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Abstract

The problem of forced convective heat transfer to 2 suspension
of small solid particles in a liquid is treated by developing s hom-
ogeneous equilibrium flow model. Suitable average properties are
determined for the mixture which is then treated as a pseudofluid,
obeying the usual equations of single-component flow.

The evaluation of suspension effective thermal conductivity from
component values is considered first. Following a critical examination
of the approach assuming a unidirectional heat flux, two digital simulation
models are developed which eliminate this restriction and the requirement
for a rigid geometric arrangement of phases. Thermal conductivity values
are determined through solving a three-dimensionasl DLaplace equation, using
a finite difference technique, to give a steady state temperature distrib-
ution for boundary conditions derived from consideration of the Fourier
rate equagtion. Effective thermal conductivities of several squeous
metallic powder suspensions have been experimentally determined using
the relative plane horizontal layer methed. Oversll mesn errors in
prediction of 2.55 and 6.6L per cent were obtzined for the two models,
Theoretical and experimental results from previous studies have been
used in a3 comprehensive exsmination of prediction metheds.

The second section develops the homogeneous flow model. An existing
nunerical solution technique for the boundary layer equations is adapted
for use with two-component fluids through the identification of effective

two-component property relationships. An eddy diffusivity model based on



ii

the mixing length concept, which is developed and shown to be valid

for single component flows, is modified to extend its use to the two-
component case. Evalugtion of the technique, using the experimental
results of Orr and Dallz Vzlle indicates an overall solution prediction
error of 5.5 per cent, Further examination of results for individual
suspensions indicates the range of suspension solids for which the model

is strictly valid.
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xii definition of subscript y : read 'yield value'
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31 line 24 : for '3' read 'III'
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fPreface

Many of the previous studies concerned with the problem of heat
transfer to a turbulently flowing two-phase system, where the components
are an insoluble solid suspended in a liquid, have attempted to correlate
experimental data in terms of the variables used in analysing single
component, flows. The standard relationships applied to the flow of
Jiquids with heat transfer are fitted to the suspension data; this
procedure requires knowledge of equivalent thermodynamic and transport
properties for the solid-liquid mixture. Although these suspension
properties do not always conform to rigerous definitions it has been
found that they are 2 useful concept in applying experimentsl evidence
to practical situations and there have been some investigations con-
ducted into the prediction of such properties from a knowledge of the
relevant values for the constituent components. However, useful as they
may be as 2 starting point,correlations of experimentsl data sre the
least sophisticated of techniques availsble for analysiné two-phase
flows and although thef have the virtue of being easy to use they
provide little insight into the basic phencmena nor into wsys in which
accuracy can be improved. Since the correlations based upon the concept
of suspension properties have been fairly successful this suggests the
possibility of taking the use of such properties a step further by
utilising them in a simple znalyticsl model, with the expectation that
an improvement in the prediction of design parsmeters will be forth-
coming.

The use of suspension effective properties, by implication, states
that the model will be of 2 homogeneous type in which the components are

treated as 2 pseudo-fluid with average properties and without the



requirement for a detziled description of the flow pattern. This in
turn implies restrictions on the applicability of the technique., If,
in addition, the average values of temperature and velocity are the
same as the vslues for each component then we may term the snalysis a
homogeneous equilibrium flow model., For this model to be successfully
applied to the situation of heat transfer to a turbulently flowing
solid-liquid suspension requires the careful identification of the
pseudo-fluid properties. Of these suspension viscosity and thermal
conductivity are not readily determinable.

A detailed exsmingtion of the effective thermsl conductivity of
suspensions was therefore a necessary pre-requisite to the development
of the proposed model; the examination conducted included an evaluation
of previously proposed prediction technicues, the development of 2n
analytical model which removed certszin restrictions on previcus work
end sn experimentsl investigation. A similar investigation into the
viscosity of a suspension whilst certainly required was censidered to
form a sufficiently detailed project of itself and in consequence
could not be sttempted during this investigation. 3ufficient information
on this topic was available to be able to utilise the homogeneous flow
model and to exsmine its validity whilst the incorperation of the
results of any subsequent investigstions into the viscosity of sus-
pensions or the actual rheological constanis messured experimenta1ly
would be expected to improwve further the accuracy and spplicability of
the model.

This work therefore is in two distinct sections, the first being
sn investigstion of the effective thermsl conductivity of suspensions

with the second being the developmeni of a model for predicting the
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heat transfer performsnce of s suspension of small solid particles in
a liquid during turbulent flow through a circular tube. Each section
would stand as a separate investigation but the input requirements of
a homogeneous flow heat transfer model for information such as that

provided by the thermsl conductivity investigation link the two

sections closely.



Section A

The Thermal Conductivity of Solid-Liguid Suspensions.



LITERATURE SURVEY

1.1 Intrcduction

The problem of designing convective heat transfer equipment for
use in situations where a miiture of a solid and a liquid may be
employed, is frequently encountered, especially in the chemical
éngineering industry. A commonly employed solution procedure involves
what may be termed a homogeneous flow model in which equivalent transport
properties for the suspension are determined from the individusl component
properties. The suspension may then be trested as a pseudo-fluid with
the mean properties being utilised in conventional single phase cor-
relations. It is therefore necessary to be able to accurately determine
suspension properties especially in those cases where the value for the
mixture is not simply a weighted average of the constituent properties,
Such a parameter is thermal conductivity, which whilst not rigorously
fulfilling the criteria of the defining equation, Fourier's Law, and
therefore not being a property in the true thermodynsmic sense, proves
to be an extremely useful concept in practize.

In spite of a number of studies, both theoretical and experimental,
the ability of proposed solutions accurately to predict the effective
thermal conductivity of two component systems has been widely held to
be limited to low volume fractions of the discontinuous phase and to
small values of the ratio of the conductivities of the constituents.
With increasing values of these two parameters, in general, the
predictions become unrelizble.

The purposes of this study are then, firstly, to remove some of
the restrictions made in the development of previous prediction methods

and to examine the effect on accuracy that this extension produces and,
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secondly, to obtain experimental results for the thermal conductivity
of representative suspensions in order to assess the models developed

and also to re-examine several previous models.

1.2 Previous Theoreticsl Work

Many models exist for producing an estimate of the thermal conduct-
ivity of a given suspension; most of these consider a simplified system
in order to facilitate a solution. In general attention is focused upon
a particle of the discontinuous phase which is surrounded by a field of
the continuous phase and the conductivity of this unit is taken as
representative of the value for the whole system., It is possible to
divide most previous work into two categories, those employing the so
called self-consistentscheme and those using a unidirectional heat flow
assumption,

1.2.1 The Self-Consistent Models

These schemes are developed from the assumption that a typical basic
.element of a heterogeneous medium can be regarded as being embedded in an
equivalent homogeneous medium whose conductivity is then the unknown to be
calculsated.

This method finds its first expression in the equation developed by
Maxwell /1/ for determining the electrical conductivity of a medium which
had spherical inclusions of uniform size. A restriction, that the
inclusions must be at such distances from each other that their eftect
in disturbing the course of the current may be taken as independant of
each other, limited the applicability of the eguation to small values of
inclusion volume fraction. Tarsev /2/, noting the similarity between

eleclical end thermal fields, proposed the application of the equation



o
for thermal conductivity purposes, when the suspension conductivity

will be given by:-

o 2Kt Ky = 200K - Ky )

K =

(1.1)
Rayleigh /3/ considered the case of an otherwise uniform medium
interrupted by a cubic array of spherical particles. An expression
was derived involving the ratio of two infinite series where the higher
order terms become more important s the concentration increases. All
but the first four terms in each series may be neglected, when the

conductivity of the suspension is given by:=-

—- .

. 3K, - 3K.] 4
2K + K - 2P(K - K,)-0-523(K ~ K,) m]LP

: 3K - K /3
2Kc+ Kd+ @(Kc Kd) 0.523(Kc" Kd)L4K“;+ 3KdLp J(l'2)

K, = K

This is a second épprcximation to the expression; the first
approximation containing the first three terms and being equivalent to
Maxwell's equation, thus the extra terms in the Rayleigh expression may
be interpreted =s being corrections for interference between adjacent
spheres.

The Rayleigh equation was 2lso used by Meredith snd Tobias /L4/ who
included an extra term.in both the numerator and dencminator so that the
effect of particle interaction at higher concentrations may be better

represented, this gave:-
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6K +3K,] /s
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6K -3K,| 75
2K + K, + P (K-K,)+0.409(K - K ) 3K, P

2K +K,~2 P (K - K,) +0-409(K ~K )

3K-3K, | 1O/ :

P
L.4KC+3Kd=
L4Kc+ 3qu

~ 2133(K - K))

~ 0-906(K-K,)

= (1.3)
At low values of volume fraction solid the higher order terms
become negligible and the above equation produces substantiaslly the
same results as the Maxwell and Rayleigh equations.
Fricke /5/ attempted to account for the influence of particle
shape on system conductivity by representing the particles as spheroids.
The Maxwell equation was modified by inclusion of a parsmeter, X, which
is a function of the ratio of constituent conductivities, @, and the ratio
of the axis of symmetry of the spheroid to the other axes, a/b. For the
case of spherical particles x = 2 and the equation again reduces to
Maxwell's expression, but the determination of X being complicated for
other particle shapes curves are given showing the variation of X with

@ and a/b., The conductivity of the suspension is determined from:-

EE-—I Kq |
Ke AT Ke
L% L
Ke K
L% = (1.4)

Fricke further concluded that for a constant vclume concentration
the conductivity of the suspension is independent of the size of the
suspended particles and slso nearly independent of the form of the
particles when the difference betweén the conductivities of the

constituents was not large.



Hamilton and Crosser /6/ also considered the effect of particle
shape on suspension conductivity and concluded that, since for spherical
particles the conductivity depended on neither the size of the particles
nor on the relative size of the conductivities of the two phases, then
other particle shapes should be referred to the case of spheres.
Maxwell's equation was used, including an empirical constant n, which
must be determined experimentally for mixtures containing particles of

arbitrary shapes:

Kgt (N=-DK -(n-1)P(K -K,)
K in=-1NK +@Q(K - K,)

Kq = K,

(1.5)

In terms of Fricke's 'shape factor' n = X + 1 where the particles
are spherical.

Hamilton and Crosser found that where mixture components have
nearly the same conductivity then the value of n = 3, which is the
spherical cese, could be used for all particle shapes, but when the
ratio of component conductivities is greater than 100 there is a
significant increase in mixture conductivity where the particles are
non-spherical. It was considered that all the experimentsl dsta used
could be correlated using n =§ﬁ” where Y is the sphericity of the
particles and is defined as the ratio of the surface area of a sphere
with 2 volume equal to the particle, to the surface srea of the particle.
Hamilton snd Crosser also found that their 'shape factor' was not in

agreement with that given by Fricke where the particles were non-spherical,
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Strickler /7/ proposed the use of Maxwell's equation with co-
efficients, Fl and Fz, being functions of surface area and conductivity
of the solid material, when the conductivity of the suspension would be

given by:i-

Ky(3-29) + 29K_
K-+ 9K, |t R

K=KF,

S c

(1.6)

No information was, however, forthcoming on how these functions were to
be determined.

Bruggeman /8/ sought to extend the equation of Maxwell for use
wvhere the conductivity of suspensions of high concentration is required.
An arbitrary dilute suspension was taken as being a pseudo-continuous
phase whose conductivity would be adequately represented by Maxwell's
equation. Considering the addition of a2 further small quantity of the
discontinuous phase, the conductivity of the new suspension could again
be found using Maxwell's equation, and again this would be taken as a
pseudo~-continuous phase., For repeated applications of this equation the

conductivity of the suspension approaches a limit given by:=

K K
=l -9) = 4=

(1.7)

This equation may be much simplified if K, >> K, when:

K

-9’

(1.8)
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Hashin /8/ has conducted a thorough analysis of the self-consistent
scheme and has pointed out the doubt that exists as to what constitutes
the basic element of a heterogenecus medium. A typical inclusion may be
considered as the basic element, this leads to the Maxwell equation, or
an inclusion surrounded by a matrix shell msy be taken as the basic
element. The results obtained by the two methods are different and it
is difficult to say which is the more reliable. Hashin provides a self-
consistent scheme approximation which includes both methods as special
cases and concludes that rigorous values of thermal conductivity depend
upon the entire phase geometry and not just the volume fraction of the
discontinuous phase.

" 1l.2.2 Unidirectional Heat Flux Models.

A second general approach to the determination of the thermal
conductivity of suspensions involves the assumpticn of a geometrical
arrangement of the phases and a principal direction of heat transfer,
there being no heat flux components normal to this direction, This
means, simply, that the method becomes one of combining the phases in
a series or psrallel network with the problem being the designation of
this combination.

The two extreme cases of this method correspond to a combination
of the constituent phases of the mixture in either a series or a
parallel configuration. These give respectively the minimum and the
maximun values of effective conductivity that can be obtained with
given components at 2 given volume fraction. With the two phases
combined in series with respect to the direction of heat flow, the

overall conductivity is given by:-
Kc'Kd

K =
* @K +I-YIK,

(1.9)
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This corresponds also to a weighted harmonic mean of the con-
ductivities of the two phases.
If the phases are combined in parallel with respect to the

direction of heat flow then:-

K, = (I=@QIK + PK, (1.10)

which is the result also of a weighted arithmetic mean of the two
phase conductivities,.

Of necessity, all other combinations of the phases must give a
result that lies between the values given by these two combinations,
Woodside and Messmer /10/ give an expression that yields an

intermediate value between these two extremes, being based on a

weighted geometric mean of the phase conductivities:-
P 19
Koo Ko K
(1.12)

This may also be expressed as a weighted arithmetic mean of the

logarithms of the individual conductivities:-

InK = @InK + (I-@LnK_

(1.12)
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Therefore this equation predicts a linear relationship, on a log-log
plot, between the effective conductivivy of a two-phase system and the
conductivaty of the discontinuous phase,

Jefferson et.al. /11/ based their model on a cubic array of
spherical particles and took a representative sphere surrounded by a
cube of the continuous phase as a basic unit whose conductivity was to
be assessed. The particular combination ot the phases that was used
is comprehensively examined in the following section. The result is
expressed as a set of equations which, in the case of the component
conductivities differing widely, may be combined to give the following

explicit equation for the effective thermal conductivity of a suspension:-

I ~ |
23 I/3 K
K = K [I-1.210 "7+ 0.4875¢

-3 Kq
0-25+(0-403 = O-5)(Iniz -”J s
. c et

Tsao /12/ considered that bulk porosity alone was not enough to
describe the characteristics of the material with regard to its effective
thermal conductivity and proposed the additional parameters of one-
dimensional porosity P1 and two~dimensional porosity Pz. Pl is the
fraction of the linear space occupied by the discontinuous phase parallel
to the direction of heat flow, while P2 is the fraction of the area

normal to the heat flow direction that is occupied by the discontinuous

phase. 'The model was divided into slices normal to the heat flow
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direction with the discontinuous phase in each layer being re-arranged
into a rectangle. The layers were then re-ordered to give a decrease

in P2 along the axis of heat flow. This manipulation of the phases within
the model is consistent with the assumption of a unidirectional heat flux.

The effective conductivity of the model would then be given by:-

b

K.+(K,-K.) P
o : HERE 4 (1.14)

A solution requires the definition of a functional relationship
between Pl and PZ; and Tsao adopted s probsbslistic approach to this
problem by using the binominsl theorem and assuming that the binominal

distribution spproached the normsl distribution for this case. Thus:

I 2
2 -
P = l e /2 ._l____LE_ dp
” o [2Tt )

P, ) (1.15)

where |_L is the mean of Pl and (J the standard deviation of Pl. For
any given two-phsse helerogeneous materisl these psrsmeters have to be
determined experimentally and are thersfore not readily obtainable,

This spproach has been criticised by Warren and Messmer /13/ who
claimed that there was a fundamental deficiency in the mathematical
model employed in that it must contain a discontinuity to satisfy the
physical conditions of the problem exactly. Additionally they concluded

that Tsao did not prove that two independent psraveters P2 and 0 are
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necessary to characterise the effective thermal conductivity of a
disordered two-phase mediun and further that the use of a stochastic
model implies the assumption that its behaviour is governed solely by
its bulk properties.

Cheng and Vachon /14/ extended the model of Tsao by circumventing
the necessity of experimentally determining p and 0, since these
parameters are nct required. The proposed technique was based upon
assuming a parabolic distribution of the discontinuous phase in the
continuous phase. As with Tsao's model the discontinuous phase is
re-arranged within a series of slices, with the layers again being
re-ordered but in a different sequence which gives a parabolic dis-
tribution. An expression for the effective thermal conductivity of
the model is derived in terms of the constanls of the parabola and the
thermal conductivity of the constituents. The parabola consténts are
determined by reducing the normal distribution assumed for the dis-
continuous phase volume fraction to a parabolic function thus enabling
the distribution to be expressed in terms of constants dependant on
the proportion of the constituents. This gives the following expression

for effective conductivity:-

|
= B,2

|
K, 2[K~K) (K +B(K,~K_))1"2

? [K +B (K,-K_)1/2+[B(K, - K_)"2 o drd
[K +B(K,~K )1"2- [B (K, ~ Kcn"2 K (1.16)

c

[,2
where Bf [2252] and Kd > Kc
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Deshpande 2nd Couper /15/ have alsc considered Tsao's approach
to the provision of some account for the spatial distribution of
particles in the prediction of an effective thermal conductivity for
suspensions. Claiming that the normal distribution involves a density
function which does not integrate to unity over its sample space they

proposed the use of the beta distribution, which is the limiting case

of the point binomial distribution, for relating Pl and PZ' This gave
the expression:-
I
[(r+t) -t t-i

P

which could be used in conjunction with equation (1.14) to determine
effective conductivity. The r, t parameters of the binomial distribution
were obtained from a study by Leek et.al. /16/, who determined the
spatial distribution of particles in a solid liquid suspension, using

a special spectrophotometer to measure Pl‘ Three methods for the
evaluation of equation (1.17) were also proposed,

l1.2.3 Further Models.

All the prediction methods considered so'far lead to a2n explicit
equation for the thermal conductivity of suspensions but it is possible
to relax the restriction of a unidirectional hest flow by employing a
numerical solution technique on a given model; in this case the whole

solution procedure must be followed through for every system studied,
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Deissler and Eian /17/ used a numerical relaxation procedure in
applying a two-dimensional heat conduction situation to a rectangular
array of long cylinders. The results were extended by approximation
to the case of a cubic array of spheres,

During the course of this present work two further methods were
published, both of which applied a tridirectional heat flux to a
particular model. Baxley et.al. /18/, /19/ used a random simulation
technique for approximating the two-phase system whilst Fidelle and
Kirk /20/ based their work upon the unit cell obtained from the
proposal of Jefferson et.al. /11/. These two methods and their
relation to the present work are discussed fully in succeeding
chapters of this report.

1.3 Previous Experimental Work.

Several experimental studies of the effective thermal conductivity
of two-component systems have been conducted for the purpose of evaluating
various prediction methods. Lees /21/ determined the conductivity of
various liquid-liquid mixtures and also such solid-solid systems as
marble-vaseline and iron or zinc sulphate in lard, McAlister and Orr
' /22/ performed experiments on mixtures of Aluminium snd Zine powders
in gresse. Johnson /23/ considered principslly aqueous thoria sus-
pensions but also investigated copper and aluminium powders suspended
in water. Jefferson et.al. /11/ determined the conductivity of
graphite powder suspended in either water or silicone oil; Hamilton
and Crosser /6/ used balsa or aluminium in rubbers as a two-component

medium. Baxley and Couper /18/ considered systems composed of aluminium
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oxide-polypropylene glycol, aluminium-polypropylene glycol and selenium-
polypropylene glycol., The experimental work of Fidelle and Kirk /20/ was
based on carborundum-plaster, aluminium-plaster and alumina-polyester
systems; they also considered the effect of system to particle dim-
ensions snd concluded that there was a critical ratio of about 10 below
which the particulate composite can no longer be called macroscopically
homogeneous .

A review article by Gorring and Churchill /2k/ considers the
results of several experimental studies and concludes that for

spherical particles Maxwell's equation represents the data adequately.



-18-

ANALYSIS OF THE UNIDIRECTICONAL HEAT FLUX ASSUMPTION

2.1 Introduction.

Previous solutions proposed tor the calculation of the thermal
conductivat, ot two-component systems have been based, in general,
on a model having a regular arrangsment of particles of the dis-
continuous phase from which an effective conductivity can be det-
ermined using the parsmeters of volume fraction solid and component
conductivities. Those solutions that are not confined to an assumption
of a unidirectional heat flux lead to extremely complicated mathenatics
and are simplified by assuming that interaction of the fields surrounding
each particle does not occur. For this condition to be satisfied the
volume fraction solid must be low and the component conductivities not
differ greatly; thus a severe restriction is placed upon the spplic-
ability of the model,

The use of a model in which the effective thermal conductivity is
assessed following the assumption of a geometricsl arrangement of
spherical particles and a unidirectional heat flux through the system
has considerable appeal, being simple in concept and lesding to
solutions that may be readily evaluated. One such mcdel is that
proposed by Jefferson et.sl. /11/ and in the development of a suitable
prediction method a detsiled examination of this model and the validity
of the assumptions made was first undertsken. This prediction method is
widely used and it has been suggested by McAlister snd Orr /22/ that
although some discrepancy exists between experimental and predicted
conductivities from this method the arguments put forward in its
derivation are apparently valid. Fidelle =nd Kirk /20/ maintain that

the assumption of 2 unidirection=1 heat flux is not very restrictive.



10.

However it can be shown that not only does the assumption of a
unidirectional heat flux lead to an inherent inconsistency but also
to the requirement of reference to experimental evidence in the
formulation of an explicit equation for the prediction of the thermal
conductivity of two-component systems. Although the details of the
analysis refer only to the one model, the conclusions are nonetheless
valid for the case of other solutions that depend upon the same as-
sumptions,

The models of Tsao /12/ and Cheng and Vachon /1k/ whilst apparently
differing considerably from the Jefferson model in reality differ only
in respect of their system dimensions, This »rises from the assumption
of statistic-l distribution functions for the phases whilst with the
Jefferson model the distribution function is implicit in the use of a
cubic array of particles. Differences occur in the derivation of an
explicit expression for the effective thermsl conductivity of each
model, as will be shown this is purely arbitrary. However given the
method used by both Tsao and Cheng and Vachon, of dividing the model
into elementary strips perpendicular to the direction of heat flow,
the subsequent re-ordering of these strips will have no effect on the
prediction given the assumption of 2 unidirectional hest flux. This
re-ordering of elements is merely a device to facilitate the derivation
of an explicit equation but does not in practice slter the propcsed
models »nd their =ffinity to the Jefferson model,

2.2 Jefferson's Prediction Model.

The model proposed by Jefferson considered » cubic arrsy of
spherical particles and divided the system into a mumber of cubic
blocks each having a sphere at-its centre. A representative block
was then taken from the field and its thermal conductivity asssessed

making the following assumptions:
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1) The solid particles are spherical and uniform in size and
are distributed in »n orderly manner.,

2) Conductivities and densities of both components are constant.

3) The entire solid-liquid suspension sample is confined
between two constant temperature planes perpendicular to
the direction of heat flow. Thus it follows by symmetry
that any other normal plane which separakes sny two
adjacent layers of cubes will be isothermal.

L) Heat flow is in one direction only.

2.2.1 Inconsistency of Assumptions.

If the heat flow through the model is in one direction only then
isothermal planes must not merely be those normal planes separating
any two adjacent layers of cubes but all planes perpendicular to the
direction of heat flow. Any departure from this condition would involve
a tempersture gradient being set up slong the normsl plane and therefore
the presence of a heat flow in that direction. The assuﬁption of a
one-dimensional heat flow slso implies that, in the portion of the model
where the continuous and discontinuous phases are adjacent the hest flux
is not uniform through the model cross-section., This is a necessary
requirement to allow the temperature gradient to be similar in both
phases snd prevent a temperature gradient in the normsl direction to
heat flow. Were such a temperature gradient to exist then the heat
flow would not be unidirectional. However, in the portion of the model
vhere there is only the continuous phsse present an opposite requirement
applies. A uniform heat flux through the model cross-section is

necessary for the existence of isothermal planes normsl to the hest
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flow directién. The assumption of one dimensional heal flow therefore
leads to the requirement of a heat flux varying in value with position
in the model but this in turn requires that the heat flow be multi-
directional. Hence there are two necessary and conflicting requirements
following from this assumption. This inconsistency cannot be resolved
but requires the removal of the unidirectional heat flux condition.

