form of hardness data where the load gradually increases
with penetration®. The indenters used are double cones with a fixed secondary cone included angle of
120°. To obtain a range of average indentation strains, the beight of this cone was varied. Two primary
cones of angle 30 and 60° were used. The experiments were conducted under nommally dry and tubricated
conditions.
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3. Results and discussion

Experimental mean pressure was found to dectease with penetration up to a criical value beyond which
it first increased and then remained unchanged with penetration. Increasing the height of the secondary
cone lowered the hardness-penetration characteristics When secondary cone height was increased beyond
a certain value, a lift in charactenistics was observed. Increasing the primary cone angle had the effect of
reducing the penetration at which all the characteristics recorded coaverge. The effect of lubricating the
indenter lead sheet interface was to lower the overall mean pressure levels.

Same trends as above could be obtaned qualitatively in the ship lme field simulation if the top 20-30um
of the sheet was assumed stronger than the bulk.

Assuming constramt to remain constant at all layers for a given penetration the integrated (/}) shear
strength corresponding to a given penetration and angular configuration was esumated from the experimen-
tal hardness-penetration characteristics. Known the strains, corresponding to an indenter configuration, k-
strain were obtained and differentiated to yield the stress-stramn characteristics of the lead sheets at diffe-
rent depths These stress—stramn characteristics were used to estimate the hardness charactenstics of another
angular configuration under dry and lubricated conditions. A comparison of these estimates with experi-
mental resuits showed reasonable corroboration.
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Acoustic characterization of porous ceramic tiles by Udayshankar Shirahatti.
Research supervisor: M. L. Munjal.
Department: Mechanical Engineering.

1. Introduction

The performance of an acoustic material depends on the manner in which the acoustic disturbances are
propagated in the porous medium. In this connection, two properties of the material, vz, the complex
propagation constant (k) and characteristic impedance of medium (Y) prove to be essential for the nose-
control engineering purpose'. The major emphasis in this work is to determme k and Y and later make
use of them for the design of composite acoustic barriers and dissipative ducts. The acoustic material
chosen for analysis is a ceramic tile..

These tiles have superior durability against heat, water, wind, moisture and other extreme environmental
conditions. They have high mechanical strength because of the porcelan particles that glaze-fuse into a
matrix. Furthermore, because the interfaces of the particles are not fully filled up, a large number of

irregular continuous pores exist throughout the surface of porcelain board which makes the tile sound
absorptive.

The raw material for making ceramic tiles is ‘grog’ (a mixed grade) available as waste from rejected
electrical insulators. The grog 15 sieved to get the required particle size. The sieved grog is mixed with an
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adhesive for green strength and glaze. Later it is fired in a sintering furnace at a specific temperature for
a specific time. Normally ceramic ties are made in thickness of 20 mm

2. Evaluation of normal incidence properties

A model from each of the three approaches, viz., phenomological, microstructural and empizical has been
chosen”. The appropriate parameters for each model have been arrved at by comparing the predicted
values of normal incidence absorption coefficient with those observed on a specially designed impedance
tube®, Incidentally, a flow-resistance-measuring rig’ has been designed, fabricated and used

Making use of the values of k£ and Y evaluated by means of the most appropriate of these models, two
apphcation areas of industrial noise control, viz., composite barrier and paraliel baffle muffler have been
analyzed.

3. Analysis of composite acoustic barriers

Making use of the available analytical techmques, general computer programs have been developed for
prediction of normal incidence properties of the material (without or with backing airgap), transmission
loss of composite barriers, and transmission loss of dissipative ducts and paralle} baffle mufflers {without
or with airgaps at the back of the acoustic lining). Newton-Raphson method has been used for solution
of transcendental equations at vanous stages, making use of appropriate starting values of the complex
roots. This 1s particularly noteworthy for evaluation of transverse wave numbers for a dissipative duct
taking into account the comvective effect of mean flow®.,

The predicted values of transmission loss for mufflers are compared with those observed on an experi-
mental set-up designed and fabricated specially for the purpose.