2.2.2. Jefferson's Derivation of an Expliecit Equation.

The derivation of an explicit equation that will predict the thermal
conductivity of a two-component system is facilitated by dividing the
model of the system into a2 number of components. Following the
assunption of a unidirectional heat flux, the model conductivity is
assumed to be the overall conductivity of a network of the components
combined in series and in parallel. Jefferson divided his model into
a hnlf—cube and then subdivided this unit into three components; A,

B eand C as showvm in figure 2.,1. Component A consisted of the half sphere
with containing cylinder of ligquid of the same radius =nd length equal

to the radius. Component B was the liquid half cube with the centre
removed =5 a cylinder.

Component C was the cylinder of liquid between the ernd ot tne
sphere and the edge or the cube.

The dimen51oﬁs ot the moael were determined by considering the volume
fraction solia or the system. With the solid sphere ta=ken as being of

unit diameter then the side of the cube is of length m + 1 where m is
given Dy:

m= 0806 . ¢~ Y3 10 (2.1)

and corresponds to twice the length of component C.



The arrangement of the network of components was to take A and
C in series, with the resultant in parallel with B.

The determination of the effective conductivaity of component A
had alsc to be considered since it consisted of both the continuous
and discontinuous phases. MAn expression for the conductivity of this
component was obtained by dividing it into elementary strips parsllel
to the direction of heat flow and containing the two phases in series.
Taking the heat flow to be through an infinite number of these strips
in parsllel and sumning over the model cross-sectional area gave an
equation for the component conductivity:

2K Kq 2

d
K,= KK |——— ln— -
B R R i s )

c

(2.2)

This result is used together with the dimensions of components B
and C, both of which ccnsist entirely of the continuous phsse, to
produce =n overall conductivity prediction for the proposed combination
of components in a series/parallel network. The resulting conductivity
is then tsken as being representative or the effective thermal con-
ductivity of a solid-liquid suspension. Combining the three components
in the order stated above Jefferson obtained the following explicit

equation for the network conductivity:

el il [Kuketm+ 1)

- K. | +K
*oame1)’ | Kym o+ K,

(2.3)



Together with the value for m as given by equation (2.1) and that
for K, given by equation (2.2) this expression constitutes the
prediction method for the thermal conductivity of two-component
systems given by Jefferson.

2.3 Alternative Predictions Derived from Jefferson's Model.

2.3.1 !'Component A' Conductivity.

Consideration of Jefferson's method for deriving an expression
for the thermal conductivity of component A of his model indicates
that an alternative arrangement of elements within the component
may be proposed. Such an alternative would be equally consistant
with the assumption of a unidirectional heat flux snd would provide
a different expression for the evaluation of component conductivity.
Comparison of the predictions produced by two alternative methods that
do not contradict the assumptions made in their development may be
expected to give some indication as to the validity of those assumptions.

The proposed method considered division of the component into
elementary strips perpendicular to the direction of hest flow snd which
therefore contsined the two phases in parsllel. Figure 2,2 shows the
division of the compenent. Heat flow is, hence, through an infinite
number of these strips in series enabling an explicit expression for
the effective conductivity of this component to be obtained by in-
tegrating over the component lengths.

The volume fraction solid content of »n elementary strip, refer-

ring to figure 2.2, is:

Y = (025-X°)IT
025 T

and therefore the conductivity of a strip is given by the standard
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expression for two dissimilar materials in parsllel:

K K + (0,25 - x°) (Ky - K) (2.5)

strip = ¢
0.25

Summing over the length of the component to give the equivalent con-

ductivity of all the strips in series:

0.5

A 0.5 dx e
T ' 2.6

2
025 - X
: K.+ [—-——-—-——](Kd-— K. )

0.25
Let:

D28 : (2.7)

then substituting:
0.5
K =
i e dx
2
K_+(0:54A)" = (XJ/A) (2.8)

O

2 2
Let: B" = K + (0.5/A) (2.9)

then:
0.5

A 0.5 f
d X
f 87 — (X.JA)? (2.10)
(o}
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thus:
OSJ_dx
./_ — (XJA)
integrating:
KA: = 0.5
L e BN
2B,/A B - X A
e 0.5
A e R
28./A B-0.5 JA
where: A = 4(Kd"K )
[+
VP
B = (Kc-— 0.25A)
= K"2
d

therefore the conductivity of component A may be determined from:

1
20K, (K~ K_11"

72 iy
Kg +(K,~K)

I/2

In P
Ky? = (K, = K_)

This equation provides =n slternative to eguation (2,2) for

determination of the conductivity of component A and m=y be used in

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)
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the calculation of the overall effective thermal conductivity of the
suspension by substituting the result in equation (2.3).

In applying the expression developed above and that developed by
Jefferson to the determination of the component conductivity for a
given solid-liquid system it is found that a wide veriation exists
between the two predictions. Table 2.l lists the results obteined
from the two expressions for a range of conductivity ratio and for
purposes of comparison also details the results from a simple series
or parallel combination of phases as given by equations (1.9) and
(1.10). The two theoretical expressions both produce values that lie
within the lower snd upper limits for a combination of phsses, which
are given by the series »nd psar=llel configurations respectively, so
that they both fulfil this basic requirement. It is, then, impossible
to distinguish between the two expressions on grounds of validity, both
appesring to be perfectly consistent within the assumption of a uni-
directionsl heat flux, but it is clear that the system is not adequately
represented by this approach. It is apparent that the one-dimensional
heat flux treatment cannot account for conduction within a simple
system that is geometrically well defined and regular, » situation
that throws doubt upon its sbility to be extended to the full case
of » suspension. It is concluded that a unidirectional heat flux
approach is not valid for sny system where the component dimensions
are not in-variant in any direction excepting the direction of heat
flow.

2.3.2. Suspension Conductivity.

The method of utilising slternative combinations of constituents
which w=s8 applied in the case of the assessment of the conductivity

of component 'A' moy also be employed in the evsluation of the
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conductivity of the suspension model from the component values. Any
change in the order of combination of the components into which the
model is divided will not violate the original assumptions made by
Jefferson and should therefore produce a similar result to the previous
combination. It is necessary to modify slightly the division of the
model into components from that given by Jefferson with the result
that:

Component A remains unchanged.

Component B becomes that part of the liquid half-cube adjacent

to A only. _

Component C becomes the remaining portion of the half-cube between
the end of the sphere and the edge of the cube. The rearranged model
division is shown in figure 2,3. As in the previoué model division,
components B and C are composed entirely of the continuous phase. If
a series-parallel network of components is now formed, with components
A and B in parsllel with their resultant effective conductivity being
considered in a series arrsngement with component C, a2ll relative to
the direction of heat flow, then an explicit equation may be derived
which will give the oversll conductivity. Using the standard
expression which gives the oversll conductivity of two dissimilar
materials which are in p=rallel rel-tive to the direction of heat

flow we obtain for the combinaticn of components A and B:-

K, — K
ST R R

4(m+1 l2 @ {2.17)

AB



28—

From the expression giving the overall conductivity of two dissimilar
materials in series relative to the direction of heat flow, the
combination of component C with the resultant of the component A and

B combination yields the overall conductivity of the model:-

A Kag Kc(m+I)
s KABm+Kc

(2.18)

Substituting equation (2.17) in (2.18) eliminates the composite cond-
ductivity KAB' and rearranging gives the equation for the effective

conductivity of a suspension as:

(m + 1)K,
m +
L K‘; + K, (2.19)
4(m 4+ 1)

where m is given by equation (2,1) and KA by either (2.2) or (2.16).

We have then, two expressions for the prediction of the thermal
conductivity of component A and two alternative combinations of the
components into which the model is divided. It is therefore possible
using these four equations to propose four different methods by which
a prediction of the thermsal conductivity of a suspension may be produced
from the basic concepts. 'These may be designated as follows:~
Model I - uses equations (2.2) 2nd (2.3). This produces the

prediction presented by Jefferson.
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Model II - equations (2.16) and (2.3)
Model III - equations (2.2) and (2.19)
Model IV - equations (2.16) and (2.19)

Analogues for the models in terms of equivalent electrical circuits
are shown in figure (2.4). '

It would, of course be possible to devise many other divisions of the
suspension model and subsequent order of combination of the components;
the four expressions presented being used merely to illustrate the
deficiencies of this approach to the problem.

2.4 Discussion of Unidirectional Heat Flux Predictions.

The four models developed in the previous sections may be tested
by applying them to the same system of a two-component mixture over a
range of volume fraction solids content. Figures (2.5) to (2.7) show
the results for system pure component conductivity ratios ranging from
10 to 1000 and for volume fraction solids content up to 4O per cent.

It can be seen that there is no agreement between the predicticns
produced by all four medels and as may be expected the divergence
becomes greater as the volume fraction sclid or the pure ccmponent
conductivity ratios are increased. Since none of the predictions are
in conflict with the assumptions made in their development each one
could be taken to be valid; hence there is no besis for deciding which
of them gives the most accurate results for any given two-component
system. Consequently the proposal or utilisstion of any particular
model must be the result of = purely arbitrary decision unless ref-
erence is mode to the actusl experimental results for the suspension
under consideration. This gives rise to the paradoxical situation

where the actual effective thermal conductivity of a two-component



system must be known before the theoretical prediction of this wvalue
can be made with any certainty of accuracy if the unidirectional
heat flux assunption is made. Even in this event there is no
guarantee that the model providing the best prediction for a

given case will necessarily produce the most accurate result in a
different case, even for varying volume fraction solids content of
the same two-component mixture,

The performance of 21l four models when used for the prediction
of the thermal conductivities of the two-component systems studied
experimentally by Jefferson et.al /11/ are shown graphically in
figures (2.8) and (2.9). The models numbered II and III can be
seen to produce substantially more accurate predictions of the
experimental results than does the model presented by Jefferson and
nunbered I in this report. For the graphite-water suspension an
overall mean error of prediction of 28.0% was obtained by Jefferson
as sgainst 12,28 and 9.2% for models II and III respecti;ely. In the
case of the graphite-silicone oil suspension the overall mean error of
\27.9% obtained by Jefferson was reduced to 2L.1% and 12.2% through the
use of models II and III. It is apparent that g significant change in
prediction accuracy results merely from consideration of various com~
binations of the constituent parts of a single model; neither this
nor the initial assunptions under which the solution proceeds need be
changed. This situation has received no comment from the proposers of
unidirectional heat flux models and suggests that the methods employed
in deriving explicit prediction equations are the result of arbitrary

decisions.



Notwithstanding the deficiencies of the unidirectional heat flux
approach to this problem as detailed above, it may still be worthwhile
examining the performance of the proposed models in predicting con-
ductivities for various two-component systems. The resulting expres-
sions are easily evaluated and, provided that a loss of accuracy can
be tolerated, a quick solution to a given problem can be obtained by
choosing the most appropriate model. Unfortunately, it is not possible
to formulate a genersl rule to aid this selection, but guidelines may be
given which will iﬁdiCAta areas of suitability for each model.

The ability of the four given models to predict the authors experi-
mental results is shown graphically in figures (2.10) to (2.12). It can
be seen that Model II provides the most accurate oversll prediction with
a mean error, considering all cases of 5.75%. If the results of other
experimentsl studies are also included /11/, /20/, /23/ then overall mean
errors sre obtained as Model I 13.8%, Model II 12.74, Model IIT 10.9%,
with the fourth model proving extremely inaccurate for every case studied.
Considering the accuracy of prediction for individual suspensions the three
models provide the best prediction in the approximate ratio of 1 : 6 : 4
for Models, 1, II and III respectiwly. There is, however, no range of
system pure component conductivity ratio for which either Model II or III
proves to be exclusively superior. If the total range of experimental
results is considered with reference only to the system volume fraction
solid then it is found that the best predictions given by Model II =re
concentrated mainly in the range O - 0.1, whilst model 3 is in general
of wvolume fraction solid from 0,1 to O.L. The few best predicticns
produced by Jefferson's equntion, designated Model I in this treatment,

occured in the range of volume fraction solid from 0.2 to 0.3.



It would appear then that if this approach is to be used, a choice
between Models II and III is the best under the circumstances but on
the understanding that large errors could occur for certain individual

suspensions.
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Table 2.1

Comparison of Alternative Expressions for the Thermal

Conductivity of Component A.

;i KA/KG
Equation 2.2 | Equation 2.16 | Phases in| Phases in
Series Parallel
10.0 3.46 5452 1.89 S5.71
30.0 5.21 12,37 2.02 16.18
50.0 6.11 18.72 2.05 26,66
80,0 6.96 27.59 2,07 42,36
100.0 7.38 35.24 2,08 52.84
200.0 8.69 59.71 2,09 105.2
50040 9.48 84.5 2.09 157456
500.0 10.48 131.45 2.09 262.28
700.0 11.14 176.27 2.1 367.0
1000.0 11.84 241 .03 2.1 524,08
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3. DEVELOPMENT OF PREDICTION TECHNIQUE

3.1 Introduction.

The inherent inconsistency and the uncertainty of prediction
technique detailed in the previous section follows directly from
the over-simplification of the model for a two-component system
through the assumption of a unidirectional heat flux.

The first stage in producing a valid prediction method for the
effective thermal conductivity of suspensions was the reconsideration
of the model proposed by Jefferson /11/ with this restriction removed.
Consequently a tridirectional heat flux situation within the model
was considered and the conductivity determined under this condition.

Following from this model, which incorporated the simulation of
a sphere in a rectangular co-ordinate system, a further model was
developed in which this simulation formed a basic unit to be dis-
tributed in a random fashion through a» field of the continuous phase.
Again the concept of a tridirectional heat flux was utilised in the
evaluation of the system conductivity.

Consideration of the following parameters could therefore apply
in the prediction of an effective thermal conductivity using either
model: -

1) The thermal conductivities of the constituent phsses.

2) The wolume concentration of the constituent phases.

3) The distribution of the phases in the system.

For the cnse of the extension of Jefferson's model this latter
parameter would be idealised as = regular geomstric srrangement of
the solid phase but for the second model a random distribution of

this constituent is permitted.



The following assumptions are made in deriving the models:-

1) The particles of the solid phase are spherical.

2) There is no contact resistance between phases.

3) The ratio of particle size to system size is of negligible
effect.

L) Raﬁiation heat transfer is negligible.

3.2 Application of Tridirectional Heat Flux.

The same governing equations and method of solution apply to
both models and will be detailed before the individual models are
discussed.

The effective thermal conductivity of the system is determined
by imposing upon it the conditions implied in Fourier's 'Law of
Conduction'. An overall one-dimensional heat flux ;esults from the
application of an arbitrary temperature gradient between two parallel
faces of a cubic model with the remaining faces being considered to
be perfectly insulated. This heat flux together with the system
divensions are then substituted into Fourier's Law to give the
required conductivity. Within the model the allowance of a tri-
directional heat flux situation requires the determination of the
system temperature distribution in order that the mean heat flux may
be evaluated. This is only possible through the use of = digital
computer to execute a suitable solution procedure, since an explicit
prediction eguation cannot be derived for this situation.

If the conductivity of each phsse is assumed to be independ=nt
of temperature then the steady state temperature distribution in

each phase is given by Laplace's equation:-
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The model boundary conditions are:-
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In addition the following conditions must be satisfied at a phase

interface:~

Te = Tg
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where p is the directional normmal to the phase interface.

(3.1)

(3:2)

(3.3)

(3.4)

(3.5)

(3.7)



3.3 Solution Procedurs.

Laplace's equation is a partial differential eguation of elliptic
form and hence the domsin of integration for a three-dimensional
equation is always a volume bounded by a2 closed surfsce. The boundary
conditions as detsiled specify the value of the function or the
value of its normmsl derivative at every point on the surface and the
solution must satisfy the partial differential equation at every
point inside the closed surface. Only a limited number of special
types of elliptic equations have been solved analytically and so
the solution of the equations defining the prediction models was
approached through the use of a numerical approximation method,

In particular a finite difference technique wss employed.

The method used divides the volume of integration by a three-
dimensional grid network formed by three sets of equally spaced lines,
each set being parallel to one of the three cartesian co-ordinste sxes.
The intersection points of the grid lines are called nodes snd the
domain of each ncde is the cube of the size of the grid spacing which
has the node at its centre. Grid lines must form the edge of the
model so that the nodes that lie on these lines may be treated in such
a Way as is specified by the boundary conditions. Since the domain
of a node may only lie within the model, the domain of those nodes that
lie on the boundary surface will not be the full cube. For a node
located on a side of the model the domain will be half-size; if
located on an edge it will be a quarter-size and for a node at »
corner it will be one-eighth of the full domain. An approximate
solution to the portial differential equation is found st each nodsal

point and is considered to be constant over the whole of the node domain.



The solution procedure requires that at each nodg the partiasl
differential equation is replaced by a finite difference approximation
in terms of the values of the tempersture at the node snd surrounding
nodes,

3.3.1 Derivation of Finite Difference Approximation.

When a function T and its derivalives are single valued, finite
and continuous functions of T then by Taylor's Theorem assuming a

grid spacing of u, v, w in the x, y, 2z co-ordinste directions:-

v; oY
Tixeu,y.2) = Tix,y.2) + UTix,y.2) + L U T{'x.y.z}
2

(3.8)
+ 1 UaT”{x.y.z) L SETERTR
6
and:
’ 2"
Tix-u,y,2) = T(xy,z) = UT (xy.2z) + LU T (x,y,2)
2
s SLOAT e pial ians e
6 (3.9)
adding these expsnsions:
2. 4
Tix uyz) + Tix uy,2) = 2Tixyz) + U T (xy.2) + o(u")
(3.10)
Assuming that the fourth and higher powers of u are negligible in
comparison with the lower powers then:
" Ei i
T (x.y.2) = E—-;_; = —3| Tix+uyz) - 2Tx,y.2) + Tix-u,y,2) (3.11)
L X XY,z U
similarly: F:
2
“a—-'r e T v.2)= 2Tlxy,z) + Tix )
a ) ¥ > X, y+v,z X, ¥ J=V.Z (3.12)
Y Jyyz V
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2

'd-z = - I:T(x,y,z-rw}-ZTlx.y,Zl“'TIKJ.Z-W}:I
dz W

X, Y.z

(3.13)

hence substituting equations (3.11), (3.12) and (3.13) into equation

(3.1)3 -l'-rz [T(x-u-u,y.z} -2Tix,y,z) + Tlx—u.r.zl] *

o [Tlx.y-n-v,z) - 2T(x,y.2) + T(x,y-v, z]] -

v2

| (3.14)

=5 | Tix.y.z 4w) = 2Tlx,y.2) + Tix,y,z-w) =

w

multiplying by u, v, w.
%H[Tlxq-u.y.zl -2Tl(x,y.2) +T[x—u.y.zl] +
QQW[T(L)'-H,:} -2Tlx.y.z) + Tix, y-v.zl] +

9AY%

—w"" Tix,y.z+w) = 2T(x,y,2)+ Tix,y,z-w) | = O (3.15)

if the grid system is cubic, i.e., if u = v = w, then the equation

reduces to the standard seven point formula:

Tix4u,y,2) + Tix-u,y,2) + Tix,y+v,2) + T(x,y-v,2) +

Tix,y,z+w) + T(x,y,z=w) =6T(x,y,2) = O (3.16)



s

3.3.2 Incorporation of Interfacial Conditions.,

Where adjacent nodes lie on opposite sides of a phase boundary
then the finite difference aspproximation must also satisfy equations
(3.6) =nd (3.7). If the nodal domains each consist of one phase only
then the phase boundaries will always lie on a boundary between node
domains. Denoting the temperature ot the interface by Tb we can
replace the interfacial condition given by equation (3.7) by a
finite difference approximation,

Considering = boundary between phases that lies on a y - z plane:

K‘*'Y!’-] T(X z) T]_ K[K-l-u.y.‘lllzr = T[X-I'U ]
=S e— S - - e ;}‘aﬂ
q u/2 l: : o u/2 b

(3.17)
Let Ki = be an overall equivalent conductivity between the
]
adjacent nodes so that equation (3.17) will also be equivalent to:
Ki,n
gq= LT Tix,y.z) = Tix+u,y,2) (3.18)
Therefore:
R T
X,y.,2 b= Kixy.2) 2 Tix.y.2) = Tixsu,y,z)
(3.19)
T, ~T Kimn | 3
iv e l= P e S = i)
b (x+u.y,z Kooy o) 2 (x,y,z) = Tix+u,y,2) (3.20)

adding equations (3.19) =nd (3.20):

Tixy.z) =Tlx4u,y.2) = Ki,n[2 K{i,y.zl + 2Ktx-:-u,y.zJ [Ttx,y,z} - Tlx+u,y,z}] (3.21)




SESE

which gives:

2K(x,y.z) . K(x+u,y.2)
Ki(x.y.z) + K(x+u,y,z)

(3.22)

It can be seen then that in order to satisfy the interfacial
conditions the finite difference approximntion must be modified by
multiplying the tempersture difference between sdjacent nodes by
the overall conductivity of the grid line connecting these nodes.

This hss the effect of incorporating equation (3.22) into the finite
difference approximation and although it is strictly only necess-ry to
apply this condition when writing the finite difference equation for
nodes that are adjacent to a phase boundary, in practice it is more
convenient to consider the one equation that will be universsl in
spplication. Therefore combining equations (3.15) =nd (3.22) a genersl
finite difference approximation may be written in terms of the

properties »t » node and its surrounding nodes:

i.n (3.23)

where:
S is the number of nodes surrounding the nth node, which has 1
temperature of Tn

A is the cross-sectional area of the mesh normal to the grid

1,0

line from node i to node n and hi - is the grid line length.
s
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Ki " is the overall conductivity of the grid line and is given
:

by equation (3.22). Hence when adjacent nodes are both of the
discontinuous phsse:

K. “w X (3.24)

When adjacent nodes =re both of the continuous phase:

Ki,n = Kc (3025)

and when adjacent nodes are of different phases:

Ki,n e Kc Kd

A (3.26)
In physicnl terms equation (3.23) is a heat balance written around

each node, with no heat generation and with heat flow being confined

to grid lines.

3.3.3 Treatment of Finite Difference Equation at Model Beoundary.

For a node that lies within the model there will be a total of
six adjacent nodes snd each node domain cross-sectional area will be
of full size. In the case of nodes on the boundary surface special
treatment of the gener-l finite difference equation is required; the
modification incurred will depend both upon the specification of the
boundsry condition at that point and the peosition of the node. At
those nodes where the boundary condition is specified ss » temperature
a finite difference equation will not be written since the solution

is known. The other boundary condition requires that the temperature



gradient norm-1l to the model surface is zero; that is the boundary
surface i; perfectly insulated. At these nodes the number of terms
in the heat balance will depend upon the number of adjacent nodes
since they only exist within the model. The position of the node
on the boundary surface will also determine the respective cross-
sectional area of node domsins to be used in the heat balance.

The modificotions to the general finite difference approximations
may be generalised for the various boundary node locations as follows.
If a node lies on a surface of the model it will have five adjacent
nodes snd hence five terms in the heat balance equation, with the
cross-sectional srea of the domain being half of the full size for
hesat flow to those adjscent nodes that also lie on » surfsce. A
node on an edge of the model will have four adjacent nodes and in
this cese the damsin cross-sectional srea will be one-quarter full
size for heat flow to those nodes on the edge and one-half full size
for those nodes that lie on a surface., If a node is located at the
corner of the model in this case it will be subject to the boundary
condition of » temperature specification =and hence no finite dif-
ference spproximation is required,

3.4 Determination of Model Thermal Conductivity.

The finite difference equation written ot each node is unique
and taken together form » set of equations whose simultsaneous solution
will yield the stesdy state temperature at each node. With an overall
one~dimension»l heat flux being imposed upon the model through the
establishment of » temperature gradient between two parallel faces,
the net heat flux between any two adjacent layers of nodes normal

to the direction of hesat flow will be invariant,
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The sssumption that heat flow is confined to the mesh lines is
implicit in the solution procedure =nd therefore the overall heat
flow between s»djacent layers of nodes is obtsained by considering
Fourier's 'Law of Conduction' between each pair of nodes in the
given direction snd summation of the individual heat flows. It is
most convenient to consider the heat flow across the boundary surfaces
since the boundary node temperatures are constant over the plane and
are not subject to solution errors.

The heat flow into the model enables the overall heat flux to be

determined from:-

N2
| AI
G B e =it T T
| B s T (3.27)
n=|

QSing the heat flow out of the model gives the overall heat flux

asi—-

I.N 2.0 (3.28)

Comparison of the two results affords a useful check on the solution
aCCUracCy .

With the mean hest flux through the model being known Fourier's
conduction equation may be applied to the whole model and upon re-

arrangement the thermal conductivity of the simulation is given by:=-

h
K = O.5 I, N
: 9, +q,] (Tin = Tout) (3.29)
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This procedure was applied to the two proposed models of two-

component systems.



L, UNIT CELL MODEL

hal Introduction.

This prediction method takes the bssic unit that Jefferson
proposed as representing a sample of the two-component mixture and
extends its volidity by applying the condition of a tridirectional
heat flux in assessing the model thermal conductivity. The remaining
assunptions made by Jefferson in the development of his prediction will
still be applicable,

1. The solid particles are spherical and uniform in size and

are arranged in a cubic array.

2. Conductivities and densities of both components are constsnt.

3. The entire sample is confined between two constant temperature

planes perpendicular to the overall directign of heat flow.

The unit cell model will therefore consist of a sphere of the
discontinuous phase at the centre of a cube of the continucus phasse.

If the sphere is considered to be of unit diameter then the dimensions
of the cube may be determined from the volume fraction solid content
of the system:-

I3

o= o-eos'lp-
(4.1)

L.2 Simulation of Unit Cell.

For determination of the effective thermal conductivity of the
model the prediction technique outlined in the preceding section was
utilised. Under this scheme where the solution region is divided by

s grid network the simulation of the model must allow the assigmment
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of the respective regions of continuous and discontinuous phase to
accord with the solution technique. Any interface bstween phases
will lie along the border between node damains and not along grid
lines, in accordance with the modifications mede to the finite dif-
ference equation. With 3 rectangular grid system and s model
consisting of a sphere within = cube obviously the simulation could
not be exact, it being necessary to spproximate the sphere by an
array of cubes. The degree to which this approximation could be
achieved was of necessity restricted by the limitations of computer
storage cspacity and bf computing time requirements.

A sphere wes simulated by taking a cube that just enclosed it and
dividing this into a block of 5 x 5 x 5 nodal domsins. The edge cubes
of this block were considered to consist of the continucus phase, whilst
the remsining 81 cubes were considered to be the discontinuous phase
end to spproximate to a sphere. Whilst the simulation wss undoubtedly
far from exsct it wss thought to be sufficient for the purpose and in
tﬁe subsequent light of the satisfactory predicticns produced it was
felt that no over:1l benefit would ensue from sn sttempt to improve it,

Within this block of cubes the grid spscing was invariant
over sll systems ard wes determined from the assumption of s unit
dismeter sphere, whersupon the nodes are 0.2 units apart. The rem-
sining portion of the model between the central block and the boundary
was divided into two nodal dom-ins with the outer grid lines co-incident
with the boundary surface. These outer domains consisted entirely of
the continuous phase and the width of this layer was made variable ard

dependant on the volume fraction solid content of the system. Hence



—58=

the grid spacing in the outer layer is not constant but is given for
any system by L/3 units. The division of the model into nodal domains
eand their respective sizes is shown in figure (4.1). Symmetry of the
model requires that only one-eighth of the unit cell need be considered,
thus there are 5 grid lines in each co-ordinate direction giving »
total of 125 nodal points. Grid lines must lie along the =xes of
symmetry, which for the purpose of the finite difference approximation
are treated in exactly the same way ss are insulsated surfaces, provided
that they »are not subject to » boundsry temperature specificstion.
There are a total of 50 nodal points that lie on either of the
two parallel planes where a temperature is specified as a boundsry
condition, thus giving a remainder of 75 nodes for each of which »
finife difference equation must be written. Hence, we have a set of
75 equations which when solved simultsneously provide the steady state
temperature distribution through the model.

L.3 Solution Technique.

The solution of large sets of linear simultsneous equations requires
the use of a digitsl computer, there being in genersl two techniques
aVailsble; 2 direct or iterative method. In this case the number of
equations in the set was sufficiently small to =liow the use of »a
direct method in 5 progrsm run on =n I.C.L. 1905 computer. The
following conductivity prediction model, which derives from this one,
utilises an iterative scheme and thus allows of comparisons between the
techniques when used for this purpose,

This direct method of solution reguires that the finite difference
equations given by egquation (3.23) »re re-srranged in matrix form. If
the nodes for which the equation is writien are numbered conseéutively

from 1 to 75, then the set of equations msy be represented as:-
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where:
m
v e Ao Bl
= hn i
§ (4.3)
=]
with j to m being the nodes adjacent to the nt'h node and:
In,l i Kﬁ,l
hn’i (Ll-o“-l-)
A ., K ., andh . are respectively the cross-sectional area of the
n,i’ n,i n,1i

node domsain normsl to the grid line between nodes n and i, the overall
grid line conductivity between these nodes and the grid spacing for

this case,



A K and hn refer to the same variables between the

T e 1 ¢ s

nqt'h node and an adjscent node on the boundary face where the
temperature is specified in the problem definition.

Because the grid spacing is not constant throughout the model
the overall grid line conductivity Kn,i will depend not only on the
conductivity of sdjacent node domains but also upon the grid length
where the adjacent node domains are of different size, For this
case equation (3.26) giving the grid conductivity will become:

Kn,i RO Kn Ki

. h K +h K (4.5)

The matrix equation may be solved to yield the model temperature
distribution by any of a number of standard techniques suitable for
use with » digital computer. For this study the method of Gsussian
Elimination with pivotal condensation wns used, but being utilised as
a subroutine to the main computer progrsm could be replaced by any
other method. With the temperature distribution determined, the
overall mean heat flux and hence the effective thermal conductivity
of the two-component simulation,may be evaluated as described in the
previous section.

It is worth noting that the solution procedure is quite independent
of the boundary temperatures TIN and TCUT which may therefore be chosen
arbitrarily. The effect of the overall temperature gradient cn the
mean heat flux is negated by their use in the Fourier Equation. Also
the method is independent of the system of units in which the pure
component conductivities are specified since the prediction will
simply be in the same system. This being the case it is more con-

venient to employ non-dimensionalised conductivities by using the



ratio of component values since this allows of easy comparison between
different studies and systems.

Lo4 Comparison with Fidelle and Kirk's Model.

Fidelle and Kirk /20/ have also presented a method for determining
the thermal conductivity of a two-component system that is based upon
the unit cell model. As with the authors prediction a tridirectional
heat flux situation was envisaged in deriving a solution but the
simulation of the model differed in concept from the present work.

The model of Fidelle and Kirk was divided throughout by a grid of
fixed spacing and allowance made for various values of volume fraction
solid content by assigning the number of nodes within each phase to
correspond with this. Therefore with this simulation as the volume
fraction solid content of the system under consideration was increased
the number of nodsl points within the continuous phase would decrease.
It is believed that the present method, although more complicated to
program, offers an advantage in that firstly, the simulation of the
model remains the same for all values of volume fraction solid hence
ﬁqking comparisons more valid. More importantly as the volume fraction
solid increases and the prediction consequently becomes more difficult,
the grid spacing in the critical interfacial region automatically becomes
smaller thus allowing greater accuracy.

In figures 4.2 to 4.4 are shown the performance of Fidelle and
Kirk's model and the present work in predicting the experimental
results obtained by Fidelle and Kirk for various two-component systems.,
The simulation of Fidelle and Kirk employed an array of 12 x 12 x 12
nodal points whilst a 5 x 5 x 5 array was used by the author, but it
can be seen that the latter method does not suffer by this. Comparing
the overall mean errors in prediction for the three systems combined,

that for Fidelle and Kirk's model is 12.3% as sgainst 9.2% for ths
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present work. This improvement in prediction accuracy combined with
the ccarser grid spacing and consequent saving in computer storage
and execution time requirements are sufficient to outweigh the dis-
advantages associated with a variable grid spacing and indicate the
usefulness of the simulation.

It is, however, possible that the solution technique, employed
by Fidelle and Kirk on the set of simultaneous equations formed from
the finite difference approximation, contributed to this disparity
in prediction accuracy. This subject is discussed fully in the fol-
lowing chapter in conjunction with a further development of this

model,

/
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RANDOM PLACEMENT HODEL

5.1 Definition of Model.

The concept of a unit cell which incorporates the simulation of a
spherical particle within a rectangular co-ordinate system was unilised
in the development of a further model in which the restriction imposed
by the assumption of a regular arrangement of phases was relaxed. This,
to some degree, allows the distribution of phases in a two~-component
system to be more nearly approximated by a digital simulation. The
remaining basic assumptions made in the development of the general
solution technique and the unit cell model apply to this model.

This model is based upon the designation of a unit cell as a
basic unit which is to be placed in a random fashion into a field of
the continuous phase. In this way, the requirement ‘of simulating each
spherical particle within the rectangular co-ordinaste system of the
field in the modelling of a sample of a system is overcome without the
necessity to approximate the particles as simple cubes as in the method
of Baxley and Couper /18/. If the thermal conductivity of the basic
unit is first assessed then they may be treated as if they were a
homogeneous entity pessessing an equivalent conductivity. The simul-
ation is built up by assigning sufficient of the units into the
continuous field to give the required volune fracticn solid for the
system, so that the model consists of a two-component mixture that
has been modified from the original designation. Instead of the
specified continucus and discontinuous phases there are the continuous
phase as specified and a discontinuous phase given by the basic unit
which may be termed a pseudo-phase. The thermal conductivity of the
simulation may then be determined by spplying to it the previously

developed prediction which incorporates a tridirectional heat flux,



5,2 Simulation of Two-Component System.

The number of basic units placed within the field of the continuous
phase is determined by both the system volume fraction solid and the
relative proportions of phases within the unit cell. Initially it
was proposed to use a cube that just enclosed the solid sphere thus
giving a volume fraction solid of 0.5236 for the cell; but noting
that the prediction accuracy of the previous model was greatest for
lower volume fraction solid values an increase in cube size was made.
This was found to improve the prediction by, firstly giving a greater
accuracy for the unit cell conductivity and seccndly allowing a wider
dispersion of the basic unit throughout the field and minimising the
accumulation of units in any one portion of the model. However, the
volume fraction solid of the basic unit also defines the upper limit
for the system which will be reached when the field is full of the
unit cells, therefore the relative sizes of sphere and enclosing cube
must represent a compromise between the applicability of the model and
its accuracy. A value of 0,446 for the unit cell volume fraction
solid was chosen for this study, it having also the advantage of
suiting computational requirements.

5.2.1 Placement of Basic Unit.

In the general solution technigue and unit cell model previously
developed it was assumed that the division of the model into separate
phases would follow the division into nodal domains. It is however,
possible using a random placement scheme to allow the phases to coincide
with the actusl grid lines which divide the solution region with a

three-dimensional cubic network. This latter method would follow the
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treatment adopted by Schenk /25/ for systems having material of more
than one conductivity value., The solution procedure using this
placement method would follow that outlined in the preceding section
with the exception that instead of determmining the oversll grid line
conductivity between nodes by equation (3.26) this would be given by
taking the mean of the conductivities of the cubes surrounding the
relevant grid line. This in effect would be the effective conductivity
of the number of cubes in a parsllel arrangement. The general finite
difference equation (3.23) will then be the ssme for both placement
methods and both will give a valid solution to Laplace's equation
since the energy balance will be correctly formed at each node for
both cases. Comparison of sample temperature profiles through a
two-component simulation obtained using both basic unit placement
methods and given in table 5.1 indicate the similarity of the solutions;
it is not possible to use exactly the same simulation for both (although
the basic unit is of the same conductivity). However, the estimation
of model thermal conductivity requires the assumption that heat flow
is confined to grid lines =nd, hence, a correct estimate of grid
line conductivity. The method of placement of basic units co-incident
with grid lines produces an overestimate of grid line conductivity
which in turn leads to =n overestimate of mean heat flux and hence
of effective system conductivity. Although, therefore, the method used
by Schenk sppesrs valid as a solution technique for temperature
distribution it cannot be used for the assessment of effective thermal
conductivity. ‘ |

In consequence the method adopted involved the placement of the
basic units co-incident with nodal domains and although this entailed

the use of half units at the model boundary where the nodal domains are



~70-

reduced in size in the event this proved to give finer control over
the simulation volume fraction solid value.

5.2.2. Assignment of Basic Unit Co-ordinates.

The bssic unit distribution through the three-dimensional field
was controlled by describing their position with co-ordinstes obtained
using a random number generator. Strictly, the unit co-ordinates were
assigned from pseudo-random numbers, the multiplicative congruential
method being used thus supplying random variables with a uniform
probability density function. It is shown in /26/ that frequency end
serial tests indicate that the random numbers so supplied are un-
correlated and uniformly distributed.

A 10 x 10 x 10 nod=l array divided the two-component system
simulation, which therefore required the number of basic units assigned

for any problem to be given by:

(5.1)

The basic unit was slso divided by a nodal array of similar size
80 that the same solution procedure could be used in evaluating the
conductivity of both this and the system. Prediction of the system
thermal conductivity was thus in two stages with the conductivity of
the basic unit being first determined and then fed directly into the
system simulation ss a discontinuous phase velue. In effect then,
this method has the effect of concentrating a much finer grid network
in the region in close proximity to the discontinucus phsse inclusions

and sllowing a coarser network in remoter regions, whilsi avoiding the



necessity of either matchinglup differing grid sizes or repeating the
process for each sphere in the system model. The use of a finer grid,
in general, improves the accuracy of a finite difference solution.

The simulation of the basic unit was accomplished in a simpler
manner than for the unit cell model since it was of a fixed volume
fraction solid, and this was done by allowing the nodal domains to
consist of the phase that contained their respective node in the
geometric arrangement of sphere and cube.

5.3 Solution Procedure.

A boundary temperature was specified for the nodes on two parallel
faces of the model leaving a total of 800 nodes for which the finite
difference equation was written. With a large set of simultanecous
equations an indirect method of solution was requiréd both from con-
siderations of computer storage and in order to take advantage of the
large number of zero components in the matrix representation of these
equations.

The general finiteé difference equation (3.23) may be rearranged

to set up a Gauss-Siedal iterative scheme:

K Lin T
i.n h. i
Ln

(5.2)

where Tn& is the improved estimate of the temperature at the nth

node and with the latest iterstes being used »s soon as they are =11

available. In general the order in which the node points are sceanned
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will determine the rate of convergence to the solution; the method
used being the scanning of successive grid lines in the ssme direction
on each consecutive plane.

An asccelersted rate of convergence of the iterative process is
obtained by using the Extrapolsted Liebmsnnmethod given by:

A = ?_f ('Tn-l- —Tn) L Tn (5-3)

where Tn* is the estimate given by the Gsuss-Siedsl scheme and the
relsxation fsction i lies between 1 and 2. The optimum value of the
relsxation factor will depend upon the particular problem asnd is
determined largely by experience. For this study it was found to be
1.8, Convergence rate is slso improved by sssigning a reasonable
initial estimate of temperature to each node; this was accomplished
by taking a linear temperature gradient between the non-insulated
boundary surfaces and allowing the normal planes to be isothermal,

The computation process is much simplified by using the nodal code
scheme outlined by 3chéﬁk /25/ in which each node is given a code depend-
ing upon the relevant nurbsr of terms in eguation (5.3) and the orientation
of the grid lines to adjacent nodes. At each iteration the code directs
the progrsm to the correct ejuation and therefore avoids the need to write
2 Separale equstion for each node or the use of imaginary nodes outside
the boundary surface. The nodal code layout for the random placement
model is shown in figure 5.1.

Convergence of the iterstive scheme to 2 solution was assumed when
successive estimates of temperasture at each ncde differed by less than
0.01 per cent. Comparison of the heat fluxes across beth non-insulated
boundary surfaces indicate that this wss a wvalid eriterion for both the

unit cell and the randem placement systenm.
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5.4 Compsrison with Baxley snd Couper's Model,

Bexley ond Couper /18/ have developed » model for the prediction
of the thermmal conductivity of two-component systems that also involves
a simulation using a random placement of the discontinuous phgse and a
tridirectional heat flux. The plscement of the discontinuous phase was
directly es cubes within the field of the continuous phase, with no
attempt at modelling the shspe of the particle being made. A wide
Variance placement for =ny given system resulted from this technique
end the variance incressed ss the ratio of the conductivity of the
discontinuous phase to that of the continuous increased. In order to
overcome this disadvantage and produce a ressonable prediction, the mean
of nine or ten individual predictions was tsken by Baxley and Couper as
representing the system conductivity.

The present work, which involves the modelling of the particle shape
and consequently producing a finer dispersion of the phases, was found to
produce a much lower vsriance in prediction and it was considered that
this was sufficiently reduced to allow the use of any one prediction ss an
accurate solution. In table 5.2 the performance of the present model snd
Baxley and Couper's model, when spplied to the most testing of the latter
euthors' experimental systems, sre compered, Ten individual predictions
were obtained with both models, then s mean value and the varisnce were
calculgted using standsrd formula. Since the numerical vslue of the
variance is dependant on the units used for the parasmeter under examination

a better comparison is given by the coefficient of Variation, defined as:

(5.4)



It can readily be seen that the present work produces a more
consistent and reproduceable result.

A further criticism of the methed proposed by Baxley and Couper
arises from consideration of their solution technique whereby they
obfain the steady state temperature distribution through the model
of the suspension. The solution procedure is not defined, in their
report, in terms of a general solution technique for elliptic partial
differential equations although, in dividing the model into cubes which
are designated to be of either phase at random, by implicntion this
procedure is adopted. Each cube is considered to be isothermal, thus
it follows that a node lies at the centre of each cube and that grid
lines will bisect the cube; furpher, the cubes must therefore coincide
with the nodal domains. A general finite difference equation is written
for all except the nodes where a boundary temperature is specified;
the cubes at the edge of the model are treated by reducing the number
of terms in this equation, so that in physical terms the heat balance
for. such a node only includes heat exchange with a reduced number of
adjacent nodes. The expedient by which this boundary treatment is
accomplished is to propose imaginary cubes outside the.mcdel, each
having zero conductivity; hence the grid line conductivity will be
zero in this direction thus removing the relevant terms from the
finite difference equation. However, this is not a sufficient trestment
of the boundary condition since:

1. The boundary must coincide with 2 grid line, this follows

because the solution of elliptic partisl differential
equations requires that the boundary condition must be

specified st all points round a closed surface which, in
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the numerical approximation method, reduces to a specification
at each node on the surface. This means that the boundary of
the model is actually located nlong the centre line of each
boundary cube, reducing the simulation dimensions by one

cube length in each direction.

The finite difference approximation written for each boundary
node must be modified to take account of the reduced area for
heat conduction to adjacent nodes also on the boundary, as
detailed by Meyers /27/ whereas the method of Baxley and
Couper does not differentiate between these nodes and those

in the centre of the model.

It is difficult to estimate the overall effect of these deviations

from the standsrd sclution technique for this class of ecuation since:

1.

The temperature distribution will not be correct although it
probably will not be much changed,

The heat flux determined from the temperature distribution
will be incorrect because of the above reasson and also because
the area of heat flow between boundsry nodes has been taken as
the full nodal cross-sectional area,

The model dimensions used in evaluating the effective thermal
conductivity using Fourier's Equation do not coincide with the
boundary of the solution volume., This will be the largest
error in the method in 211 probability and will underestimste

the conductivity by a factor of 539/4L0.

The cumulative effect appears not to be grest but there is

nonetheless a conceptual error in the solution technique which must

cast doubts upon its walidity.



This same solution procedure is »lso used by Fidelle and Kirk
/20/, in their digital simulation of a unit cell model, without any
comment being made as to its validity. If, ss it appears, the method
has been used as proposed by Baxley and Couper then the foregoing

comments must apply also to their work.
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3.52
3.63
3.66
3.31
3.18

G
2,23
2.21
2.14
A
2.82
1.98
1.81
1.98
2.06

1.07
1.09
1.14
1.10
0.96
0.86
1.0
1.00
0.9%9
1.07

-0.00
=0.00
=0.00
=0.00
-0.00
-0.00
-0.00
-0.00
=0.00
=0.00

PLACENENT COINCIDENT WITH GRID LINES

4.37
L35
4.28
4.26
4,34
4.37
4.36
4,49
4,61
4.57

3.62
3.50
3.30
3.12
3.53
3.61
3.65
3.58
5.26
3.

1.88
1.99
2.1
2.13
2,08
1.97
1.3
1.69
1.75
1.82

1.15
$.18
1.21
1.20
1.05
0.89
0.97
0.97
0,97
1.01

-0.00
-0.00
=i,00
=0.00
=0.006
-0.02
-0.00
=0.00
-G.00
-0.60

L. 352
L.34
4,30
4,93
4,23
4,35
6,33
4 49
4,50
4,59

3.39
5.39
s i
3.11
387
3.2
5.30
Sele
3.18
3.15

1.97
1.94
1.99
2.07
2.05
2.04
2.01
1.85
1.69
1.56

1,16
1.15
1.14
1.19
1.15
1.09
T2
1.01
0.90
0.84

-0,00
-0.09
=000
=0.00
=-0,00
-0.00
=0,080
-0.08
=0.00
=0.060

4,19
4.18
&7
4.4
6,24
4. 486
4,50
4.43
4,52
4 80

3.17
3.15
3.10
3.13
3.07
5.0?7
3.04
3.14
3.25
L

2,05
2.04
1.9¢
1.96
2.02
2.09
2.13
1.98
1.76
1.61

1.05
1.05
1.04
1.06
1.06
1.03
1.03
1.03
0.90
0.79

=0,.00
-0.00
=0.00
=0.00
-0.00
=0.00¢
=0.00
=0.00
-0.00
-0.00

4.00
4.00
4.00
6,19
4.31
441
4,50
4,36
4,42
4.75

5.08
3.08
3.05
3.08
3.10
3.15
3.9
3.20
3,24
2.98

2.02
2.04
2.01
1.99
2.11
4
2.16
2,01
1.84
1.88

1.01
1.02
1.00
0.94
0.90
0.89
0.87
0.98
¢.93
0.85

-0.00
=0.00
-0.00
-0.0%
-0.00
-0.09
=-0.00
-0.00
-0.C0
-0.00

£.00
3.99
4.00
4.15
4,26
L£.33
4,34
4,28
4,25
4.4

3.15
3.14
3.0%
3.03
3.19
3.38
3.39
3.36
53.22
3.03

1.83
1.90
1.98
2.12
2.20
2.04
1.99
1.90
1.89
1.94

0.96
0.99
0.99
0.90
0,87
0.91
0.91
1.00
1.00
0.97

-0.00
-0.00
=0.00
=0.00
=0.00
-0.00
=G.00
-0,.00
-0.00
~0.00

4,12
L. 06
3.89
3.93
4.05
L 7
4. 31
4,40
4,35
L.16

5.1%
e 19
3.08
3.06
5.16
5.30
2 e
5.461
3.20
3.14

1.83
1.82
2,03
2.16
z.11
2,05
1.99
1.91
1.97
2.00

0.91
0.88
0.91
0.95
1.01
1.06
0.94
0.97
I L
1.¢0

-0.00
=0.90
-0.00
=0.00
=0.60
-0.90
=0.09
-0.00
=0.00
=0.00

L.1h
4,11
3.78
S l2
3.81
3.96
£,33
4,52
6,47
4,43

3.1
3.10
3.04
3.02
3.07
3.16
3.26
L
3.28
3.22

1.92
1.92
.20
2.19
2.10
2,09
2.07
2,03
2.05
2.06

0.90
0.82
0.79
1.01
1.05
1.13
1.00
0.91
1.00
1.01%

-0.00
=0.00
-0.00
=0.00
-0.00
-0.00
-0.00
=-0.00
-0.00
-0.00
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Comparison of the Repeatability of Random Prediction Models.

Varisnce in

Coefficient of

Prediction Volume Fraction Mean Conductivity
Method Solid KS/KC Prediction Variance Per
Cent
Baxley snd Couper 0.3 L.L56 25.74 113.8
Baxley and Couper 0.4 12.552 90.93 7597
Random Plscement 0.3 2.739 0.038 Tell
Random Placement 0.4 L.03L 0.0002 0.339

Suspension - Aluminium/Polypropylene Glycol System.

26 oTqasy
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EXPERIKMENTAL DETERMINATICN OF SUSPENSICN THERMAL CONDUCTIVITIES

6.1 Scope of Experiments.

Experimental thermal conductivity values were obtained for
suspensions of four different metallic powders in water; thereby
providing a wide range of pure component conductivity ratios for
prediction evaluation. Three of these powders contained particles
that were approximately spherical, in accordance with the assumptions
made in developing the theoreticsl models; however a powder containing
irregulsr shasped psrticles was also investigated for purposes of com-
parison. Pure component properties were obtained from published sources
and sre detsiled in table 6.,1. Particle size distributions in the
copper, aluminium and stainless steel powders were obt-ined by a
conventional sieving method, and are represented inofigure 6.1. The
particle size of the nickel powder was quoted by the manufacturer ss
being between extremely clcse limits. Particle shapes for each of the
powders sre illustrated by the photographs in figure 6.2, The sluminium
powder particles can be seen to be far removed from sphericsl in shape,
tending toward ellipsoidal or needle-like in form. With the stsinless
steel powder agglomeration tends to obscure the particle shspe in scme
areas but those individual particles that can be clearly defined indicate
that although their shape cannot be said to be regular yet they tend
towards a spherical outline which would, therefore, be a reasonable
first approximation. Agglomeration is again a problem with the finer
copper powder but, agsin, it is sufficiently clear that an sssumption
of spherical particle shape is ressonable. The details of the nickel
powder are supplied by the manufacturer »snd indicate that the particles

are regulsr and close to spheres in shape.
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6.2 Theory of Experimental ﬁethod.