Incidentally, performance curves have been drawn for varjous applications of ceramic absorbers, viz.,
closed spaces, acoustic barriers, and parallel baffle mufflers.

4. Conclusions

On the basis of theoreticali and experimental investigations reported, the following conclusions can be
drawn.

1. The absorption coefficients, as measured using impedance tube, show improvements at low frequencies
with increasing thickness of ceramic tile and airgap.

2. The absorption coefficients compared reasonably weil with those predicted by means of Beranek’s and
Attenborough’s model. !

. Of the models, namely, Mechel, Beranek and Attenborough, the third seems to be more satisfactory
in characterizing the ceramic tile 1 terms of complex propagation constant & and characteristic impe-
dance Y.

4. Ceramic barriers by themselves may not prove to be useful but composite barriers built by a combina-
tion of ceramic tile-airgap 1 show iderable impro , for industrial noise control applica-
tions. Of course, steel could be replaced by any other metal (preferably lead) with eguivalent surface
density.

5. It has been shown that transmission loss of lined ducts with a uniformly moving medium may be
evaluated on computer making use of simple Newton-Raphson method.

w

6. The experimental and theoretical results on the ducts for TL show considerable differences which
would be attributed to flanking transmission and non-local reaction of sound waves with Jining wall.
For better results, the number and fixing of partition blocks will have to be augmented.

. The facilities of impedance tube set-up, flow-resistance measurement set-up, and dissipative duct trans-
mission Joss set-up, designed and fabricated during this investigation, as also the computer programmes,
could be used in future to evaluate acoustic charactenstics of any other material.

=
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Ageing characteristics of aluminium~7% silicon-0-3% magnesium casting alley with
cadmium trace addition and iron impurity by S. Murali.

Research supervisors: K. S. Raman and K. S. S. Murthy.

Department: Metallurgy.

1. Introduction

The Al-75i-0-3Mg alloy is one of the most versatile aluminium casting alloys and has excellent casting
characteristics and high strength and moderate ductility in the heat-treated condition. The high strength-to-
weight ratio of this alloy has increased its wider application of complex castings replacing many ferrous
and non-ferrous materials. Investigation of some of the factors that mfluence the mechanical properties of
the alloy has been carried out The important factors considered are: chemical composition (Mg and Fe),
melt quality (degassing, grain refinement and modification), solidification rate and heat-treatment. The
commeonly occurring problems encountered in shopfloor, that is Mg variation’?, Fe impurity and delay in
ageing during heat-treatment, have been considered and the influence of some of these factors on mechan-
ical properties of the alloy has been invcsugated

Fe impurity is easily picked up during meltmg and remelting or rhay already be present in the base
alloy itself. Increase 1 Fe content decreases ultimate tensile strength (UTS), yield strength (YS), ductility*
and fracture toughness’. As per different specifications, Fe impurnity is normally allowed up to 0-6%.
However, the exact influence of Fe impurity at different levels on the microstructure and mechanical
properties of the atloy is not fully understood or reported.

During heat-treatment, the delay occurring between solutionising and artificial ageing decreases hardness
and strength while ductility increases and thus is termed as ‘delayed ageing’ or ‘room temperature Stor-
age™>5. Absolute prevention of this delay in agemng is difficult durmg routine production, as quite often
this may yesult from several non-metallurgical reasons such as power failure, inadequate furnace capatity
or equipment breakdown, etc. It has been generally reported that addition of certam trace elements like
Cd, In, Sn, and Cu reduces the demmemal effect of delayed ageing on the mechanjcal properties of the
alloys based on Mg;Si precipitates™®.
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2. Experimental

To study in detail the effect of these factors, expenments were conducted on the following lines:

(a) Alloys with different Mg (minor element) and Fe (impurity) contents.

(b) Cd trace addition to counter the detrimental effect of delayed ageing.

(c) The casting of alloy in the form of DTD bars in sand and permanent moulds and wedge permanent
mould castings with a view to vary soldification rate,

(d) Heat-treatment with different periods of room temperature storage or delay in ageing up to 96 hours.

(e) Determination of mechanical properties: hardness, temsile strength, ductility and dynamic fracture
toughness.