A choice of experimental methed to be used in this investigation,
from the multiplieity of techniques which have been proposed for thermal
conductivity determination, was msde with two governing requirements
in mind., The apparatus had to be suitable for use with a suspension,
it being possible to prevent any settling out of the solid component
during the duration of the test and this factor being subject to check.
Secondly, the suspension sample must be of a sufficient size to enable
it to be treated as a homogeneous entity. These two requirements
seemed to rule sgainst an apparatus of the co-axial cylinder type
whilst horizontal flat plate equipment of the absolute type, owing to
high secondary heat flows, demands a high experimental skill and
sophistication of design to yield precise results. Consequently, a
éamperative steady state method was selected as being suitsble for use
with » suspension and being simple in design »nd concept whilst affording
acceptable accuracy of results,

The precise experimentsl technique employed was the well established
relative plsne horizontal layer method, first proposed in 1881 by
Christiansen /28/ =nd since used in many experimentsl studies of the
thermal conductivities of gsses and liquids, including two-component
systems /21/, /22/, /23/, /31/.

The procedure involves passing a steady state heat flux con-
secutively through two plane layers of two substsnces, one of which
is a reference standsrd of known conductivity. Temperature gradients
will be set up that sre inversely proportional to the conductivities of
the two substances, Radiation heat transfer may be neglected for liqu%ds

and the arrangement of the apparatus minimises convection (as detailed
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later); therefore heat transfer across both substances can be taken

to be by conduction only and we may write:

=Y P ar e )
s P~ B e T DL(TQ'Tf
(6.1)
hence for the test sample in the lower layer:
DL(T = ,
KL= Ky Do =7 )
PR E (6.2)

The thermal conductivity of the unikmown substance can be calculated
from this equation using the experiment-l value of the temperature
drop in esch layer when the conductivity of the standard substsnce
and the thicknesses of both layers are known. Using this method, then,
removes the need to measure heat flux »nd only the temperature dif-
ferences have to be measured during experimentation. Accurate vslues
of the thermal conductivity of the reference substance must be aveilable.
It is not necesssry to measure the thickness of both layers in
order to determine the value of the thickness ratio EU, since by
performing the experiment with both layers filled vritll; the reference
substance the ratio is obtsined directly from:

DU ! KU(TP- Tq)

D, K (T ~7T,]

(6.3)
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Consequently by repeating the experiment several times the mean
value can be obtained with a reasonably close accuracy. The problem
of thermal conductivity evaluation thus reduces to an exact determin-
ation of temperature differences.

6.3 Experimental Apparatus.

The working chambers containing the reference and experimental
substances were formed from two rigid P.T.F.E. rings of 7 cm. inside
diameter, held between three copper discs which were chromium plated
to prevent any corrosive effects and to minimise radiation heat transfer.
A sindanio cover plate for the upper disc contained a heater formed from
a close wound ferry resistance wire of 32 s.w.g. and having a total res-
istance of approximately 76 ohms. This heater was held in a spiral slot
cut in the cover plate face and was insulated from the upper disc by
means of a thin layer of mica; a 30 watt Farnell stabilised power
supply unit was used to control the input to the heater. With the
upper disc made substantially thicker than the other two it acted as
a heat spreader and ensured a uniform temperature boundary for the
upper cell,

Into each disc was inserted three 32 s.w.g. Coppeqéonstantan
thermocouples, which were threaded through stainless steel hypodermic
tubes to facilitate removal and replacement. These thermocouples were
located in radially drilled holes, one terminating at the centre of
each disc and the others at radii of 1.3 cm. and 2.5 em. respectively.
Provision for expsnsion in each cell was made by means of a small hole
in the upper and centre discs connecting the working cells with short
vertical tubes open to atmosphere. The unit was clamped together by

four side rods which tied the lower disc to a yoke fitted over the
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cover plate. The lower disc formed the centre section of the base of
a brass container of 15 cm. diameter to which it was fastened by four
set bolts and by extensions of the side rods; a rubber joint was

held between the faces of the disc and container. Insulation material
was packed in the space between the cell unit and the container wall
and also over the assembly. The container was suspended in a water
bath which thus constituted a heat sink for the conductivity measurement
unit, since the lower disc was exposed to the water. Close control of
the temperature of the water in the bath was obtained by operating two
tubu}ar immersion heaters through a Jackson mercury thermoregulator,
Agitation of the water was provided by an electrically driven stirring
rotor. The sensitivity claimed for this arrangement indicated an
attainable control of bath temperature within the limits of T 0.0,

Details of the assembled equipment are shown in figures (6.3) to
(645)

By regulating the temperature of the water bath and the heat
input to the upper cell disc the temperature gradients across the
cells and their mean temperatures could be set as desired.

Water was used azs the reference substance and was contained in
the upper cell, with the aqueous suspension under test being contained
in the lower. To prevent settling out of the solid phase during the
test the water phase of the suspension was gelled by the addition of
1% by weight of agar,

The copper discs being of high themmal conductivity could be
regarded as isothermal between the thermocouple loeations and the disc

surface; the distance involved was small. This allowed the cell
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temperature gradients to be obtained directly from the thermocouple
temperature differences. The thermocouple e.m.f.s'. were measured,
in relation to a standsrd melting ice cold junction, using a Croydon
Instruments thermocouple potentiometer.

6.4 Calibration of Apparatus.

The thermocouple calibration was carried out agsinst a standard
melting ice cold junction using a thermostatically controlled oil
bath whose temperature was determined using an N.P.L. calibrated
mercury-in-glass thermometer. From the tabulated values of temp-
erature and thermocouple e.m.f.s'. an explicit equation was derived
using a Lagrange interpolation method which reduced the tabulated
values to a second order polynomial., It was considered that the errors
involved were less than those encountered in calibrating the thermo-
couples .

A series of preliminary experiments using water in both cells of
the equipment enabled the thickness ratio of the cells Du/DL to be
accurately determined. From ten experiments the mean value was fournd
to be 1.1603 T §*015% with the anslysis of variation as detailed in
table (6.2). The experimental errors involved in this calibration were
calculated to be within the bounds of = 1.8%.

The experiments were repeated with the lower cell being filled with
a gell formed by adding 1% by weight of agar to water. The ratio of the
conductivity of gelled water to that of pure wster was found to be
0.984, < 0.015 »nd this effect of a slight suppression of the con-
ductivity of water by a gelling agent would seem to be supported by

the work of Boggs and Sibbitt /29/. They did not perform tests on
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agar gels, but in their work found that gelatir lowered the thermal
conductivity of water by about 0.5%5 for each weight per cent added;
methocil produced about the ssme effect whilst various other com-
mercilal gelling agents did not materiaslly affect the conductivity of
water, with a maximum decrease of 1% being observed. The decrease in
conductivity therefore could be considered insignificant compared with
the experimental error involved in thermal conductivity measurement and
which therefore enabled the pure water values to be used for calculation
purposes.

The thermal conductivity values for water were obtsined from the
expression presented by Powell et.al, /30/, where the results of num-

erous experimental studies were represented by:-

K = [-5821.871 + 63.613T-0.0797158T 110"
(6.4)

with a mean deviation of 0.24% and where T is the temperature in degrees
Kelvin. :

The temperatures recorded st the centre of each disc were used in
the calculation of conductivity because at that position the hesat flux
would be identical in both the upper and lower cells; this results from
the circular design of the equipment which gives an area for radisl
heat flow that approaches zero as the centre of the cell is approached
and therefore tends to an infinite resistance for radisl hest loss,

The remaining temperature measurements formed a check on radisl hest

loss, and there being no discernable difference between the two
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innermost temperatures at each disc it was concluded that the above
expectation was confirmed. This supports the similar finding of
Kapustinsky snd Ruzarvin /31/ who used an identical technique.

6.5 Effect of Convection on Conductivity Messurements.

The arrangement of horizontal working chambers with a heat flux
directed downwards, together with the cell thicknesses and temperature
gradients being kept to a minimum, following the recommendations of
Tsederberg /32/, gives an inherently stable system thus minimising the

possibility of convection currents being set up in the substances
contained in the apparatus.

If, however, we consider the possibility that convection within
the cells, could have occured, then a measure of its maximum effect
can be provided by considering the experiments ccnd;cted to determine
the thermal conductivity of the water/agar gel. In such experiments,
obviously, no convection could occur in the firm gel that » 1% ager
solution produces and the effect of any convection in the reference
substance, which was contsined in the upper cell, would be to give an
underestimate of conductivity for the test substance. If we accept the
finding of Boggs and Sibbitt /29/ that the addition of a gelling agent
would not incresse the conductivity of water =and assume further that
it has no discernsble effect, then the experimentsl indication of the
lowering of the conductivity of water by sgar would be solely due to
convection in the upper cell., Since, howsver, the indicated conduct-
ivity of the gel is lower than the value for water by a mesn difference
of only 1.66; on the basis of this argument this will be the maximum
effect that convection can have for this equipment operating under
these test conditions »nd is cénsiderably less than the calculated

error bound for the experiments,
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This is to take the worst possible case of error due to convection,
but, in fact, the absence of any effect from this cause can be shown from
the consistency of the results of the experiments on agar gels over the
range of test conditions, The temperature gradients across the cells
were varied by a factor of three and the mean cell temperatures by a
factor of two, but all the results agreed within the bound of + 1.541%
and - 1,0686, which again is well within the expected experimental error
limits. If convection had been a factor in the heat transmission across
the experimental equipment then an increase in the cell temperature
gradients by so large a factor would be expected to produce a corres-
pondingly large divergence in the indicated conductivities,

6.6 Experimental Procedure.

The test specimen of metallic psrticles suspended in an agar/water
gel was formed by casting in a lower cell wall ring which was held
between two perspex plates. During the setting of the gel the mould
was subject to continuous_agitation to prevent settling out of the dis-
continuous phsse. A visual check on the uniformity of the suspension
Was made before it was transferred to t@e conductivity measurement
apparatus. The apparatus was assembled with the upper cell being filled
with distilled water and the cell rings sealed against leakage by the
application of silicon grease.

With the assembly suspended in the water bath the upper disc and
bath temperatures were set to give the required thermal gradients and
the apparatus allowed to reach steady state conditions. This normally
took about three hours and was subject to the check of three consecutive

readings of the disc temperatures being constant; the readings being
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taken at intervals of approximately half an hour. The final disc
temperatures were recorded for calculation purposes and upon dis-—
mantling the apparatus the centre core of the test specimen was removed
for determination of solid content. By weighing before and after
evaporation of the gel the weight fraction and hence volume fraction
solid value of the suspension was evaluated,

Experimental results were obtained for suspensions of pure component
solid to liquid conductivity ratios between 26.5 and 646 to 1 and of up
to 30 per cent of solid phase by volume, at a mean temperature of 30°C.

The maximum error involved in experimentation was calculated to

be = 3.6%.



Table 6.1 Metal Powder Properties
Material Supplier Particle Shape Nominal Particle at 30°C
Size
Specific | B
Gravity
Copper Powder Spherical =300 mesh 8.92 647
Metallurgy Ltd
Stainless Steel B.S.A. Metal Spherical =140 mesh 7oB82 26.5
Powders Ltd 1
NG
3
Nickel International Spherical 7=91 8.9 146
Nickel Ltd
Aluminium Metals and Alloys | Non-spherical =120 mesh 2.71 386
(Birmingham) Ltd
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Table 6-2

Calibration of Thermal Conductivity Measurement Equipment and

Comparison of Conductivities of Water and 1 per cent Agar Gel.

Mean Ratio of Cell Thickness 1.1603
Maximum Experimental Deviation +1.5256, ~0.905%
Standard Deviation 0.009
Coefficient of Variance 0.772%

Measurements to Determine Gel Conductivity:-

Apparent Mean Ratio of Cell Thickness . 1.1421

Maximum Experimental Deviation +1.541%, -1.068%
Standard Deviation 0.013
Coefficient of Variance ; 1.11%

Deviation of Gel Conductivity from Water Conductivity:-~

Mﬂxim.'lm] - 20%
Minimum - 0.052%
Me al - 1 . 56%
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ALUMINIUM POWDER, -I20 MESH
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METAL POWDER PARTICLE SHAPES

Figure 6.2
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Figure 6.2
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RESULTS AND DISCUSSICH

7.1 Effect of Component Conductivities on Suspension Value.

The results of the experimental determination of the thermal
conductivity of suspensions »re presented in graphical form in figures
(?;l) to (7.5) and tabulated in table (7.l). The experimentation was
performed with the primary purpose of assessing the accuracy of the
prediction methods developed in this study but several general points
concerning the conductivity of suspensions may be made.

The experiments demonstrate the result, noted by Metzner /33/ using
Maxwell's equation, that the thermal conductivity of a liquid cannot be
increased by more than a fewfold even by the addition of considerable
quantities of a material of high conductivity. From figure (7.5) the
conductivity of the discontinuous component can be seen to have little
effect on the conductivity of a suspension provided that the component
particles are of a similar shape. The conductivily of a suspension
having a component conductivity ratio of 26.5 is very little below that
for a suspension with a conductivity ratio of 647. Figure (7.5) however,
demonstrates that foctors other than the conductivity of the discontinuous
phase have a far greater effect on suspension conductivity; a suspension
containing irregular shaped particles has » greater conductivity than
one containing spherical particles even though in the latter case the
component conductivity ratio is greater. Obviously then any departure
from sphericity in the discontinuous phase will have a ssvere effect
upon the accuracy of any prediction using the models developed, since the
sssumption of sphericsl particles is seen to be critical and cannot be
overlooked in extending the methods outside the terms on which they are

based.
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The assertion of Baxley and Couper /18/ that an incresse in the
conductivity of the continuous phsse produces an even greater percentage
increase in the effective conductivity of the suspension was not upheld
by this study. This conclusion was reached by Baxley and Couper on the
basis of comparing the experimental conductivities obtained from two
studies on suspensions containing the ssme discontinuous phase material,
being the work of McAlister and Orr /22/ with an aluminium - grease
suspension snd Johnson /23/ who studies sn aluminium - water suspension.
A suspension from each study with similar volume fraction solid vslue
was compared; both works stated that the aluminium particles were
irregular in shape. However, we msy 2lso compsre suspensions on the
basis of component conductivity rstio, a procedure just ss meaningful
since suspensions having the sszme conductivity rstio must of necessity
exhibit the ssme hest flow psttern and therefore the sszme normslised
suspension effective conductivity veslue, 2lways providing that the
simplifying assumptions regarding phase interfacisl effects snd radiastion
heat transfer can still be made. This being so it does not signify if a
chsnge is made in the conductivity of either the continuous or dis-
continuous phsse, the only psrameter to consider is the change in
component conductivity rstio and this will give the messure of the
effect on the suspension conductivity. Hence, we can see thst for
the assertion of Baxley snd Couper to hold would require the effect
of the discontinuous phase on the conductivity of the suspension to
become greater zs the component conductivity ratio wes reduced, wheress
figure (7.5) indicates that a slight reduction in the effect of this
phsse occurs in that the normaslised suspension conductivity is lowered

by a Small amount.
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In fsct, the use of the experimentsl results of McAlister ond
Orr in this compsrison weould sccount for this erronecus conclusion
since the suthor believes that there must be considersble doubt as
to the validity of these results. It sppears thot the experimental
conductivity vslues obtasined by McAlister srd Orr are considerably
below those that would be reasonably expected considering other studies.
To illustrate this point we may use ss an exsmple the comparison between
the experimental results and the predicted values obtsined using
Maxwell's equation. It hss been shown in this work snd in other studies
/10/, /18/, /20/ thet Maxwell's equation consistently produces a pred-
iction that is an underestimate of suspension conductivity for the
cese of sphericsl particles and therefore would e éxpected to be bissed
even more below experimentsl results for the case of non~-spherical
psrticles. However, the results of licAlister and Orr appear to be the
only ones in the litersture for which the experimental results gare,
with one exception, sll below the vslues to be obtsined from the
Maxwell equation, even for the csse of irregulasr particles. Obviously,
san explanation of this phenomenon csnnot be advanced but the use of
grease as the continuous phesse in the experiments would suggest thst
gir entrzimment in the mixture msy well hsve been 3 problem.

7.2 Comparison of Experimental ond Predicted Conductivities.

The two models developed in this study were used to predict the
conductivities of the suspensions containing sphericsl particles that
were used in the experimentsl work; the results are given in tsble
(7.2) together with the predictions obtained from the use of seversl

other methods. The other methods used were those due to Maxwell /1/,
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Bruggeman /8/, Cheng and Vachon /14/, Jefferson /11/ together with the
" variations on this unidirectional heat flux model outlined in section 2
end also the resulting conductivity from taking the two phases in a
series combination. The error of each prediction, expressed ss a
percentage, for the individusl results is given together with the
mean prediction error for the case of each combination of components
and an oversll mean error for all the experimentsl results considered.
In the error a=nalysis for each suspension and for the overall case, the
mean error is the aversge percentage deviation of the prediction for the
experimental value. The variance of the error indicstes the distribution
of the errors sbout the mesn error snd is therefore a measure of the
consistency of the prediction,whilst the vsriance of prediction denotes
the distribution of the prediction about the experimentsl values thus
giving a measure of the sccuracy of the prediction. The aversge biss
of the error denotes the smount by which the prediction, on the gversge,
exceeds or underestimates the experimentsl value,

As shown by figures (7.1) to (7.4) snd table (7.2) the author's
predictions giwve good ggreement with the experimental results where
the suspensions conform with the sssumption of sphericsl particles.,
The unit cell model predicts the suthor's experimental values with
an overall mesn error of 2.55 per cent. This compares favourably with
the calculated limits of error that may be attributed to the experimental
method which were - 3.8 per cent. The random placement model predicts
the spme results with zn overall mean error of 6¢6h.per cent and is
bizsed below the experimentsl vzlues by 6.53 per cent. In the lstter

case the model is subject both to the error in evsluating the bssic
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unit conductivity snd the simulated two-component system conductivity.
The individual errors of the unit cell model prediction were fairly
constant throughout the range of volume fraction solids considered,
while those of the random placement model tended to incresse as the
discontinuous phsse content increased,

Bruggeman's prediction method also proved extremely accurate with
an overall mesn error of 3.371 per cent and also exhibited the same
tendency for the error to rise as the volume fraction solid. The models
of Maxwell and Cheng and ‘If;chon performed almost equally well, with the
former proving more accurate at low volume fractions whilst the accuracy
of the latter increased with the volume fraction solid value. Jefferson's
model and the variations derived from this have been fully dealt with in
section 2. The models all produce an underestimate of conductivity on
the average with the one exception of Cheng and Vachon, disregarding the
unidirectional heat flux variations,

The various prediction methods have also been tested against the
experimental results obtained from other studies /11/, /20/, /23/, with
only the results for suspensions containing spherical particles being
considered. The results of licAlister and Orr are not included for the
reasons stated above, although some previous investigators have included
them in testing their predictions. Table (7.3) shows the results of
the comparison for all the experimental work to hand. The unit cell
model again provided the best overall prediction record with a mean
error of 6.56l per cent whilst the random placement model had a mean
error of 10.69 per cent. Bruggeman's model agsin proved accurate,

somewhat surprisingly in view of the previous neglect cf this prediction
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in favour of Maxwell's equation, which however did not give nearly such
good results. The model of Cheng and Vachon had an overall mean error
of 9.26L per cent and was again overall slightly overestimating the
conductivities. The results of Jefferson's model and the variations

of this technique again demonstrate the uncertainties associated with
the assumption of a unidirectional heat flux., One particular prediction
method may, in the case of an individual two-component system, produce
a result that is inconsistent with its performance in the csse of other
systems; this may be due to the effect of particle shape. For example,
if there is a departure from particle sphericity and a consequent in-
crense in system conductivity, then Cheng and Vachons' model, which
tends to overestimate conductivity for sphericsl particle suspensions,
will be likely to produce the most accurate predict£on. This may be
seen in table (7.4) where comparisons are made between the various
prediction models and known irregular shaped particle suspensions.

In fact several studies have reported their work on the basis of
component and suspension conductivities being given in various systems
of units; this method does not allow of easy comparison between dif-
ferent systems =nd may lead to the overlooking of discrepancies which
may be attributed to the departure from psrticle sphericity. The
effect of this sensitive parameter msay best be determined by presenting
conductivities in a normalised form.

7.3 Use of Direct or Indirect Simultaneous Eauation Solution Method

for this Problem.

A comparison may be made for the use of an indirect or direct
method of solving the sets of simultanecus equations that result from

the spplication of a tridirectional heat flux to this problem.
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An indirect method is decidedly more economical in computer storage
requirements and will also prove more efficient regarding execution
time providing a suitable relaxation factor is chosen. As a coh—
sequence it is possible to utilise a finer grid on a given computer
and thereby enhance accuracy, with the added advantage that the method
allows of easy modification of the computer program to change grid
characteristiecs. Although based on iteration the indirect methods are
less prone to the accumulation of rounding errors than the direct
methods since only those occuring on the last iteration are of con-
sequence,

A direct method will offer only the advantages of not requiring
any decision on acceptable convergence levels or relaxation factors,

In general, although suitable for small sets of simultsneous equations,
it is more difficult to program and once it is programed 1t requires to
be completely rewritten to effect any basic change,

The indirect methods also offer the advantage of probably being
easier to visualise in physical terms =nd are therefore closer to
producing s model in the full sense of the word,

Both methods appear satisfacltory as regards any mathematicsl con-
sideration when used for this problem so that the indirect methods
appear to offer overriding advantages.

7.4 Conclusion.

Prediction metheds for the thermal conductivity of suspensions
that are based upon the assumption of a unidirectionsl heat flux contain
sn inherent inconsistency and require a solution procedure that is

entirely arbitrary in nature,
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Two prediction techniques have been developed which' overcome some
of the restrictions placed on previous solutions. The unit cell method
extends Jefferson's model giving a considerably improved prediction and
cen be used to produce accurate results where the greater outlay in time
and effort is justified. The random placement method, whilst not proving
80 accurate a predictor as the former, goes some way to providing a
closer model of actual systems and is capable of being extended to the
case of suspensions containing irregular shaped particles by allowing
anisotropic conductivity values in the basic unit.

Quick and accurate predictions can also be obtained using the
explicit equation developed by Bruggeman /8/ which proved the best of

previous solutions,
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Table 7.1

Experimental Thermal Conductivity Results

T System: Copper - Water Suspension, © = 647

Temperature 3000

Volune Fraction Solid K, /Kc
0,015 1.079
0.023 1.081
0.053 1.256
0,087 1.399
0.092 1.406
0.118 1.605
0.173 1.912
0.231 2344
0.297 2.891

2. System: Nickel - Water Suspension, © = 146

Temperature 30°C

Volume Fraction Solid Ky /Kc
0.029 1.090
0.065 1.234
0,313 1.436
0.130 | 1.554
0.1 1.49
0.199 1.957
0.263 2,116
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Table 7.1 continued.

3. System: Stainless Steel - Water Suspension, © = 26.5

Temperature 30°¢C

Volume Fraction Solid KS/KC
0.024 1.079
0.037 1.123
0.056 1.128
0.068 1.246
0.070 1.261
0.109 1.435
0.135 1.615
0.195 1.883
0.251 2.251
0.307 2.697

L.  System:  Aluminium - Water Suspension, O = 386
. Temperature 30°%C

Volune Fraction Solid KS/KC
0.042 1.248
0.042 1.253
0.095 1.692
0.095 1.687
0.133 2.066
0.133 2.068
0.165 2,469
0,218 2.859
0.286 3.753
0.299 3.773
0.299 3.770




FRPERIMENTAL HESULTS, THEORETICAL PREDICTIUNS adh EMBUR aANALYSIS FUR THERMAL CONDUCTIVITY OF SUSPENSIONS

CNPPFR-WATER SVYSTEM, AUTTERFTIZLD
ENPERIMENTAL RESULIS A4D THEMORETICAL PREDICTIONS FOR X=SUSD/K~CONT

Xhrke VE Kb P UNIY (ELL wWaNOUM MAXWFLL ARVOUGEMAN Cw_ % VA, JEFFERSON MODEL 2 MODEL 3 MODEL 4 SERIRS
6T 1SL0 0.0YS N BI90 V.0a86 Y. G6e2d 10458 1. 0844 1.497Mm 1.0283 1.9321 1.14848 1.3938 1.0452
647, 1540 N, 023 1 _GhAR 1.0754 1.0038 1.0703 1.0723 1.2240 1.0462 1.0523 L2111 1.6972 1.0235
LT 1540 OB 0R%Y v _ 2457 1.1922 1. %A1 1 1amm 1.177% 1. 3429 1.17254 1.1472 1.6157 1.818n0 1.0985%
Gal V54 D,0R7 N1.3u93 1.3468 1. 27958 1. 2846 1.3140 1.5527 1,2372 1.2840 1.6304 2.1552 1.095
44 156 D A2 1 4y S Y. 3A88 1, 7285 1 3n2e 41,5358 1.5717 1.25564 1.35095 1.56448 2,2054 1.1011
ALT 1540 0,118 Y ,60LA 1. 49994 11,6152 1,3993% 14575 1.7103 1.3601 1.46453 1,.8M 2,4756 1.1%35
47 454N 6,123 A 04Dy 1 R17R 4 DA& 11,4241 1. 7440 2.0156 1.5%49 11,8247 2.2014 3.1279 1.2085
64T 1500 0,451  2,3542 2.2405 2.1146 1_8v58 2.1994 2.359840 2.0228 2.6158 2.659% 4,0198 1.2995
64T 1560 0, %7 2. B%1% 24,9130 ¢,.728Y 2,259 2.A7A3 2.9559 2.63462 3.4996 3.5107 5.5111 1,425

FLVCENTAGE FRAURS BETWEEN THEORETICAL AND EXPFRIMENTAL THEQMAL CONDUCTIVITY

Khinr ve KeaF¥P UNIT CELL RANDOM MAXLFIL ARUGGEMAN M, R YA, JEFFFRSNN MODEL 2 MODEL 3 MODEL & SERIESR
47,156 0, n18 1,079 3. 11a 3,629 3.1n? 3.n2% R.L47? AL &,342 6,471 29.172 $.912
AL? 154 N Pl 1,81 n.6hé& 1.628 1 0609 n,A2% 12.924 3.723%0 2.625 12.01¢ 33,479 $,33%
BLT. V54 0,053 1.256 5,057 ;6% T.08P 6,230 10,128 10.577 8.637 12.744 Wb 782 15.913
647,454 0, 0R7 1,369 3.923 B,561 & 210 6,094 10,963 1. 587 8.n%4 16.514 S4.017 21,737
647,154 0 092 1.406 2,676 T.6%99 ‘7.%8% L. 988 12.222 10,691 6.4857 18,201 56,871 21.477
647,156 0,144 1,605 6,504 11.939 12 804 9.182 6,575 15,240 9.934 13,854 54,265 29,345
647 154 0,178 Y.912 4,952 10.6593 15,064 7.53%0 $.411 14,497 4.573 15.130 53,.5R¢ 34,742
67 154 0,281 . Lk 4, 424 v.7%6 19 1%0 6.19% 2.293 13.712 3.054 13,456 71.480 h& 553
647 184 ), 297 Z2.899 nh.75? 5.6%8 21,860 0.643 2.26¢2 K.81¢7 21.046 1.512 90.624 5G,33n

UNIT CELL RANDOM MAXWELL BRUGGEMAN CH, % VA, JEFFERSON MOLEL 2 MOPEL 3 MODEL & SERTES

ME Qs ERBOR 3.97% 7.43% 10.s23 “.9406 7.912 15.5148 7.68% 13.655 55.919 25.7%0
VARTANCE DF ERUNR 0.000 0,001 0.004 n.00% n.001 0.002 0.003 0.001 0.030 0.02%
AVERAGE "ILAS NF FRROR =5, 604 7,433 =10.623 -4 Y6Ln 7.912 =10, 514 -2.329 13.655 £5.319 =25.,794
VARITANCE OF PHEDICTION n.nos 0,022 0.nas 0.009 fn.01 o.na2 0.069 0.064 1.523 n_LAT

NICKEL=WATER SYSTFM, AUTTENFIELD
EXNPERIMENTAL RFSULTS AMD THEORETIAAL DPRAENHICTIONS FNOR K=SUSD/K=CONT

Kplke VE K=FXP UKIY CELL RANDOM MAXWELL BRUGGEMAN FH, & vA, JEFFERSON “ODEL 2 MODEL 3 MODEL & SERIES
146, 35415 0,029 1.0K97 1.0946 11,0809 1.0877 1.0923 1.238n 1.0573 1.0879 1.2087 1.4681 1.0297
146,549% 0,085 14,2434 1.2395 1.1940 1,206 1.2234 1.46175 11,1519 1.1863 1.4082 1.810R 1.0690
146,3415 0,113 11,4560 1.663% 11,3776 1,.3735 1,643529 16474 1.3133 1.4013 1.4676 2.2520 1.1244
166, 5445 n, 130 11,3542 1.5%14 1,4506 1,437 1.5184 1.7320 1,.34n7 11,4953 1.7613 2.6176 1.1488
146, 3445 0,141 1.6192 1.61%8 11,4972 1.4809 1.57rr 1.7832 1.4273 1.5614 1.8233 2,529 1.162R
146,5405 0,199  1,987¢ 1.9894 11,8385 11,7246 1.9458 2.112% V. 71658 2.0n22 2.173 3.1943 1.2402
166,3445 0,243 22,4155 2.4479 2.3199 2. n0a14 2.6980 2.5503 2.1405 2.7355 2,.6258 L,1798 1.353¢4

DEOCENTAGE FRRURS BETWEEN THEOHETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

Korxn VE Kef XD UNIT CFLL HAADOM MAXWELL BRUGGFMAN (€W, & VA, JEFFERSOM MODEL 2 MODEL % MOREL 4 SEQIES
145,341 N, N29 1,190 N, &5%n 0.ROR @, 1RN 0,239 13.618% 2.974 2.004 10,842 X4,725 5.914
Y46, 341 B, 068 1,236 N, 478 3.210 2.395 N.82R8 14,904 6,624 J.83¢ 164,154 L6 ,TES 13.342
164,347 0,143 1.¢546 1.9158 L, 067 4, 353 0,243 14.722 8,562 2.4%0 16,118 56 827 21.55%
168,241 6,130 1,554 .17 b, h0A T _4R4 2.291 11,438 11,145 3.7R8 15.527 55,558 25 119
148,340 v, 141 1616 N, 4HKR 7,935 4,543 2.59A4 10,4635 13,854 3.542 12.605 56,196 2h.184
146,341 0,199 1,957 0,.6/% 0,085 11, 782 .58 7.93%7 12.243 2.257 11.029 65.335 35 .32%
146,341 1 283 2,18 2,997 5.958 15.4438 3.617 5.5%80 11.383 13,249 8.707 73.0419 L3 . Db

UATT CELL RAMDOM MAXUFIL ARUGGEYAN ©M_ X uA, JEFFESRSNN ®MODEL 2 MANEL % MODEL & §FRIES

MEAN ERROR 1.017 4,615 ?.175 1.4aT 14,233 G 261 4, 447 12,349 55.240 25.000
VAR]IANCE AF Eaone ¢ pan N, o600 f),n-"e LI Y T a, L0 Q.01 O,.00% N.nn% f.0%3% Q.5
AVEQRGE BIAY NF FOROW 0LA%0 =4 818 =7 _17% =, e03 11.235% =3 261 =-0.ngs 12.34% 55.210 =25.9G49

VARTAMEE o F PREDITTION Ykl 0. unA n.nxs 0, en n,N3 0.n14 n.a%s 1.052 0,305
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KD/ur
26,5040
26,5040
26,5040
£h, 5060
2A_ Mg
20,5040
au.‘JI“-"
2o.5040
26 . 5040
26,5060

Kp/ixe
26,504
26, 504
26,506
26,504
26,504
26,504
26,504
26,804
26,50k
26.504

MEAN

VE
n,n24
0,087
0,054
n,0AR
s
0,109
n.1 55
H,1%5
0,251
0,307

VE
n, 024
H.N%7
n,056
n,nN68
N, arn
n.,109
0135
n, 195
0,e51
0,307

ERBOR

KeaFXD
1.0785
1.1228
1.185
1, 24604
1.2613
1.64888
1.6146
Y. un2y
2.25%14
?2,6U66

UNTT CFLL
1.0697
Y.1134
1.1821
1.2276
$,235%
1.394%9
1.5136
1.825%
2 _1HDA
2.6472

STAINLESS STEEL-WATER SYSTEM,AUTTERFIFLN
EXPFRIMENTAL RESULTS AND THEORETICAL PRENPICYIONS FOR K=SUSE/K«CONT

RANDOM
1.0573
1.0928
1.1642
1.174s
1.1902
1.%105
1.4088
1.6783
1.9491%
2,3639

MAXWELL BRUGGEMAN €M, & VA, JEFFFRSOM MODEL 2
1.0655 1.0754 1.1543 1.0604 1.0486
1.1627 1.1198 1.2142 1.0664 1.041%1
1.1582 11847 1.2925 1.1048 Y.15LR
1.1964 1,23%2 1.34p2 11372 1.1724
1.2008 1.2652 1,368 1.%42¢2 1.1790
1.35242 1.4157 1.9012 1.%2454 1.3236
1.46122 1.5651 1,5054 1.3302 1.6258
1,634 1.9170 1.8645 1.551% V. 7728
1.8689 2,.3799 2.1677 1.8n59 2.1940
2,1362 5.0047 2, 4837 2.1154 2.764¢

MOREL %
1.1145
1.1489%
1.2450
1.2920
1.2995
1.46543
1.55%9
1.3037
2.0622
2.356

PERPCENTAGF ERRNORS BETWEEN THEORETICAL AND EXPERTMEWNTAL THERMAL CONDUCTIVITY

K=ENP UNIT CELL RANDOM MAXWELL BRUGGEMAN CM, & VA, JEFFERSON MODEL 2

1.079
1,123
1,124
1,246
1.261
1,635
1,615
1.8R%
2.2
2.697

VARIANCE OF ERPOR

BVERAGE

81AS OF

FERUR

VARTAMCE NF PREDICTION

MFE AN

FRENRA

VARTANCE OF EQuQp
AVERAGF B1AS NF FRROR
VARTANCE OF DREDICTION

N.814
0,819
W, 768
1.508
2,041
2.752
t, 26K
- 19
3.1%64
1.852

UNIT CELL
2702
0,000

-1, 758
n,o0%

UNIY CELL
2.553
g.onn

=1.631
0,003

1.966
2.690
1,609
S5,.L4R
5.637
8,701
12,746
10,857
11,642
12.338

RANDOM
7,543
0,002

=-7,.061
0,029

RANDOM
6,640
U, 001

=6,551
0,021

1.174 n.,269 7.210 3.536 2.768
1.789 n,272 B.145 5.027 3.745
2.054 5.358 14.55% 1.764 0.574
L 176 0,895 7.524 8,760 5.93¢4
L. B24 1,433 6. A73 9.4k 6.525
7.747 1,510 4,581 13,000 7.78%
12,534 4,306 n.S545 17.617 10.887
13.2nh7 1.820 0,859 17,591 5.836
186,990 S.707 L.508 19,739 2.549
20,782 11,425 7.915 21,554 2.51S
MAXWELL BRUGGEMAN CM_ % VA, JEFFERSOM MODEL 2
8.998 3.299 6,282 11.430A L.909
0.004& 0.001 0,001 n,o0n0% 0,001
-3,057 1.562 3,497 =11 _Bod -4,291
0.n58 D.0%2 n.né 0.079 0.008

OVERALL ERROR ANALYSIS

MAXWELL ARUGGFMAN €M, £ VA, JEFFFESOM MODEL 2

a.912 3.371 A, 179 10,607 5.766
0.004& 0.0064 0,002 0,003 9.002
-8.708 =-1.220 7.108 10,407 =2.458
0,040 U.008 0.017 9,053 0,025

MODEL 3
3.3%4
4,103

10,341
3.657
3.0%0
1.90R
3.758
L.198
8,404

12,62¢

MODEL 3
5.458
0.001

=f), 240
0.018

MODEL 3
10.156
0.002
7.924
0.040

MODEL &
1.2213
1.3139
1.4398
1,.5146
1.3293
1.7770
1.9474
2.3792
2.8584
53,4532

MODEL &

3,
- [
27
21
21
23,
2n,
26,
26,
28,

24t
022

.A0S
.&75
L2444

801
624
371
961
057

MODEL 4

22.
6.
ge.
0.

A1
onz2
661
171

MODEL &

62,
9.
“?,
0.

835
040
235
276

SFERIES
1.N234
1.0%62
1.0579
1.0700
1.0722
S92
1.1493
1.2340
1.‘*8‘-
1.4193

SERIES
5.087
7.649
6.323

14.154

14,891

22.17n

24 _R15

34.818

41,439

47,344

SFRIES
22 . 264
0,021
=22.261
n, 333

SERIES
24,720
g.02n
=~24.220
6.372

[[1uoD] 2,290}



EAGERIMENTAL FESULTS, THEORFTICAL PREDICTIUNS AMD ERRCOA ANALYSIS FUR THERMAL CONDUCTIVITY OF SUSPENSIONS

CNPBEH=WATER SYSTEM, alfTERFIFLB
EXFERIMEMTAL RESULIS A4D THEGRETICAL SREDICTIONS FOR K=SUSP/K=-CONT

Khier VE K«EXP UNIY CELL RaAaNPOM MAXHFLL RRUGHEMAN
AUT, 1540 0 015 3 6790 1.9684 1 0420 11,0458 1.0464
64L7,1540 N 023 1, 0842 1.0738 ¢ 0838 1 0703 1,073
647, 1540 0.083 1 2587 1,192 1.14n9% 1 _1a71 1.,9775
saf V1540 0,687 11,3693 1.3466 41,2795 11,2844 1.3140
47,150 N, 92 1,46059 1.3AB8 .. Y,.2985 1. 3%02L 1.3%3543
647 1540 D.118 11,6044 1.499% Y _ 61352 1,1993 1.4575
GLT A% 0. N78 1_0121 T RYTR A THAL 1, 4240 1.7AAND
SLT ASE0 6,239 2, 3442 2.2405 2.1146 1,38953 2.1999
GuT 1560 D.EST  2.8911 2.91350  2.7281 2,259 2,8/733

Cu, A2 VA, JEFFERSON RODEL 2 S0PEL 3
1.97m 1.N02R% 11,9321 1.T48%
11,2213 1.066¢ 1.0528 1.21%
1._%479 1.1254 1.9472 1.4157
1.55%27 1.2%37¢ 41,2840 "1.6304
. ST 1.2554 1.3095 1.6618
1.7103 1.36Mm 11,4453 1.8271
2.0155% 1.6%L9 1.8247 *2.201a
2.3980 2.0228 2,463538 2.4596
2.9559 2.6342 3, 4996 3.307

BLRCENTAGE ERRURS BETUEEN THEORETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

Khiwr Ve K=E¥P JNIT CELL WANDOM MAXWE|IL BRUGGEwaN
64T .18 0 _N15 1,079 5. 114 3,429 3,107 3.023%
ALT7 156 N 02l 1,081 0,684 1.828 1,009 0.82%
47,154 0,053 1,256 5.657 F.613 7.057 6.230
647 154 0, 0R7 1,559 3.923 8,569 8,21 6.095
047,154 N 092 TLa06 2.674 7.639 7.381 &.988
647,154 0,118 1,605 6,584 11,939 12.808 9.182
847,156 0 173 1,922 L,9%2 10,853 15, 06s 7.538
647,154 4,23 2,344 L. hk26 Y.7%6 19 13y 6,199
647 . 154 0,297 2.494 0.757 5,638 21,880 0,443
UNIT CELL RANDOM MAXWELL QRUGGEMAN

MEAN ERQOR 3.5 7.433 10,423 6,948
VARITANCE OF EQUOR u.000 0,001 0.00& 6.0019
AVERAGE BI1AS DF ERADR -3 404 7,433 =10.423 “h 9Ls
VARTANCE OF PREDICTION 0,00% 0,022 0.0RL 0,009

CH, B VYA, JEFFFASON MODEL 2 MODEL 3
R.L47 L,A9S L, 362 6,471
12.928 3.239 2.5625 12,014
0n.12a 10,377 &.4537 12.7644
10.945% 11,.5K7 a.094 16,514
12.222 10,691 6.0857 18,201
6,575 15,240 9.9%4 13,454
$.411 14,487 4,573 1%.130
2.293 13,742 3.054 13,454
2.242 5,317 21.046 14,512
CH, 2 VA, JEFFERSON MODEL 2 MODEL 3
7.912 16,514 7.68% 13,655
0.001 0,002 a.003 0.001
7.912 -10,318 -2.329 13.655
a,Na 0,042 0,009 0.064

NICKEL=WATER SYSTFM,AUTYTEWFIELD
EXKPFRIMENTAL RFSULTS AND THEORETICAL PREDICTIONS FNR X=SUSP/X=CONT

Kb/ee VF KeEXD UNIT CELL RANDOM MAXWELL BRUGGEwAN
164,3615 2,029 11,0897 1.0946 11,0809 1,0877 1.0923
146, 541% 0,085 11,2334 1.2395 - 4.1964 1.204) 1.223¢
146,344% 0,113 21,4380 1.463% 1.3776 1.3735 1.46329
146,546%5 N, 130 11,5542 1.5514 91,4506 11,4376 1.5184
140,3¢15 0,140 1,692 1.6%495 1.4872 1.4809 1.95777
140,365 1,199 1,957¢ 1.90%46 1 8235 11,7246 1,9453

146,3615 0,263 2.4155 2.4879 2.3199 2,041k 2.4980

CH, & vA, JEFFFRSON “ODEL 2 HODEL 3
1.238n 1.0573 1.0479 1.2057
1.46175 1.15%19 1,1863 1.4082
1.6674 1.3133 1.4013 1.6674
1.732¢ 1.3407 1.4953% 1.7613
1.7882 1.4273 1.5618 1.8233
2.112s 1.716h 2.0n22 2.1711

2.5533 2.1405 2.7355 2.6258

BEGCENTAGE ERAORS BETWEEN THEORETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

Knzee VF KeEXD UNIY CELL RAANDOM MAXWELL BRUGGFEMAN
148,341 N N29 1,880 0,450 0,808 wu.1R0 0,2%9
148,341 0,068 1.2354 n.478 5.210 2.395 0,823
144,367 6,113 1,434 1.915 L,.N07 &4, 353 0,213
166,347 B.1%0 1:55¢ 6.147 6.0%4 7. & 2.291
164,341 0,141 1.%1% O, unR 7,535 4,543 Z.564
146,341 0,199 1,957 .63 0.0865 11,732 N.5R1
148,34 1, 243 2,618 2.997 £.955 15.43n 3.817

UMNIT CELL RAMDOM MAXUELL BRUGGEwAN
MEAN ERROR Y.017? 4,515 7.175 1.447
YARI&AMCE AF faror 0,090 (L 1 ] n,ang2 . 0o
AYFRAGE HTAE NE ERROR D.RLg =4 515 =7 _.175 -, 403

VARIANTE NF PREDICTION v, ang D,duR n.n33 4,401

CH, & va, JEFFERSON MODEL 2 MODEL %
13.613 2.974 2.004 10,642
14,904 6,824 3.83¢L 14,458
14,722 8.5&? 2.4%% 16,116

1.43% L1465 3.788 13,327
1n.438 '1 ass 3.542 12.605
T.v37 12. 2*3 2.257 11.0¢2%
5.580 11,353 13,249 B.707

CH. %X VA, JEFFERSON #ODSL 2 MOBEL 3

14.233% 9.261 4. 4Ly 12.24%
P T S 0,001 0,001 .00
1.233 =y 281 =-0.0125 12.356
G.%29 n.032 0.n1é 0,039

Ll

FL &

11,3934

1
1
2,
24
2,
30
L,
5.

MOD
Fi

38.
Wi,
54,
56,

56

53,

71

90.

MOD

55.

0

58,

1

MOD
q
1
2.
2.
2y
-
‘.

MOD

3a.
L6,
56,

%%

56,
65,
75.

Mon

- 105
0.
55.
12952 .

L4972
LA180

1552
2054
L7564
1279
nNi19a
5111

EL &
W g
wre
a2
017
871
265
SR&
LeBD
b24

EL &
919
.030
$19
.523

EL &

L L6R
.810R

2520
176
5291
1968
1798

EL &
725
729
8§27
556
106
335
nas

EL &4
210
013
219

SFatrs
1.0152
1.023S
1,0559
1.0951
1. T011
1.1335
1", 2088
1.2993
%1.4215

SFRIES
S.9%2
5,334

15.913

21.737

21.A77

29 345

35,7482
&,.55%

56,330

SERTES
25.790
0.02%
=25 790
N, LAT

SERTES
1.0297
1.0490
1.1264
1.145%3
1.9c28
1,266
1.3534

SERIES
5.5%1n
13.342
21.55%9
26 . 11¢
2h.184
35.321%
el . Vo

SFRIES
2%.000
d.015
-25.1060
n,_3as
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nrNe vE KeEXD
265040 0,024 N, DPES
24,5040 0,037 V,1226
2hH 5040 D,0%s % 123%
25,8040 g,0k8 1, 24A4
26,5040 N.070 11,2614
25 5040 0.IN9 9 43Sa
25,5040 D.ASS A, 0614uhb
26,5040 0.19% 1.8he7?
24,5040 0,251 2,25V4
26,5040 0,507 2.6Gb64

FYPERTHAENTAL RESULTS AND

HNLT CELL
1,0897
1.11%4
$.1821
Y\, 22PA
1,2553%
1,8939
1,534
1.073%
2,1308
2 64T

STAINLFSS STEEL=-WATER SYSTEM,BUTTERFIELP

RANDOM
1.0573
10926
1.1442
1.1785
Y1904
1.3105
1.4084
1.6763
14,9493
2.34%9

MAXWELL BAUCGEMAN
1.0458 1.0758
1.,1027 1.1193
11,1942 1.18A7
1,19464 1.2%52
1.2003 1.253%2
1.52482 A.4157
1.4122 1,545
1.6541 1.9170
1,80R9 2.5799
2.13%a82 30047

TREDRETICAL PREDICTIONS FUR ¥=SUSP/K=CONT

CH, & VA, JEFFERSON MODEL 2 MODEL 3
1.1563 1.04604 41,0486 1.%146%
V.2142 1.3444 1.0411 1.168%
1.2925 1.1n86 1.1348 1.7434
1.3402 1.13%%¢ 11,1724 1.2%20
1,568 1.1422 1.179%90 1.2998
1.5v12 V., 24814 1,323%48 Y. 5513
1.6058 1.3502 1.4383 1.553%%
5.8645 1.5515 1,7728 1,80%7
2.1477 1.505% 2.1%40 2.0622
2.48%2 2.1154 2. 7644 2.156

PERCENTAGE ENMGRS OETWEEN THEORETICAL AND SXPERTIME~TAL THERMAL CONDUPTIVITY

KD/Ke VEF K=FyD
26,504 0,024 1,079
26.504 0,037 A ]
24,504 0,056 1,128
26,504 0. 0M8 1,246
26,504 0,070 1.261
¢b.5n4 0,109 1.43%5
24,506 D138 1.615
26,504 0,195 4.8R3%
eb. 504 0,259 2.2
26,506 0,507 2.497

MEAN EHROR
VARTANCE OF ERRGR
AVERAGE B1AS DF FRROR
VARTANCE OF DPREDICTION

Kpriue ue KwFup
062, 88A0 N 194 2 7545
1062, 8600 0,251 3.2729
1062, 860) 0,390 3,934
1062.848n00 0,375 S5.1770
1062 ,B800 0,425 66,2600

UWNTT CELL
0,816
N, A9
6.T6R
1.508
2,081
2. 752
H.268
3.055
3,134
W

UNIT CELL
2.712
l‘. a0

-1.75%48
0,303

EXPERIMENTAL

UNLY CELL
1,761
2.467212
5,09354
&, Sabd
86,2117

FERCENTAGE

Knikr \VE K=EVD
1062 360 0,194 2.7%4
10A2.340 0,514 3,223
10682.,8460 0, 310 5.3
1062 880 0,375 SA2T
1002,865 0,423 45,240