(f) Examination of macro-micro structures and fractured surfaces.

3. Resuits and discussion

The alloy stored at room temperature {delay in ageing) registers a decrease i hardness, UTS, YS while
increasing ductility. Addition of Cd trace element has neutralised the detrimental effect of delayed ageing
by retaining the hardness and strength with even a marginal increase in ductility. Similar results were
observed for low and high Mg alloys.

Increase in Fe content from 0-2 to 0-8% has decreased the UTS, YS and duetility while hardness has
increased. Correlation of microstructure and mechanical properties has indicated that the coarse intermetal-
lic compound (B) FeSiAl; formed during solidification is the cause for reduction in mechanical properties.
The anomalous behaviour of increase in hardness and decrease in strength and ductility can be attributed
to the increase in work hardening rates at higher Fe levels. Results have also been obtained for different
Mg contents, solidification rates (sand and chill castings) and delay periods with Cd trace addition.

Fracture toughness studies at different Mg and Fe contents and solidification rates are also discussed.
Ap analysis of the load-time curve revealed the ductile or brittle behaviour of the alloy. The parameters:
total energy absorbed (E7), dynamic fracture toughness (K, Ky, K"y, critical flaw size (a,), ratio PraxPey
decreases significantly with mncrease in Fe content from 0-3 to 0-6 per cent. Stereo photomicrographs of
broken Charpy samples of higher Fe content indicate the brittle nature of the alloy and brittle cleavage
fracture was also observed at higher Fe contents.

Solidification pattern and soundness of permanent mould wedge casting were studied by obtaining cool-
ing curves, density values and mechanical properties at different positions of the casting.

4. Conclusions
The findings of the investigation are summarised as follows:

1. The alloy is sensitive to Mg content: increase in Mg content from 0-32 to 0-65 per cent has increased
hardness and strength while ductility and total energy absorbed in impact test, are significantly reduced
by 33 and 50 per cent, respectively.

~N

- Increase in Fe from 0-2 to 0-8 per cent has decreased ductility by 50 per cent. The total energy
absorbed is almost zeto at 0-8 per cent Fe indicating the extreme brittleness of the alioy.

w

Chill castings always have better mechanical properties than sand castings at different Mg and Fe
contents. During the study of fracture toughness at different solidification rates and Fe levels, higher
values of Er, K;; and a,, were obtained at higher solidification rates.

For low and high Mg content alloys stored at room temperature, Cd addition not only retains hardness
and strength but improves ductility marginally.

&
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Most of the mternational and Indian specifications for this alloy indicate a wide range of 0-2 to 0-6 per
cent Mg content and Fe wmpurity up to 0-6 per cent. For obtaining optimum properties of this alloy the
delay effect has not at all been taken into account m any of these specifications. The present investigation
has clearly shown that the characteristics of the alloy and the properties obtained strongly depend upon
Mg content, Fe impurity and delay in agemng and therefore the specifications need re-examination.
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Lengthening kinetics of plate-like precipitate in Ti-V alloy by R. Goswami.
Research supervisor: M. Mohan Rao.
Department: Metallurgy.

1, Introduction

During solid-state phase transformation, product phase develops vanous types of morphologies depending
on the structure and migrational characteristics of the interphase interface. The plate-like morphology of
the second phase has been obtained in many alloys such as Al-Ag', Al-Au?, Ti-Nb®. The lengthening
kinetics of plate-like precipitate in several alloys has been investigated and there exists a controversy in
uniquely describing the lengthening kinetics in terms of diffusion-controlled growth models. The present
work explores the lengthening kinetics of the zx-plates in Ti-5-9 at % V alloy as a function of time and
temperature using quantitative metallc hi Tr ion electron mi py has also been

used to characterise the nature of the prempltate/mamx interface.

2. Experimental technique

Ti-containing 5-9 at % V after solutionising the alloy at 900°C for one hour was treated isothermally in
an inert atmosphere in the two-phase field and subsequently cooled to room temperature. Volume fraction
(V) and surface area per unit volume (S,) of the plate-like precipitates were measured using point-counting
and lne intersection methods, respectively. Thickness and longest length of the plate on the plane of
polish were measured using a graduated eye piece which was calibrated at the operating magnification in
the optical mxcroscope (Neophot-21). For transmission electron microscopy, specimen was electro thinned
by jet polishing technigue.