MEAN EROQOR
VARIANCE OF EnRON
AVERAGE A1A% NF Fauitp
VAQIANCE IF pREDICTILY

HNTTY EEV,
24 Anp
26,475
21,.%16
15,002

n.4%4

UNTT GELL
18 290
A AYn
=14 29N
n.532

RANDOM
1.966
2.6%0
1.409
5, hk4n
5.637
4,701

12,746

10,857

11,642

12,3358

BAMGOM
7,343
o002

=7.051
0,029

MAXWELL BRUGGFMaAN

1.17¢ 0.269
1.789 0,272
2.8564 5.356
L, 176 n,A9S
4. 824 1.433
T, .47 e e e
12.538 4,304
13.2497 1.820
in, 990 5.7a7
20,743 11,425
MAYLFIL! ARUGHEMAN
R, 548 3.299
a.0n4 R
‘B,nS? 1,562
6,054 0.0v2

LA, & VA, JEFFERSON wODEL 2 »ODEL 3
7.210 5,538 2.7¢68 3.33%
8,145 5,627 3. 743 4,103

14,556 1.768 0,574 10.341
7.524 8,760 5.934 3,657
A 478 y.bks 6,525 5.050
4,581 15,.00u 7.779 1.1048
n,.545 17.647 10.847 3.758
0.459 17,591 5.834 4. 198
L.60B 19,789 2.549 8,406
T.715 21,554 2.515 12.629

CH, R VA, JEFFFRSON anneL 2 MODEL 3
8.282 11,805 4,909 5,458
n,un n,a0% 0.901 0,001
3,497 =11,3(058 =L, 291 -0,340
n,012 i, N79 6.008 6.013

GRAPHITE-SILICONE QF| SYSTEM,JEEFERSCN

RANDOM
1.8a3
2,31359
2,904&2
$.6345
L, 2276

ErrORs

RANAIM
32,5857
78,204
25,128
29,795
32,250

RANN(=
29 747
() B 1%
29,742
V., A21

MANWELL BRUGGEMAN

1.7194 1.90%8
2.0016 2.37%9
2.5423% 3.0441
2.791¢% 4,040
3.18R4 5.2056
BETYEEN THEQRETICAL

MAXMELL BRUGGEMAN

§7.548 Ju.d00
37 .ARA 26,1497
4D, 420 22.5N
kb nN74 20,8383
&R _904 16,577
MAXWELL BRUGGEMAY
&2 174 23.359
A un2 G,
42 471 =23, 849
4,017 0.890

ReSULTS AND THEOREYICAL PAREDICTIONS FOR K-SUSE/K-CONT

TM, & VA, JEFFERSON “ODEL 2 NOREL 3
2.1543 1,7405 2.018% -
2.56354 2.2205 2.7020 2.9238
3.10mM 2.84%5 x.83%26 5.5842
3.9402 X, 8837 6,1527 64,5745
4. B246 . 9712 9.7u98 5.5003

AND EXPERIME“TAL THEAMAL CUNDUCTIVITY

CH, & VA, JECFERSON ODEL 2 MONEL 3
£1.786 35.357 26.700 12.240
2N, 443 31.102 16,143 9.291
en vé? 27.520 2.516 8,832
23,3591 25,3285 18,550 11.638
22,582 2u,333% 56,247 10.252

CH., T VA, JEEFERSON ~OOEL 2 MODEL 3
29 953 27,936 24095 10.45%1

a,000 v, 003 n.c¥2 e.000

=24 955 =27.9%4 5.044 -10,.451

1,001 1.2%2 2,81 n.219

MODEL 4
11,2243
1.3130
1.43%8
1.5146
1.5293
e o 4
5,976
2.3782
2.8584
3,4532

MODEL &
13,244
17.022
27.605
21.675
21,244
23,801
20.624
¢6.37
26 941
28 . .0657

MADEL &
22,4661
0,602
22,444
0.171

MONEL &
23,4645
L, 4706
6.,0172
§.0236

15.5229

MODEL 4
e5.78%
33.715%
535,054
74.303

118,714

MOPEL &
81.714
n, 102
&1 .714
14,850

SERTES
1.0234
1.03640
1,0870
1.0700
4.0T22
1.1172
.1493
1.725140
1.3184
1.4193

SERIES
5.087
7,649
6.323

14,151

164.991

22,170

28 A1

34,615

61,439

47,368

SEAlES
22,261
n,02%
=22.26%
1333

SERTES
1.2604
1.3347
1.46RT
1.5991
1.7319

SERTES
fu. %4
S&.SAT
63,151
&y ., 142
72,245

SERTES
8% &12
0, nac
=55./12
Q. .n2¢

€/, 219DbL
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Dl I5
287 9330 0.1/
287 9350 0.247
287,9300 0.321

K=FAP
2,%080
3.0060
5.8040

GRAPHITE~WATER SYSTEM, IFFFFRSNN

EXPERINFNTAL RESULTS AwD THEORETICAL PAEDICTIUNS FOR X=SUSP/K=-CONT

UNIT CEue

V. 7365
2.5656
5.2155

PERCENTAGE

RANDOM
1.9245
2.2451
2.934690

FAR028 BETWEEN THEORETICAL

MAXWELL BRUGGEMAN (M, R YA, JEFEFRSON NMODEL 2 MODEL 3
1.5084 1.69%2 1.9246 1.543% 4,7159 2.0262
1.97196 2.34622 2.6833 2.088% 2,.5843 2.6506
2.3944 3.1944 3_1475 2.7869 3.957S 3.3567

AND EXPERIMENTAL THERMAL CONDUCTIVITY

KD/KE VE K=EXP UNTIT £Eii AANHOM
237.930 0,181 2.INA 17 5828 22,756
287 .9%0 0.447 3,009 21,383 25.584
287,930 0,521 3.806 15,512 23,447

UH1T CELL RANDOM

MEAN ERRNRA 18.173 24,322
VARTANTE OF ERANR 0,991 a,000
AVERAGE AIAS OF ERROR =18,173 =24,.322
VARIANCE OF PREDICTION n.3n0 0,558

Ko/Xe Uk
00,0000 0,085
T00.0000 0. 097
08,0000 9,147
00,0080 6,162
7aa.0AA0 N.é218
TN, 00N 0, ghkk
No. 0060 0,380

p/ire VE
7a0 006 0,085
790 000 0,097
a0, 800 0,107
700,080 0,152
700,000 0,218
790,000 0,246
740,000 0,300

“EAN ERENR

K=EXpP
1.2100
1. 6000
1.61000
1.7000
2.,1300
Z.53100
2oy200

MAXWELL BRUGGEMAN CH. 2 VA, JEFFERSON HMODFL 2 MODEL 3
25,538 1V .676 8,499 26 . 758 18,401 3.8R0
34.510 e2.162 17.672 30.605 14,114 11.992
37.027 14,049 17.35n2 26, 775 3.980 11.RN6E
MAXWELL BRRUGHEMAN CHN. & VA, JEFFERSON MODEL 2 MODEL 3
32.375 19.302 14,691 26,046 12.231 9.200
4,002 0.0a1 n,on2 J, 000 v, 004 0,001
-32.375 =19.302 =54 ,491 =28,046 -9.578 =9 200
1.118 0.33%0 n.248 n.T35 n.119 0.112

COPUERWATER SYSTEM, JONNSON

EXOERTMENTAL RESULTS ANMD THEORETICAL PREQICTINNS FOR K=SUSP/X-CONT

UNTT CELL RANDOM MAXWELL BRUGIEYaAN

1.2649
11,3924
1.44624
11,4839
2.13142
2.355%5
2.9524

PERLENTAGE

K=fip
1.210
1,400
1.414
V.700
2.130
2,314
2,920

VAaRYANCE OF ERA0R

AVERAGE ATAS 0

ERRCN

VARIANCE (F PREDICTION

UNIT CELL
2.3
), 914
2.312
1.55%
.29
1.8A3%
1.118

BUNITY CE L
', 389
¢,.800
1. 055
0.901%

1.2010
1.5247
.54
DA
Junfe
L2300

7533%

R T

FHANIS AETWEEN THENRETICA)

1.2076
[P 745 g
1,.8577
1.5350
1.A51A
1,%423
2.2779

1.22%4
1.3581
1.4043
1.63vV9
2,991
2.%140
2.9155%

RANNOM MANXWUFLL RRUGGEMAN

B, Tuk
5,593
5.946
o
5.73%2
3.463
5.548

RANDBDM
6,517
0.200

-4 517
.10

n,198
S.062
5.736
9.704
14, 0602
15.0314
21.9%n

MAXWE L
10.962
0.9¢5
=10.0s2
0.0%4&

1102
2.992
W, &4n8
3.536
1,825
N, 1%u
0,158

BRUGGEMAN
1,459
2,000

=1.0489
¢.007

CH, & Va,

1,6439
176958
‘458
.3vs52
.3a72
L4979
‘9339

AP A . s

IEFFERSON

1.1426
12733
1.315¢
.522>
L9295
1323
L6797

N N o B

“ODEL 2
1.1924
1.3344
1.3853
1.6436
2.263%1
2.5891
3.5708

MONEL 3
1,4960
1.698¢
1.76219
2.0807
2.3807
2.7882
3.3636

AND FRPERIMENTAL THEIMAL CONDUCTIVITY

CH. A VA,
19,324
14,554
17.345
19.653

R,348
RIS35
2.361

CH, & Va,
11,546
n, N3
13,466
r.038

JEFFERSAN wODEL 2
3.918 1,453
A.¥% W, 708
6,736 $,. 752

10,482 2.174
9.415 6,248
.69 12.0R4
8,244 22,285

JEFFERSEN MODFL 2
7.9a7 T.237
n,000 0,008

=7 907 L. 3068
&.027 H.675

MODEL 3
23 A38
21,3511
24 973
21.221
20,22
20,700
15.1%0

MODEL 3
21.0%34
0,001
21_“3”
0,143

ODEL &
2.8767
L, 1456
S5.9301

MODEL 4
36455
37 .742
55.808

MODEL &
43,338
0,008
43.338
"

mODEL 4
1.9403
2.2604
2,364
2,B8684
1.8045%
“, 27514
5,617n0

MODEL &
60,393
&Y 472
&7 .656
Ak 738
78 620
85,063
92,343

MODEL 4
73,473
0.9013
73.473
2.499

SERTES
1.1914
1.%2658
41,4703

SERTES
&5.698
55.91%
61,368

SERTES
53,593
0.Mng
-53.593
3.042

SERIES
1.0894
1,1072
1.1194
1,178%
1.72782
1.%221
1.6277

SERIES
11,649
2N, 941
20.%%
30,850
39,988
4L2.7A4
51.106

SER1ES
31.6%0
a.0%7?
-%1,0%91
n, 627

€L 21901
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Kn/ee
121.0000
121.0000
124.,.00040
121, nnn
121.0000
121, 0000
121.0000

KD/Ke
121.000
121.000
12%.000
124.000
121,000
121,000
121.009

MEAN

VF
0.050
ﬂ.1u5
A, 18
n,e1
0.,28%
0, Xe@
0. 389

VF
N.05%D
n,1038
n,159
0,211
n,¢A3
0,342
0.4%R%

ERQNK

Ke-¥o
1.2u70
1,.6740)
1.7%20
2,.033n
2,.55%
3.07n0
3.6080

ALUMINA-DLASTE® SYSTYEM,FIDELLE AND KIRK
EXPERIMENTAL RESULTS AND THEORETICAL PREDICTIONS FOR ¥-SUSP/X=CONT

UNIT CELL RANOUDM MAXWELL RRUGGEWAN CH, % VA, JEFFFRSON 40pEL 2 MADEL T

1.1757 41,9453 14538 1.1604 1.3401 1.1483 1.1314 1.5155
1.8107 11,3288 1,345 1.3454 1.5909 1,2726 1.3478 1,59582
1.7TY2R  1.593y 1./55n8 1,682 1,8719 1,50p% 1,6737 1.9009
2.0L7% 4 A998 1 2774 2.0360 2.1711 1.7725 2.1308 2.21354
2.67T8 2.4752 2.%7442 2,713 2.0882 2.2718 3.0058 2.7224
J.6470n8 3, 0271 2.54u272 3.57M1 3.247¢ 2,8275 Kk, 2352 3,2634
4.5029 3.5156 2.8349 4,3841 3.8370 3.4046 5.8444 3.789%

PERCENTAGF ERRURS BEIWEFM THEORETICAL AND EXPERIMENTAL THFRMAL cONDUCTYIVITY

KmEND
Y2
1,614
1,79¢
2,033
2.8 5
3,070
1.400

VARIANCE OF RQROR

AYERAGE B1AS

or

ERROR

VARTANCE OF PREDBICTION

Ko/Zke
625 ooy
625.00a0
625_(.{1{‘.:1
62%.,0000
625, 0000
625,0000
625,000

Knrn
625,000
625,000
425,000
425 . 000
425 001
6525.000
G25.000

MEAN

ME
100
0,157
0,215
9,259
n.im
N, 473
0,441

°E
0.100
3. 187
0.21%
n,23%%
0,309
0,573
0,a11

ERRD2

K=gXp
1.680n0
1.2200
2.287)
2.5%3:
$.0530
3.900n
4, 5470

UNIT CFILL RANNOM MAXWELL RRAUGGEMAY CH, 2 VYA, JSFFERSON MODEL 2 MODEL 3

2.598 5.1029 &, 408 3.368 11,025 a4.160 6.231 9.012
0.433 6,040 5,577 2.0%2 12,599 9.999 4,702 12.815
L. 420 11.999 135,459 6,185 4,459 16,246 6,504 6,075
0.,74% 6,562 12,541 N.166 6,791 12,813 3,326 8,973
4 are 5.9647 16 012 6,245 §.215 11,013 17,736 7.027
13,055 1.397 18,495 164.334 5.765 7.897 37.953 6,299
25,034 2.344 21 253 21.77% 6.98L S.427 f2.261 5,275
UHIT CELL RANDUM MAXWELL BRUGGEMARW CH, A VA, JEFFE4SON w0DEL 2 #0DEL 3
7.2R2 5. 076 13_%09 ?.727 7.479 10,222 19 22N 7.525
A, 002 n., oo f.an3 0,095 f.00% D, 001 N.0N4L3 0,001
5. 211 5,074 =13 109 4 423 T.472 =i 222 14,320 TS5
¢,143 n, a2 f.172 6,121 n,o026 0,051 D945 0.028

CARBORUNDUM=PL ASTER SYSTEM,FIDELLE aAND ¢I2¢
EXPERIMENTAL RESUILTS AnD THEQRETICAL PREDICTIONS FOR £=-SUSD/K-rONT

UNIT CELL RANDOM MAXWELL BAUGGEMAN €M, R VA, JESFERSON 4ODEL 2  MOBEL 3

1,073 1 3506 1,_3316 1,377 1.6176 1.2553 1.3488 11,7097
1.7982 4 7142 41,5556 1.A0692 1.9214 41,5459 1.6991 2.0844
2,1120 1.%44% 5 8187 2,0677 2.28%5 1.9022 2.2266 2.5197
2.64923 2 3509 2 nu1A 2.4578 2.6138 2.2537 ?2.3n041 2.9036
2.9A%4 27482 2,243 2.9249 2.994% 2.6763 3,524 3.3477
6,2758 3 5300 2.779% 4,0349 3.8755 3.08945% 5,9445 4L,33%49
5.5991  4.u169 3.0764 4,893% &, 5271 6 ASTS 8,.3602 5.0393

PERCENTAGE FRAUAS AFTWEEN [HEOHRETICAL ANN EXPERIMENTAL THERMAL CONDUCTIVITY

K=EYD
1.600
1.920
2.287
2,433
3.053
3.9n0
L,547

VARTANCE OF Emannp

v AVERA&RE gTAS

AF FRROY

VARTANCE oF pREDLICTION

MNTT CELL RANDOM MaxUELL BQUGGEﬂlg CH, % VYA, JEFEFERSON MODEL 2 MODEL 3

12,04k 15.600 16,772 14,236 1.100 1,637 15,712 6. Bb8
10.51n 10,79 18,982 13,081 n.,n3& 1w LR4 11.506 8,561
7.852 14,973 20,564 9.60%9 0.151 14,827 2,642 10.17S
5. 344 10.716 22 453 6.65. n.729 14,407 5,459 10,4667
2.91%8% 10.311 25,220 L. N5 1.934 12.324 17.397 9.65%
W oAl VoAB2 28 Vi L.024 n, 629 5.274 §2.474 17.131
21,942 12.045 32,638 7.158 £6.4574 £.395 R3.,057 10.342
UNET CELL RANNUM MAXWELL BRUGGEMAN CH¥. & VA, JFFFERSON nODEL 2 MODEL %
19,009 19,988 23 459 8.410 n.786 12.%08 27,041 9.602
n, 03 g.000 0,003 u, 009 fi, W30 fi.0Nn& n.e?7s g,00¢
=), 987 =11.9%4 =23 555 =5.215 =fi_ sko =12.908 18,509 9.602

n.143% 0,320 N,A%5 N_04% a.001 . T04 2,715 0.095

MODEL 4
1.6500
2.1244
2.6724
3,28%0
4, a54n
5.9cA2
?o 7059

MODEL 4
16,706
sp.222
49,129
61,781
Th 4o?2
92.465

116,052

Mooey 4
68,400
0.064
AB_400
4.512

MODEL 4
2.2848
2,920%
3. 7408
L,5649
5,643
8. 6410

11.4153

MODEL &
L2.797
52.107
63.549
73.5%562
86.020

121.548

154,250

MODEL 4
84 513
6.137
B4 533
12,283

SERIES
1.08c¢
1,1138
1.:872
1,286
1.5902
1. 54353

1,628

SERIE®
12.827
21.232
3%.7510
37.79s
65 548
Su,7n4
§¢,.778

SERIES
6,682
A, 620
34 662
1.248

SERIES
1.1109
1.4359
1.2733
1.3488
1,429¢
1.393¢
1.595%

SERIES
30,.56n
3R8.235
6o, 328
LA .77
$3.173
5¢ . 144
62.865

SERTES
42 _15%
2.011

-4A.155%
?.208
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Kp/len v E FeExp
251, 0000 0,100 1, 496D
241,.00480 n.énh  2.22n0
241,0000 0.300 3.%650
244 _0nnn 0,400 S 1740

SYSTEM,FIDELLE AND KIRK

EXPERIMENTAL ReSULTS AMD THEORETICAL PREDICTIONS FOR X=5USB/K=CONTY

UKIT CELL
1.68054
. VB44
2.,9192
5.0n75%

PERCENTAGE

Kn/Ke \E K=EXD
241,000 0,100 1.694
241.000 0,200 2.2en
241.000 0.300 3,365
241,000 0,600 - e B L

MEAN ERBNR
VARTANTE OF ERROR
AVERAME ATAS OF ERRAR
VARTANCE NF DAEDIARTICON

MEAN FRROR
VARTANCE NF ERRNR
AVERAGE BIAS OF FHHNR
VARTANGE OF paedICTION

BYIT CELY
17,252
11,423
13,248

3.216

UNIT RELL
11,038
n.nns

=11.0635
q.091

UNIT CELL
6.541
D.0NG

o 2o 1 4
n,Aa?

ALUMINA=-POLYESTER
RANDUM MAXWELL BRUGGEM™MAN
4, 8246 1, 3z2ad 1. 377
4.HA57 91,7385 1.9531
2,687 2,2652 2.91585
3.7570 2.9592 L. 5296

ERRORS RETWEEN

RANDOM
21,899
15.959
20_1&6
27,348

RANDOM
21.358
5.002
=21.338
0,641

RANDOM
119,690
0,907
a0, 662
u.255

MAXMELL
21.053
21,699
32.744
Lk2.807

MAXWELL
29.724
n. 008
=29 724
1.422

MAXWELL
16.716
n.014
=16.626
0.54A

THEORETICAL

RAVGOEMAN
19.119
12.021
13,360
10.52%

BRUGGEMAN
13.755
0.091
=13,755
n.169

ARULGEMAN
7.L57
n.036

=4£,655
n.128

cCH, & Va,
1.6901%
21402
2_9187
4 1815

JEFFERSON 4ODEL 2

12737
1.7529
2.3532
3.8583

aND EXPERIMENTAL

CH. % VA.
5.657
3.189

13.24%
19.132

CH, & VA,

19,323
N, 004
=-1n,323
n, 300

OVERALL ERROR ANALYSIS

CH. & Va.
0 244
n,004
2.051
H.133%

13.779
0,007

-1].??9

.0.260

1.3621
2.0%87
3 448D
& 9882

JEFFERSON “0DEL 2

24, 902 20.867
21.042 8.165
26,718 2. 4LER
23,429 35.006
JEFFERSON MODEL 2
24,025 16.4626
6,000 0.014
=24, 023 2.110
0,705 0,361

JEFFERSON MODEL 2

12.743
0,026
3,545
0,757

MODEL 3
1,63394
2.7627
3.0842
A, 325N

THERMAL CONDUCTIVITY

MODEL 3
5.339
1.929
8,345

16,609

MODEL 3
7.50%
0,003

~6,54%
n.201

MONEL 3
10.943
¢.003
4.2M
0.na"

MODEL 4
27,2506
3.545%
5.2354
9.47A7

MODEL 4

29 .75%
50,680
§5.585
83.151

MODEL &
54,755
0.036
54,795
5, 6R%

MODEL &
56,93
n.078
56,931
b 4L

SERIFS
1.1105
1.2487
1.4240
1.5621

SERTES
34,547
43.752
7,822
67.877

SERIES
50,942
n.016
50,942
4,345

SERLES
35.994
0,038
-36.95¢
1,934

[[1u0D] €7 2/9DL

-STT—



R e e N i i W ——

EXPrRIMENTAL RESULTS,THEGHETICAL PREDICTIONS AND ERESOR ANALYSIS FOR Thgeual CONDUCTIVITY OF SUSPENSIONS

Kp/nc VE
386,1789 n n62
ARG ITA9 0,042
F64 17 0,005
TBAITRI G aWS
386 1789 0,133
I84,1789 .58
3BA,I1TAY 0,148
386 1738 p_ 218
3B6 ATA9 0, 286
386, 4789 o, 299
386, ,17R9 n, 299

Kp/Ke VE
186,179 0,042
3IR6.4TY 0,042
I86.17Y 0,005
IRG, 479 b, 045
186,479 0,133
TRA 479 n, 133
186,179 0, 145
488,129 0,214
3864 ,17Y 0, 2%
IRG, 179 1), 209
A4 179 0,299

MEAN FRHOR

VARIANGE OF ERUOR

AVERAGF ATAS 0OF

VARTANCE DF ORERICTION

kn/ee VE

ALuUMINTIM=WATES SYSTEM, BUTTERFIFLD

EXPERTMENTAL RESULTS 24D THEURETICAL SOPBICTIONE FOR E=SUSP/E=CONT

KwEXDP DNIT CELL

41,2479 1.1484
1.2527 1,146464
1,69148 1.381%
1,.6886 1. 3813
2.06n2 1.577S
2.06K2 1.5778
? 4480 1.74%A
7.8584 2.3297
3.7528 2.76R7
3. 77%¢ 2.9255%
3.7700 2.9258
PERCENTAGF
K=FEXP UNIT CELY
4,248 B.134
1.253 A. &85
1.692 18,358
1.667 18,102
2.086 25,452
2.06R 2% 726
2,459 28, 562
2,859 25,506
¢ X, 753 26,223
3.778 22.64060
3.770 22.éM
UNIT CRLYL
20,510
0,004
Farnp  =20,510
n,37%

KeEXD UNTT CFLY

1582,00060 0.100 1.6910 1.40RA
1582, 0000 o,£00  3,4050 2.,0052
1582, 0000 n, 500 A 4300 4 4570
1582, 0080 0,400 11,5700 5.1420
PERCENTARGE
Kn/ee ve K=mEXD UMY FFEp L
1532.080 0,100 1,891 15,684
28582, 300 WL.dho T.an5 410V
1582.9n0 0,200 6,630 350,504
1582.900 0 _&ap 14.570 55,385
yNtY CE1Y
MEAN EQ9DR 15 347
WARYALECE OF Eaqno N, 3en
AVERAGE NEAS OF FURUW =35,9A7
VARTANCE OF DHERTIOTION 14749

RANDOM
1.12046
1.12046
1.325%
1.5%255
1,4972
1.972
{1,642
2.00A2
2.550R
2.46A5
?2.0AAS

MANWEIL aRUGGF¥aAN (M, § YA, JEFFERSDH
1.1385 1.1374 1.3215 1.0926
1.1545 1.13574 1.3215 1.0926
1,.3122 1.3 4,.535¢% 1.26%4
1.3122 1,389 1.5R5% 1.2644
1,4561 1.534% 1._7300 1.6173
44561 1.5342 1.7800 1.,6475
1,54873 1.7477 1.9585 1.57¢Le
1.8231 2.0911 2.,2984 1.7947
2.1807 2.747% ?.8250 2.46598
2.2635 2.9030 2.9473 2.5919
2.2658 2.9030 2.9u73 2.5%19

=0DEL 2 ¥ODEL 3
1.16%0 1,%238
1.10570 1.3238
1.3521¢% 1,.545%
1_3214 1.04658
1.5303 1,379n
3.,930% 1.8790
Y1.7523 2.0872
2,24643 2.4700
X.2335 3.0701
3,6936 3.2037
3,94 3.2037

ERRNRS HETWUEEN THEORETICAL AND EAPERIMENTAL THE:MAL CONDUECTIVITY

RANAOM
19.217
10,589
21,4651
¢V, 610
20,538
27,4609
3% 529
29 . A24
32,079
29,822
9.2

gannnM
24,8186
0.n0né
=24, B16
n,.543

MAXLELL BRUGGEMAN €W, & VA, JFFFFRSON mODEL 2 MODEL §
9,411 8,857 $.900 12,442 11,134 ¢,086
9,754 6,206 5,494 12,7277 11,474 5.679

22.4%8 20.255 4,288 25,643 21,893 2.720

22197 20,009 5.999 g 21,652 2.420

29. 527 25.737 13.A5% 51.404 25.9385 9.059

?9.595 25.80¥ 13,938 31,470 26,004 9147

35,709 30.4%0 26.755% 35,232 29,025 15,483
T6.055 24,953 19,745 3%3.65?2 24694 13,579

49 A74 26.793 24,723 Sa kb2 13.237 16,193
19 .959 25,045 21.890 31,30% 2,647 15.096
9,906 2¢.998 21.822 31,2648 7.336 15.022
MAXWELL RRUGGEMAN €N, & v&, 6 JEFFERSON SODEL 2 MODEL §
28,748  21.319 14,601 27.78¢0 17,528 1n.27¢6

n,012 n.004 n,ans n, 0na 0,004 g.003
=28, 748 =21,819 -12,529 -27 784  =17.72R -4.Nn4s%
n,A9H 0,409 n.273 0,677 n, 206 0.134

ALUNTNIUM OXTHE«DGLYPROPYIENE GLYCOL SYSTEM,BAXLEY
ENDERIMENTAL RESUITS AND THECOSFTICAL PREMTCTIONS FOP K=SUSD/X=CONT

Rannim
1.5404
§.¥253
2.8%355%
ﬁ,uiﬂr

FRRO2S

HANAUM
20.753
£3.45¢7
55,958
45,142

RANDOM
L6 321
n.n2d
=-46,32)
AR_022

MAXWELL ARUGGFMAN CN_, % VA, JEFFFRSON nmGDEL 2 MOnEL %
1.3%26 1.377 1.6256 1.2947 1.3515 1.747
1.7482 1.9551 2.1985 1.8347 2.082% 2.511
2.2827 2.9188 . 3 0137 2.7687 2,645 3.5e4%
2.99%7 & 6274 & 3842 &.5119 7. 7748 §.2635
AETWFEY THEONETICAL AMD EXPERIMERTAL THESMAL CONDUCTIVITY
MAXWFI L BAUGGEMAN M, 4 VA, JFEFEPSON ~a0n=) 2 MoreL %
21,193 13 _R3n 3,885 2% L3IV O N7E L.501
L3 K87 L2.6&4 35.6%% ah 113 TR.035 26,252
A4, 904 54,659 53.13% 54,941 L2 _7H? 46 R75
74.125 S0 94 82,107 47.004 12.7R4 5¢.878
MAXMELL BRUAGGEMAN o4, X VA, JEFFERSON 4ODFL 2 MOREYL %
$2.120 P TS | IR, ,4615 “s, 875 13 . R74 32.57¢
D.NLY w.nes i, NeS n.n21 n_anaA n.nsz7
-52 1720 =4t D04t -38 515 ik R7S -33_.871 -30.326
23.40A 15.833% 16.197 16 LAY A.DLS 12.28%8

MOOEL 4
1.6798
1.56798
2,.5795
72.19%9%5
2.85048
2.504%
2.9e77
3.7134
5.0740
£.6116
5.6116

MODEL 4
34,609
34.093
In.007
In.L4nA
25,592
25,4641
20,196
2% 904
35,125
L3.49R
L3, 540

MOREL 4
12.0%2
n_ﬂﬂs
372.032
0,848

MODEL 4
2.%324L%
3.5814
5,740

11,1572

MODEL &4
37 .48n0
5.18%
10,418
1.56R

HOREL &
14,142
n,c19
7.149
N.263

SERTES
.0437
4. J437
1,1047
T Y047
Q.lkl)g
1,329
1. %970
1,2778
1,309
1.,4250
11,4280

SERIFS
16,362
16.682
34,704
L, 5nx%
6,200
bl 256
Ky, 549
55,301
42,718
42,234
62 20%

SFRIES
L4 047
4,024
mhi, 067
2.1014

SERTES
1.1%49
11,2494
§,L282
'L AAG0

SERTES
X4, 297
43.795
77 . 7R9
RS, 600

SERIES
65, 24
n, A%
w4S Zhn
12.022

SNOISN3dSNS 3121L4YVYd TTVIOId3IHJAS-NON ¥O4d
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PERCENTAGE ERRCAT GETWEEN THEORETICAL

Kp/re vE KelNp
277 . 8080 0.100 1,415
277,809 0 200 3.04830
2T RANY AL %an 5. 2784
77,8080 0,400 B.5140

wpike uF KmEXD

277 880 0,100 AL
Z2r7.560 0,200 3,063
2T R0 0.300 5,.28A8
277, 800 0,600 8,514

MEAN FREOR
VARTANCE OF ErAoR

BVERAGE 3LAS OF FRRAOR

VARTANCE OF DREDICTION

MEAN FREDR
VARTANCE OF ERQOR
AVERAGE AT1A5 OF FRRR
VARTANCFE OF PREPIATION

AL UMINIUM«PQ YPRODPY LEMT

EXPERTIIENTAL RESUVITE AND THEORFYICAL

UNTIT CEL
1.6k 2
1.0l,§qd
2. 054
S5.01n9

QAMDNM MAYUR| L APIGGEMAC  £M,

1.53e57
1, AK99
2.497%
8. 2774

1.3294
A Ta0n
2.2hA
2.9545

GLYCOL SYSTE»,SANLEY

FREDICTIONG FCOD MaSUSP/KaCONT

B VYA, JEFFERSON

1.3717 1.80%5 1.2757
1.99%1 2.1%60 1.7607
2.7155 2:9318 2.55%n0
b,6295 L 2091 2.9153

UNTT CELL RANTOM MAYWFLL BRUGHEMAN OW,

p.7T6%
54,992
Lb BT
41,9410

UNLIT CELL
5n, 354
0,030

=33, 334
4,715

BNIT CE)L
25 .483%2
n.n1?
-25 A%2
3.6A3

a.%11
38,952
44,552

55,522

RANDDM
37 479
3,038
37,470
7.544

RANDOM
32.007
0,629
312 007
5.7%2

4.152
4% 19
S7.146
45 184

MAYUE|L
42 A9%
0.051
=42 AG3%
10.422

MAXWELI
38,447
0,.n3s
=314 6L7
7.642

AND EXPERIMENTAL THERMAL

5 VA, JEFFFRSON

3.n%7 13,327 9. R4y
35.235 29.611 42,547
Lo BRAT 44 . 558 51 _683
45_62% 50.542 54,014

ARUGGEMAN (M _ A VA, JEFFZR3OA
32,445 3L_915 39 515

0.030 n.021 E 2.031

=32, 4645 =27 .R51 =33.515

5,484 6.23%6 7.533

UYERALL ERROR ANALYSIS

BRUGGEMAN (M,

L VA, JESFERSNN

28.7%5 22,853 34,274
0,022 n,030 2.0
=28, 735 =-24.2%1 =Je, 27¢
4,494 4,580 5,654

whnEy 2
1.%434
S.0LLB
T LT0A
7.067¢4

MODEL 2

5.n5%9
33,241
24,3569
14,754

MODEL 2
22,3586
n.n15
=22,355
1. 595

#CDEI 2
22.247
0,012
-22_:47
1.726

MOreL 3
1.hA50H
2.2%45
R, 1245
L, en23

CONDUETIVITY

MOpsL 3
16,644
25.405
£0.%13
LR 293

MODNEL 3
32 .814
0_01é
=24 LRA
5.562

MODEL 3
19 .644
6.02%
=15, 220
3,836

FOPEL &
2.217n
53,3764
$.3034
¢.A8%2

MODEL &
56,679
10.231

0.2°5
43.733

HOREL 4
20,235
n.na7
20,235
0.527

MODEL &
25,784
0,022
24,31
0,669

SERTES
1.1107
1,2489
1,426
1.06027

SERIES
21.508
59,227
72.026
Ad a7

SERTES
LE LT
p, 032
=5R.55K
16,309

SERige
51,573
G.n&z
=51 _57%
11,59
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4.04
Kg
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©= 647 y
© Experimental Conductivity at 30°C
3.0 Predicted Conductivities
' ——  Unit Cell Model

—-— Random Placement Model /
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O Ol 0.2 0.3
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AUTHORS EXPERIMENTAL AND PREDICTED THERMAL
CONDUCTIVITIES FOR COPPER WATER SYSTEM

Figure 7-1
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4.01
-Eﬁ ©:=146
¢ © Experimental Conductivity at 30°C
Predicted Conductivities
~—— Unit Cell Model
—-+= Random Placement Model
3.071

1

e

O Ol Q.2 03

Volume Fraction Solid

AUTHORS EXPERIMENTAL AND PREDICTED THERMAL
CONDUCTIVITIES FOR NICKEL WATER SYSTEM

Figure 7.2
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5.0 —-— Random Placement Model

-

L i |
i I
0.2 0.3
Volume Fraction Solid

0.1

AUTHORS EXPERIMENTAL AND PREDICTED THERMAL
CONDUCTIVITIES FOR STAINLESS STEEL WATER SYSTEM

Figure 7.3
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AUTHORS EXPERIMENTAL AND PREDICTED THERMAL
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WATER SYSTEM
Figure 7.4
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Section B

Turbulent Hest Transfer to Solid-Liguid Suspensions
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LITERATURE SURVEY

8.1 Introduction.

Two-component flows are frequently encountered in engineering,
typical applications of solid-liquid suspensions are found in
hydraulic conveying and flow of slurries, for example in nuclear
reactors. The term two-component is sometimes used to describe
flows in which the phases do not consist of the same chemical sub-
stance, while the term two-phase is applied to the opposite case.
Since, however, the system descriptions are identical the two ex-
pressions are generally treated as synonyms, as in this study.

A general approach to the study of the dynamics of multiphase
systems, particularly suited to engineering design problems, has been
through modifying the contiuum mechanics of single phase fluids in such
a way as to account for the presence of particles. Initial work in the
field of solid-liquid systems used an approach based on the assumption
of Newtonian behaviour since it was found that deviations will bes small
for suspensions of inert solids at sufficiently low concentrations,
Later studies were concerned with extending relationships to fluids
that exhibited sppreciable non-Newtonian characteristies, of which
concentrated solid-liquid suspensions formed merely a sub-set. A
mg jor consideration has been the definition of a suitable viscosity
term for use in dimensionless groups, the selection of a viscosity term
for heat transfer correlaticns has usually followed from studies of
turbulent flow pressure drop characteristics.

8.2 Prior Heat Trsnsfer Correlations for Two-Component Suspensions.

8.2,.1 Early Siudies,

Bonilla et.al. /34/ investigated turbulent flow heat transfer to

slurries of precipitated chslk in wster and derived a correlation of
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experimentsl results based upon mean suspension properties. The
density and specific heat of the suspensions were taken as weighted
averages of the component properties, whilst the thermal conductivity
was accepted as that of the suspending medium. Various theoretical

and empirical equations for predicting the viscosity of a suspension
were considered, a2s well as the possibility of using the viscosity of
the suspending medium, in order to remove the need for rheological
ﬁeasurements in design procedures. The choice of viscosity correlation
was resolved by chosing that which enabled the best correlation of the
experimental heat transfer data to be obtained; this proved to be the

expression due to Hatschek /35/ who gave:

e

(8.1)
In treating the heat trensfer data it wes found that a plot of
e T 1/3 ageinst Re, with the percentage of solid by weight as a

ut
-1/3 decressed with an

parameter, showed that the value of Nu'Pr
approximste linearity as the solid content of the mixture was increased
and that the effect was more pronounced at lower Reynolds mumbers, The

empirical equation developed was:

0.758

hol [, ce, G

psUbD
K] | Ke

He

= 0.0438 « S55W

f

(8.2)
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where the subscript f refers to the mean film tempersture; the mean
of wall and bulk temperatures. This correlation was found to agree
with the experimental data with an average error of 10 per cent.
McAdams /88/ has pointed out that equation (8.2) may lead to the
prediction of zero or even negative heat transfer coefficients within
the range of the suthors data.

Orr and Dalla Valle /36/ considered that a correlation such as
equation (8,2), differing only in the values of the constants, could
probably be obtained for any apparatus and liquid-solid suspension, but
proposed the more universal situation of a correlation equally spplicable
to all suspensions within a given range. The results of an experimental
investigation of turbulent heat transfer to mixtures covering an extensive
range of solid materials suspended in water and ethylene glycol and with
particle sizes ranging from 1 to 260 microns, were correlated using the
conventional Sieder-Tate equation for single-component fluids by speci-
fying mean suspension properties.

Suspension thermal conductivities were evaluated using the Maxwell
relationship /1/ following an experimental investigation which confirmed
that this expression would satisfactorily represent the data for the
mixtures. A tube viscometer expressly designed for use with suspensions
wes used to obtain laminar flow curves for the various fluids; they were
teken to demonstrste approximate Newtonian chesracteristics and, further,
that curves for each suspension plotted on the basis of fluidity 2s a
function of concentration were of the s=me general shape. By normalising
the variables it wss found possible to obtain =n approximate expression
which covered »ll suspension viscosities in the form of the Newtonian

relationship:
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He

[l i “V‘Pbed]l'e

(8.3)

where Lpbed is the volume fraction of solid particles in a gravity
sedimented bed, evaluated after prolonged standing of the mixture.
Equation (8.3), although considered adequate for the purpose of cor-
relating heat transfer data of suspensions was not recommended for
pipeline design or for suspensions differing radically from Newtonian
characteristics,

Using the suspension properties as defined, the heat transfer data

was correlated by the equation:

h 0.8 I3 0.14
D - 0.027 DprS I-'.lscps IJ'C

% T e s

(8.4)

which is not recommended for use below Reynolds numbers of 10 h. The
suthors do not give limits of accuracy for this equation but Salamone
and Newman /37/ state that this expression correlates the data within
approximately 20 per cent.

The use of a turbulent viscosity as suggested by Alves et.sl. /38/
and Binder and Busher /39/ was adopted in the study by Salamone »nd Newman
/37/, who utilised a pipeline viscometer to measure the viscosities em-
ployed in the correlation of heat transfer data. This viscometer was of

the same dismeter as the heat transfer pipe and was in series with it so
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that the slurry flow rate was exactly the same in both sections of

the apparatus. From the pressure drop across the viscometer and the

suspension density a friction factor was calculated and a Reynolds

nunber read off from a calibration curve. An apparent viscosity was

then obtained from the Reynolds number. The apparent viscosity obtained

in this manner was shown to decrease with increasing flow rate of slurry.
Following-a dimensional analysis an empirical equation was obtained

with constants evaluated from arbitrary sets of data embracing copper,

carbon, silica and chalk suspensions in water, and with particle sizes

ranging from 1.5 to 56 microns. The expression derived was:

62 072 005 0.05 0.35
T<_ = '3’ K d C
c J c Pe

(8.5)

Thus the equation contains a Nusselt, Prandtl and Reynolds number
based upon an spparent viscosity and suspension density; the last
three terms are regarded as correction factors accounting for the presence
of solids with the ratio of component specific heats being shown to be
the most significant. The low exponents of the diameter and conductivity
ratios indicate thst under these conditions the effect of these groups
is small.

The average deviation of the experimental d~ts from the correlating
equation was given as being within the calculated experimental precision

of 10 per cent.
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A disadvantage in the use of a turbulent viscosity is that in

being a function of pipe size and shear rate pilot plant data is
necessary for scale-up and design.

Metzner /33/ has severly criticised equation (&.5) since no temm

is included in it which might account for the relative quantities of

the two phases present, except in the viscosity and density terms.

Obviously the specific heat and thermal conductivity terms must also |
depend on the relative quantities of the two phases, as well as on

the corresponding values of the individual constituents. The limitations

of this approach have placed an undue and perhaps unreslistic importance

on the dimensionless groups containing density and viscosity. Equation

(8.5) is considered untensble therefore in two respects:

l. The unusually high value of the exponent oﬁ the Prandtl number,
which is indicated to be incorrect by all prior work on both
suspensions =nd single-phsse systems,

2. The predicted net effect of viscosity on the convection co-
efficient is to make those for viscous fluids greater than
those for less viscous fluids in contradiction to the behaviour
usu=lly observed,

8.2.2 The Generalised Dimensionless Group Approach

A more rigorous approach which includes not only the case of dilute
suspensions but is also applicable for fluids which exhibit highly non-
Newtonian behaviour was provided following the definition by Metzner and
Reed /Ll/ of a generalised Reynolds number based on tube viscometer data,
The Mooney-Rabinowitsch equation for flow in circular tubes may be used
to show that for any time-independent the quantity (EUb/D) is some unique

function of the wsll shear stress only:
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(8.6)

where the fluid consistency index,K! and the flow behaviour index n’
are, in general, not constants but vary with 8Ub/D.

From the usual definition of the fanning friction factor and by
forcing the fluid to obey the standard laminar Newtonian relationship
between friction factor and Reynolds number, Metzner and Reed /L1/ defined

a generalised Reynolds number as:

n’ ,  2-n’

2 D L’b F)
K’ an’--l

Re

(8.7)

Metzner, Vaughn and Houghton /k2/ considered that the dimensionless
groups used in Newtonisn heat transfer correlations could be generalised
for applicstion to non-Newtonian fluids if a judiciously chesen apparent
viscosity is used in place of the Newtonian viscosity. Since the
generalised Reynolds number had been shown to be successful in correlating
pressure drop data, it was suggested that by equating the Newtonian
Reynolds number to the generalised one, a suitable apparent viscosity

could be determined, Hence:

DU,p D U "p
by N

(8.8)
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where Y = K’.Bn_l

This gives:

D (8.9)

substitution into the conventional Prandtl number gives:

n’=1
PI"‘: _C.'_). Ub

K D
(8.10)

and a dimensionless consistency ratio anslagous to the Sieder-Tate
viscosity correction factor is suggested as 'Y/'Vw

It was proposed that if the generalisations were both valid and
adequate then the functional relationships between the dimensionless
groups must be the same as for Newtonian heat transfer. ‘Hence for

turbulent hest transfer to suspensions:

n’, 2-n’ g wlet |24 i
UL 20023 O S&y[ﬁ A
K, Y K D Y.

(8.11)

This expression has not been subject to extensive experimental

evaluation,



-132-

A difficulty arising in practicsl application of a method involving
generalised variable groups is that laminar flow dats must be obtained
over the complete range of shear rates of interest but limitations to

the minimum size of capillary tube that may be used in a viscometer
srise from considersation of the phenomenonof'effective slip' near the
tube wall.

The generalised Reynolds number concept was used by Dodge and
Metzner /43/ in extending the Newtonian logerithmic resistance formula
of Von Karman to the case of fluids of the power law type and thereby
providing 6ne of the necessary inputs for an anslogy between heat and
momentum transfer for such fluids developed by Metzner and Friend /LL/.

In developing the resistance law for non-Newtonian fluids, Dodge
and Metzner utilised the two constant power law model to represent the
rheological properties of the fluid snd a theoretical anslysis sanalogous
to that performed for Newtonian fluids yielded a genersl equation, The
unknown coefficients in this equation were determined empiricslly by
experiment using agueous polymer solutions and slurries of Attasol,

The finsl expression was:

. ﬂ__ln[ac’ m""’fﬁ] _ 04

|
T 7075 ()2

(n’)

(8.12)

Although the analysis was based on the assumnption of a power law
function describing fluid lsminar flow properties the result can be used
for fluids thst do not conform to this relationship by using the property

parameters n’ and K’ . Itis considered that these parzueters should
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be evaluated at the existing value of the wall shear stress,

Metzner and Friend /4L/ developed a turbulent heat and momentun
transfer anslogy for purely viscous non-Newtoniasn fluids by extending
the relationship due to Friend /LO/ for Newtonisn fluids in which an
allowance is made for slight turbulence in the sub-layer adjacent to
the wall. The assumptions under which the relation was developed were:

1. Heat flux is constant slong the heat exchanger.

2. Heat flux is a linear function of tube radius.

3. Eddy diffusivities of heat and momentum are equal at all radii,

L. The fluid is time independent snd free from viscoelasticity.

5. The fluid Prandtl number is ‘high' ( > 1.0).

The empirical two constant power law was again.used to represent
rheological properties and following experiments made using polymer
solutions, Attagel slurries and corn syrup it was found that using
re-defined parameters the equation previously developed gor the
Newtoni=n case would represent the heat transfer data sdequately.

This involved using the Prandtl number evaluated at the wall and the
friction factor for non-Newtonian fluids given by Dodge and Metzner,
which are functions of the flow behaviour index of the fluid.

Hence:

fr2
1.20 +11.8 [f/2 (Pr, - ”(Prw)-o.aa

551 =

(8.13)
The relationship between the Prandtl mumber evaslusted using the
appsrent viscosity at the wall and the generslised Prandtl number is

given as:
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Pr =
W

(8.14)

The expression derived represented the experimental data with
an average deviation of 17.6 per cent and a standsrd deviation of
23.6 per cent and was shown to be a significant improvement over the
the relationship proposed by Metzner et.al. /42/.

Since the development of equation (8.1L) was confined to an
'isothermal' coefficient of heat transfer it wass suggested that cor-
rection to actusl flow conditions could be obtained through multiplication

by factors analogous to that of Sieder-Tate ('Y / 'Yw)o'“s or Krieth~

Sumerfield (Y/Y,)°"

Again although the power law was used to develop equation (8.1k4) the
authors regard it as applicable to all time-independent non-elastic fluids
since the second term in the denominator is ususlly much greater than
the quantity 1.20 and because the friction factor msy be evalusted for
these fluids 2s previcusly outlined.

Peterson =nd Christisnsen /L5/ extended the heat and momentum
trensfer anslogy of Metzner -nd Friend to non-isothermsl flow by:

1. Use of the Krieth-Sumerfield correction ([ /L, )°"

2, Evsluation of the Prandil number st the bulk fluid temperature.

3. Use of the friction factor that would be obtained if the flow

were isothermsl at the bulk fluid temperature fi, where :

fi = f(L, /1) (8.15)
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L. Correction of the data for » trend with flow behaviour index
by normslising the criticsl Reynolds number for non-Newtonian
flow to 2100, which is the value for Newtonian flow. Hence a

more characteristic Prandtl number is yielded:

Re wac’

2100.0

Pr = Prb
(8.16)

where the subscript W.C. denotes evalustion at the wall shear stress
© end critical flow rate,

Hence the correlation is amended to:

ub Ol
{73
f. [Pr-1]

1 2+11.8 [=——
2 [pr)©-33

f

(8.17)

The suthors claim that the standard devistion of Metzner snd
Friend, 23.6 per cent, is reduced to 16.2 per cent by this correlation.

In addition, Petersen »nd Christisnsen /L5/ have presented an
extension of this analogy to the transitional flow region with z similsr
accuracy in prediction of experimental data.

8.2.3 Later Studies.

Thomas /L6/ in studying the heat and momentum transport character-
istics of aqueous thorium oxide suspensions found that the Bingham plastic
model would adequately represent the lsminar flow data obtained in a

capillary tube viscometer. This mcdel gives:
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(8.18)

Consideration was given to various definitions of non-Newtonian
viscosity terms; friction factor and heat transfer data were plotted,
for a psrticular slurry, as » function of » Reynolds number calculated
using two different viscosity terms given by:
1. The effective viscosity corresponding to the particular value
of the wall sheasr stress.

2. The limiting viscosity at high rates of shear; for the
Bingham plastic model this is simply the coefficient of
rigidity, T] .

Good sgreement was found, using both viscosities, between the lsminar
flow pressure drop in various tubes and the theoretical laminar curves.
In the turbulent region it wes shown that turbulent heat transfer =nd
pressure drop datsa for a given suspension can be correlated uniquely,
independent of tube dismeter, provided the experimentally determined
limiting viscosity a2t high shear rate is used in calculating the
Reynolds and Prandtl numbers. The use of the effective viscosity was
found to give 2 pronounced di-meter effect in turbulent flow correlation.