3. Results and discussion

A plate can be modelled as a rectangular parallelopiped neglecting the curve surfaces of the plate-shaped
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precipitate The largest dimension (D) is obtamed when the plane of palish cuts the plate along its body
diagonal. The length of the body diagonal can be represented by the following equation

Dl = Wi+ LE + Ak [¢)]

where Wy, Ly and Ay are the width, length and thickness of the plate, respectively. Subscript M is used
1o represent maximum values of the dimensions at any tume during growth. Since Ay is very small com-
apred to Wy, and Ly, Aj cen be neglected m eqn (1)

To determine the lengthemng rate, the value of the width 1s required because the rate of change of Dy
cannot represent the lengthening rate of the precipitate To determune the width and also the thickness
of the precipitate the following equauons have been derved’.

Vy = (A2) Sy )
Vi = (B*NDARWE) DY — B*NIATW ©)]

where Ny 1s the total number of nuclei per unit volume and B, a constant. Other quantities have been
defined earlier.

Figure 1a shows the dependence of Sy of the w-plates on Vi at 720°C A linear behaviour is seen at
all reaction temperatures as 1s to be expected from eqn (2) when 4 1s constant The constancy at thickness
may probably be due to the soft impmgement of the adjacent growing plates. The dependence of volume
fraction (Vy) with respect to diagonal length (D) of eplate has been shown i Fig. 1b. Linear relationship
between V3 vs D} at all reaction temperatures, except in the early stages of growth at 720°C, 1s noticed.
The deviations from lhwearity in Fig. 1b i the early stages of growth are attributed to growth in the width
and length direction. From the constancy of the width it can be inferred that the further growth of e-plate
takes place in the lengthening direction onmly. The width caleulated from V3 vs Di plot was used to
calculate the length of the plate.
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Growth exponent at three different temperatures
Temperature (* ) Growih exponent {n)
700 0%
720 07
740 0 50

A generalised growth behaviour (1 « ") has been used to calculate the growth exponent (n) Figure 2
shows a representative log-log plot of length vs time. The growth exponent has been calculated from such
plots and shown in Table I The variation of growth exponent (n) with temperature cannot be explained
exther by Zerer-Hillert's* or Trivedi’s’ model for the growth of plate-like precipitate or by Zener’s’ model
for the growth of planar interface. The above models assume an incoherent interface between precipitate
and matrix. The structure of the mterface has been studied usimng electron microscopy which reveals the
presence of ledges at the tp (Fig 3) of the preciputate The presence of ledges at the precipitate/matrix
interface demanstrates that the interface 1s not disordered. There exast models to explain the ledge-control-
led growth behaviour of the second phase, The growth models where ledges have been treated as an
independent step cannot explain the experimental results. This may be due to the diffusional field mterac-
uor between ledges during growth. Doherty and Cantor” have shown the growth exponent changes depend-
ing on the ledge spacing () at a fixed supersaturation after the critical time :*. When X 1s equal to ledge
height (), the growth exponent (n) falls to 0-5 whereas 1f A > / growth exponent mcreases gradually from
0-3 to 1. Enomoto® has given a model for the growth of fintte tramn of steps He has shown that the
growth exponent 1s between 0-5 and I up to certamn range of time depending on the number of ledges at
the interface. Ledge nuclearion plays a wital role in controlling the growth of a ledged interface. Informa-
ton about ledge nucleation 15 scanty in literature. Thus, it 1s worthwhile to study ledge nucleation, ledge
spacings and height with respect to supersaturation and time to quantify the growth exponent properly

4. Conclusions

From the experimental results it is concluded that kinetics of « plates follows neither parabolic nor linear
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growth law. The growth exponent obtained varies from 0-6 to 0-8. The structure of the precipitate matrix
interface contains ledges at the interface and ledge mechanism plays an important role in controlling the
lengthening kinetics of a-plates.
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