Except for the displacement in critical Reynolds number due to the
non-Newtonisn laminar chsracteristics the thorium oxide suspension heat

transfer data. Thus the Sider-Tate equation wss considered satisfsctory
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in correlating the experimental results, provided that the Reynolds

number is at least four times the critical value.

2 0.14 -0.2
j = ST e & i
TRt | | T, M M

(8.19)

The slurry heat cspacity wss considered to be an additive function
of the pure materisl heat cspacities and thermal conductivity was cal-
culated from the pure material values by the use of the Maxwell equation,

The data for fully developed flow heat transfer was also in sub-
stantinl ngreement with the Colburn, Prandtl, Von Karman, Metzner and
Friend and Martinelli heat and momentum transfer snalogies. The best
fit wpg observed with the Martinelli analogy which correlated the
experimental data within + 17 per cent and - 36 per cent. It may be
written as:

2/a Ty =T
[p,. i M
Tw"Tb

) =

se Ini +s P- 0-5F, In gk
— —— + ———
Em EM ( : 60 2

(8.20)

Considersble simplification is afforded by using the tabulated
vslues of parsmeters given by Knudsen and Katz /L7/. The ratio of

eddy diffusivities was taken as unity.
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The Von Korman analogy was also recommended »s the scatter of the

data probably did not warrant the use of a complex equation. This

j- Przh./%_ .
| + SEEPr-Hi-ln(H%lPr'l]):l (8.21)

Friction factors sre obtained through a correlation of turbulent

gives:

flow data with a» Blasius relationship:

f = BRe™®
where o

B=0.079 %—5
el

0-48

1 7

O-15
b= 0.25|— (&.22)

L

An additional term is included in the expressions for the Blasius
coefficient and exponent for slurries having » high yield stress but
for moderate values this term contributes less than 5 per cent and can
be neglected.

Mitzushina and Kuriwaski /A8/ considered turbulent heat transfer to
suspensions whose rheclogicsl properties were represented by either the
Bingham plastic model or a power law., Using a similar argument to
Metzner and Friend /L4/ they assumed that slmost sll the resistance

for momentum and heat transfer in the turbulent flow of highly viscous
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fluids exists in the laminar film »nd so the appsrent viscosity evsluated
at the wall shearing stress may be the charscteristic property. Therefore,
if the viscosity term of the Reynolds and Prandtl numbers in the equations
for Newtonisn fluids is replaced by the spparent viscosity at the wall
those equations may be spplied to non-Newtonian fluids.

The Newtonisn friction factor equation of Koo was taken to be »
sufficiently accurate approximation after consideration had been given
to the expression developed by Dodge and Metzner. Assuming the Chilton-
Colburn anslogy to be valid for non-Newtonian fluids then for power law

fluids the following expression was derived:

5(n+2)/[3(4n+1)] 4(n+2)/(2(4n+1)] I/3
Nu = 0.023 Rc’ Pr’

(8.23)

where the Reynolds and Prandtl numbers are equivalent to the generalised
terms defined in equations (8.,7) and (8.10). The power law flow behaviour
index N is defined by the rheological model:

dul’

T=K 3y (8.24)

For fluids represented by the Bingham plastic model the equation derived

Was:
7 0.8 |
S Mg caalls St " [oUsp, Cea) |
K Tw | Ke

(8.25)



These equations are claimed to represent the experimental dats,
obtained from studies using polymer solutions and cement slurries,better
than the expression given by lietzner and Friend, equation (8.13).

Thermal and momentum diffusivity profiles were glso experimentally
determined for non-Newtonian fluids from measurements in a rectangular
ducf. It was found that eddy diffusivities at any transverse position
vere proportional to Reynolds mumber. It was also concluded that eddy
diffusivity profiles in non-Newtonian flow are the same as those in
Newtonian flow if the Reynolds numbers, as defined in the study, are
equal.

Crewe and Simons /L9/ have compared the heat transfer characteristics
of flocculated Kaolin suspensions and non-flocculated coal suspensions in
water. Both slurry types were found to be best fitted with the Bingham
plastic flow model to represent rheological data. Following Thomas, the
coefficient of rigidity was used as the characteristic viscosity term in
the dimensionless groups and an empirical equation was derived expressing
this variable in terms of the volume fraction solid and the viscosity of

the suspending medium.

N = K exp(BY) (8.26)

where B is a constant ideslly obtained from laminasr flow experiments in
sn appropriate tubular viscometer. On this basis the slurry pressure
drop characteristics were found to agree with the Thomas friction factor

plot given by eguation (8.22).



Differences between the heat transfer performances of the two slurries
were resolved by empiricsl means. For flocculated suspensions the ex-

pression derived wsas:

-0.2

2/3
h Cp Mlcexp(BY) DU .
fa Ps [lcexp(BY " 0_027[ b P

CpG K U..I.ccxp(Bl.p)

(8.27)

which correlated the experimentel data within + 19.3 per cent and - 17.8

per cent. For the non-flocculated suspensions:

2/3 O:2
h I—Cp,uccxp(BLP) exp -B___Lp = 0.0285 DUb ps-l

CpsG |_ Ky 4 p,cexp(BLp]_I

(8.28)

correlated the data within + 17.8 per cent and - 11.1 per cent.
Experimentsl dats was obtained for both hesting and cooling of the fluid
but no difference could be determined bstween the respective points,
The remaining suspension properties were obtsined using Maxwell's
equation to determine thermsl conductivity with the ususl weighted
averages for specific heat and density.

As the equations show.a significant difference was observed between
the heat transfer characteristics of the two slurry types. However no
significant difference was observed between the turbulent flow measurements

in approximately the same wall shear stress range as the heat transfer



experiménta. The exact mechanistic difference between the heat transfer
characteristics of the two suspensions was not determined and although
several explanations appeared possible experimental verification was
lacking. Skelland in a private communication to the authors proposed
that turbulence damping in the flocculated slurries had a greater
effect on heat transfer than on momentun transfer.

Kiyohashi, Kawashima and Ishihama /50/ have recently conducted
experimental work in cooling heat transfer from agueous limestone slurries
in circular tubes. Particle sizes varied from 25 to 130 microns and mass
concentrations ranged up to 50 per cent. Leminar flow measurements taken
using a tube viscometer indicated that »11 of the slurries, except in low
concentrations, exhibited the characteristics of Bingham plastic fluids;
considerable scatter in the data, however, precluded the determination of
 a relation between the concentration and viscosity. Hence the slurry

viscosity was assessed following an equation sttributed to Taylor /51/:

u’s e uc“ ¢ 22'4Lp)
(8.29)

This expression has also bsen reported by Michiyoshi et.al /52/ but
it is worth noting that there does not appear to be any justification for
its use in the original work quoted.

Friction factors for suspension flow, except for the largest part-
icles at lower Reynolds numbers, were found to be slightly lower than

for Newtonian fluids, confirming the result of Thomas,



Thermal conductivities of the slurries were determined by the
Maxwell equation and specific heats were measured experimentally and
fitted with an empiricsl relationship independent of particle size.
The experimental heat transfer data of the study was found to be
reasonably correlated for a range of mass flow concentration and

particle size by the equation:

0.987 0.4

DU, ps CPs I'ls
I Ke

hD
w2 1Q.00567
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(8.30)

Of interest is the use made of the correlation determined convection
coefficients in performing calculations concerned with the prevention of
freezing of pipeline slurries which may be important in the transport of
solid particles by hydraulic methods,

8.3 Purpose of this Study.

There =re many areas of study in the field of solid-liquid suspensions
and the problems csn be approached from different viewpoints and with
varying degrees of rigour of trestment. This study is concerned with
obtaining quantitative relationships useful in engineering applications
in terms of measureable properties of the fluid in question.

It is clesr from the foregoing thot there exists s need for a method
of determining heat transfer informstion of suspensions that does not
depend upon the definition of one particular viscosity model. Such a
method would be equally applicable to Newtonian or non-Newtonian fluids

and could be used with any suitsble rel-tionship determining laminar flow
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properties from the constituent component'prOPBrties. If such a
relationship is avsilable then the laminar flow curve may be related

to the flow conditions existing at all points throughout the fluid in

turbulent heat transfer,
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9 THE HOUYOGENEOUS EQUILIBRIUM FLOW MODEL

9.1 Introduction.

A fundamental problem in the analysis of two-component flows is
the evaluation of the forces exerted on the individual solid particles
by the fluid and the relation of these forces to the actual particle
behaviour znd the resultant energy losses. These forces are a con-
sequence of the motion of the fluid surrounding each particle and arise
in particular from fluctuations in velocity due to turbulence. The
problem is further complicated since the presence of suspended particles
affects the fluid turbulence.

A model based upon the assumption of homogeneous flow of a solid-
liquid suspension provides the simplest technique for the snalysis of
such phenomena. If the flow of suspension approximates to the regime
prescribed by the simplifying assumptions and provided that suitable
average properties may be determined, the mixture can be treated as a
pseudo-fluid that obeys 211 the usual equations of single component flow,
Differences in wvelocity and temperature between the phases will promote
momentum and heat transfer; if the processes proceed very rapidly, as
when one phase if finely dispersed in the other, it can be sssumed that
equilibrium is reached. Thus the average values of wvelocity and temp-
erature are the same as the vslues for each component and we have
homogeneous equilibrium flow, The standard methods of fluid mechanics
can then be gpplied; in particular the problem of a single-component
fluid in turbulent flow through circular tubes having been successfully
approached by the use of the boundary layer aspproximstions in differential
form with solutions being obtasined by numerical techniques, it msy be

expected that the assumption of homogensous equilibrium flow ensbles the



solution for a two-component fluid to be zpproached in the same mgnner.
It is implicit in the homogencous flow model that the effects of inter-
action between the phases are contzined within the relstionships for
effective suspension properties. The average properties that are
required in this csse sre density, viscosity, thermal conductivity and
specific heat together with » model thst represents the turbulent
transport properties of the two-component mixture.

For the techniques used in anslysing single-component turbulent
flows to be applied td-two—componsnt flows it is sufficient that the
flow is locally homogeneous; one velocity and temperature profile is
determined for both components together. Tc solve the equations it is
necessary that the suspension properties be determined as a function
of position. Ususlly these properties zre given as functions of volume
fraction solid, thus the definition of 2 flow regime in terms of 2
concentration profile and the properties of the components enables the
required suspension properties to be cgzlculsted everywhere. The turbulent
transport model presents more difficulty because comprehensive empirical
expressions for two-component flows have not yet been estsblished.

Difficulties in the simple definition of a two-component flow regime
may occur because:-

1l. The concentration is not 2lways an adequate means of describing

the local two-phase properties, there msy be significant dif-
ferences in the behaviour of various sizes of particles within

a suspension.
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The concentration of g perticular phase may be neither
uni.form nor symmetrical.

There may bs relstive motion between the phases on a scale
vhich is lsrger thezn the distance at which a continuun des-
cription is mesningful; two velocity profiles would therefore

exist, one for each phase.

The presence of any of these effects would put the problem cutside the

scope of this treatment but in g large number of cases useful information

can be obtazined by idealising the flow in accordance with the following

assumptions.

9,2 Assumnptions and Limitations of the Model,

The sssumptions made in this study may be divided into two groups:-

A

b.

Intrinsic assumptions which contain constraints inherent in the
homogeneous eguilibrium flow model.

Dependant assumptions which relate to the conditions under which
the effective suspension properties are evaluated from the

constituent canponent properties.

The first group of assumptions are:-

1)

2)
3)

L)

Each phase has identical profiles of welocity and temperature
and velocity and temperature gradients.

The solid pnrticles follow the fine structure of turbulence.
Heat and momentum transfer due to particle collision with the
pipe wall or with each other is negligiblse,

Each solid particle is small and maintains a uniform temperature

becguse of its high thermal conductivity.



5) Radiation heat transfer is negligible.

6) Virtual or apparent mass effects are neglected.

The dependant assumptions are:

7) The particles are spproximately spherical.

8) The solid particles are uniformly in suspension throughout

the pipe cross-section.

9) Variations in particle size are of no significance.

The dependant assumptions may be varied when the model is used with
any suitable description of flow regime or suspension property relationship
and are not confined to the simplest case of a uniform concentration of
spherical particles considered in this investigation. As further infor-
mation becomes svailable it can resdily be incorporated into the compute-
ational scheme that is set up.

Practical limitations to the use of the homogeneous flow model are
founded upon consideration of the physics of the flow and the particle
characteristics as criteria for determining the point of departure from
2 fully suspended transport regime. Factors which must be taken into
consideration include psrticle size and density, concentration, fluid
velocity and density, flow orientation and pipe digmeter. Following
the concepts introcduced by Wilson /53/ the distinction commonly made in
the litersture is to divide the flow of solid particles in g liguid into
hemegeneous and heterogensous regimes. Tne former occurs when the solid
particles are finely divided and the settling tendency is so smsll that
the mixtures may be regarded as non-settling. According to Graf /54/
these are characterised by a settling velocity below 0,002 to 0.005

feet/sec., the settling velocity depending on the concentration as well
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25 on the usual parameters. Heterogeneous flow is characterised by
larger particles znd covers a range of transport regimes from fully
suspended flow to sliding bed transport; if the fluid velocity is
sufficiently high the perticles may be uniformly distributed, this
regime having been termed pseudo homogeneous. It is necessary to
distinguish between the common definition of homogeneous flow and a
homogenecus flow model, since if the level of turbulence is such ss to
keep all the particles suspended so that the flow is locally homogeneous
and the required property relationships can be specified along with a
concentration description, then it may be possible to treat settling
suspensions using the model described in this study. However, settling
suspensions exhibiting marked concentration profiles in horizontal flow
are likely to fail to satisfy the homogensous flow model intrinsic as-
sumptions as, for example, the relative welocity between the phasss will
be significant. Again, for settling suspensicns in vertical flow a2lthough
the concentration snd velocity profiles mey be sxisymmetric and sensibly
uniform, the model assumptions may not be satisfied especiaslly for larger
dense particles.

Durand /55/ studied the flow of slurries through horizontsl pipes
and classified suspensions according to the solid phase particle size.
He considered particles up to 25 microns dismeter geve rise to sus-
pensions behaving as homogenecus fluids. An intermediste range of
particle size from 25 to 50 microns a2nd a sub-division of the heter-
ogeneous transport regime with perticles less than 200 microns snd
obeying Stoke's Law of setiling may also be expected to be suitable

for treatment with s homogenecus flow model under certain conditions.
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Newitt et.zl. /56/ stated that homogeneous flow was characteristic
of suspensions of particle size less than 30 microns and the following
relationship, which should hold for the flow to be homogeneous, was

given:-

1800 g DU,

3
Up TN

Fmpirical relations are presented by Spells /57/ giving the mean minimum
and standard liquid velocities for settling suspensions. The minimum
velocity is that at which the particles will 211 be just in suSpension
with a concentration gradient in horizontal flow, At the standard
velocity the flow becomes homogeneous.

Cairns et.nl. /58/ measured concentration profiles in dilute sus-
pensions of emall particles ( < 16 microns) and considered that velocities
greater than 13.4 ft/s (Re > 161 000) were required to produce a hom-
ogeneous suspension. This result is in marked contrast to the much lower
velues given by other w;rkers. It was also found that the concentrstion
in vertical flow was substantially uniform after a distance of four feet
from the start of the verticsl section.

Thomas /59/, /60/ has presented relationships for the minimum trans-
port velocity of flocculated and non-flocculated suspensions in horizontal
pipe flow covering a range of particle size from 1 to 310 microns diameter,
Suspension regimes are derived in terms of the relaotive size of particle
and pipe flow zones of lsminar sublayer and buffer region, with transport
relations being given in terms of the ratio of perticle settling velocity

to friction velocity.
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Through consideration of the correlations for flow regimes it is
possible to determine if the homogeneous flow model will be appropriate
for a given suspension problem. In the case of vertical flow a con-
servative estimate would consider the limitations as for horizontal
flow but in sssessing the velidity of the model it is hoped to give
some further guide to its limitations in this situation.

9.3 The Bssic Equations.

The homogeneous equilibrium flow model is utilised by solving the
boundary layer equations in differential form for internal flow as
applied to the case of pseudofluid obtained by the idealisation of the
tﬁo—component mixture. Some of the advantages over a correlation of
experimental_results using average suspension properties are:-

1. An analytical treatment allows the boundary conditions for a
given problem to be veried and hence obviates the nsed for them
either to conform to experimental conditions or be asn spprox-
imation.

2. Extensions to problems outside the range of experimental evidence
have greater validity.

3. Information on velocity and temperature profiles, friction
factors, local Nusselt numnbers, etc., may be obtained from
the one treatment,

k. Updated correlations for average properties of suspensions
may be simply included in the treatment if they become available
and their effect msy be readily determined.

The boundary layer spproximations for stesdy turbulent flow are red-

uctions of the Navier-Stokes and energy equaticns, with the usual time

agverage terms, to a form that can readily be solved. Simplification of
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the basic equations using an order of mesgnitude evaluation is detailed
in most standard textbooks, of which reference /61/ may be quoted as

an exasmple. Where flows have a predominant direction, such that cross-
stresm gradients are much larger than stresmwise gradients the truncation
of the Navier-Stokes and energy ecuations are valid., Turbulent terms
must be included in the relation of shear stress and heat flux to
velocity and temperature profiles; an effective viscosity model is
employed to represent the transport properties by a sum of molecular

and eddy exchange coefficients,

The solution procedure sdopted allows the fluid properties, viscosity,
thermal conductivity and specific heat to be temperature dependant and in
addition provides for the fluid density to be dependant on tempersture
and pressure. Obviously a suspension of a solid in a liquid may be
treated as an incompressible fluid, where the density is assumed to be
constant, but since the solution procedure allows a general vesriatle
property treatment it Was felt worthwhile retaining this festure.

As is usual with forced convection body forces sre neglected, also
viscous dissipation will be small and mey be omitted from the energy
equation; hence the boundary layer spproximations may be written:

a. continuity

dyph E divpr).
d x rar | (9.2)

b. momentum in stresmwise (x) direction
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¢c. energy
| d K ﬁrdH aH H
— X = pU........_ + pv_a_.-
r dricp dr X r

The equations may be normalised by dividing varisbles by their inlet

values as defined in the nomenclature =nd become:
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(9.5)

(9.6)

(9.7)

In addition the integral continuity equation is required for internal

flows to provide sufficient equations to enable the pressure gradient

to be calculated.
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The boundary conditions at the wall are the usual no-slip and
impermeable wall conditions together with either a specified wall
heat flux condition or a specified wall temperature. At the tube
centre-line the conditions are zero axial velocity and temperature

gradients together with zero radial velocity component:

ViX%.1)=0 v VX JI=0

for specified wall heat flux:

an - (X c
e, T Soy
a7 2 K,

and for specified wall temperature:

(9.9)

The initial conditions are a specified velocity and temperature
distribution for the fluid, with heating being initiated at any point
of the flow and free to vary arbitrarily with position.

Hence:
Ulour)= Uy .. "Vto. = Moir)

Plo, ri=0.4ry; HO,FheH.(1)
(9.10)
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The relationships of the fluid properties with temperature are not
specified as part of the sclution procedure and may be supplied to suit
any particular situation. This allows the specification of the properties
of a real fluid or of » pseudo-fluid when considering either one or
two~-component flow; in the simplest snslysis this will entsil consider-
ation of the volume fraction solid and component properties as additional

perameters:

(9.11)

The effective viscosity and thermsl conductivity are to be evaluated
80 as to include the effects of molecular exchange and the exchange due to
turbulent eddy motion. It is necessory for empirical information to be
introduced since no rigorous theory is as yet available to describe this
exchange. The simple linear combination using eddy diffusivities for

momentun and heat a2re used as follows:

it + 5

et
(9.122)
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Where the eddy diffusivities sre gener=lly functions of position
and dynamic variables; any suitable method for calculating effective
transport properties could be employed in the treatment but zs a
starting point an evaluation of eddy diffusivity for momentum will be
made using a mixing length model. Prandtl's mixing length hypothesis
provides a useful, if limited, method of evaluating the required rel-
ationships and has been found to give satisfactory results for a large
nunber of problems, The eddy diffusivity of momentum is given by an

expression of the form:

(9.13)

Where the distribution of mixing length is obtsined from empirical rel-
ationships; the form of this relationship for one and two-component
flows will be discussed later.

9.4 Solution Procedure.

The boundary layer assumptions change the nature of the momentum
and energy equations from elliptic to parabolic partial differential
equations and are therefore tractable to numerical solution through a
variety of methods, the more especially with the use of high speed
digital computers. Rather than develop and program a solution procedure
in its entirety it was felt to be more realistic to take an established
method that had been utilised for a number of single-component flow

problems and adapt this to the homogeneous equilibrium flow model for
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two-component flow, The finite difference method developed by Bankston
and McEligot /62/ has been shown to provide accurate results when applied
to a variety of heated turbulent flow situations /63/, /6L/, /65/ and in
addition is applicable to a wide range of conditions, economical of com-
Puter time and capable of being readily assimilated by any user. In
consequence this numerical procedure was adopted for the present work
and, since details of the develcpment of the technique and validation
data are given in the above references, it is necessary only to describe
the method in brief with only the additions made in this work being fully
documented. _

A finite difference grid is defined along the axis of the tubelon
any rx plane with the intersection of lines of constant r and constant
x becoming the nodes. Finite control volumes are designated as the
volume enclosed between surfaces of constant r and constant x and are
ring elements with radial surfaces being located half way between adjacent
nodes. Radial location of the nodes is adjusted so that grid distances
become successively smaller »s the wall is spproached; these locations
are then kept fixed throughout the solution although the number of radisl
nodes may be varied as desired., Solution of the equations is by a
marching procedure where the equations sre solved in the cross-stream
direction at cne particulsr axisl station before moving downstream to
the next station. Axisl step lengths sare varied from an initial spec~
ification as the boundary layer thickness varies or the rate of convergence

diminishes.
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The finite difference equations were obtsined by essentially
rederiving the governing eguations for the macroscopic control
volumes; this procedure is equivalent to integrating the governing
equations over the control surfaces with the sssumption that the
dependent variables vary linearly in the axial direction and are
uniform in the radial direction. This method produces finite dif-
ference equations that are conservative, whereas derivations based
on Taylor series expansions of the partial differentisl equations
sometimes fail. in this respect. The basic situation considered in
developing the energy and momentum equations sre shown in figure 9.1,
C:ontrol over the centring of the finite difference representation of the
diffusion terms with respect to the grid is provided by a weighting factor,
The basic equations are detailed in reference /62/ and so will not be
repeated here.

The solution procedure involves rearranging the equations so that
both energy snd momentum equations sre linesr and implicit. To do this
all the known values are grouped into the coefficients of recurrence rel-

ations, so that the energy balsnce becomes:

Ay LHin o) + BiTH 1+ AjLH L, o4 i e b

(9.14)

The momentum ecustion becomes:

AlD 4ol # By LU, D% A IT, T+ € B eD =0

(9.15)
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where the coefficients are not the ssme as those in the energy equation.
It is noted also that the momentum equation is linearised by the use of
a predicted velocity in the coefficient of the axial outflow term. Only
the transverse diffusion terms and the sxial convective terms are used
in the coefficients of the unknown quantities to ensure stability in the
recursive solution.

The continuity equation is defined as:

: e = = R gmee Sy
M2 ® Mejonz* (P, Ui, - RTTRUUWIRS S

(9.16)
and the integrsl continuity equation is:
: N+I| X 5 :
m = U T - F &
? ﬁ“hj !U“l-lurja-liz rj-llzl l
(9.17)

Boundary conditions are either formed by the appropriate bslance
in the sa=me manner as the equations for the interior control volunes,
or the ﬁnknown will be specified directly.

The governing equstions are solved sequentially st esch axial step
end sre .lterated until the solutions converge. From the predicted values

of the variables, effective viscosity and thermal conductivity values are
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calculated st the control surfaces using a given turbulence model. The
energy equation is solved for H(F) by applying the recurrence rel-
ations presented by Richtmyer /77/. The x - momentum and the integral
continuity equation sre solved simultanecusly for U(F) -nd P
For the integrsl continuity equstion f)(i-') is calculated from ﬁ('F)
found with the energy equation. Finglly the continuity equation is éolved
" from the wsll to the tube centre to obtain ﬁ\-/(',:) ; the most recent
velues of f)(?) and U(F) sre used. Predicted vslues of the variables,
necesssry in the coefficients are revised gt each iteration. Once
converged the results for step i1+1 2re tzken for the first set of
predicted values for the next step. The energy balance and the rate of
change of pressure gradient sre used as convergence tesis during iterstion
st each step; in sddition a magximum number of iterations is specified.

Correct selection of grid perameters appears to be 2 matter of ex-
perience gznd compromise; no general rules have been formulated for their
selection., A balance must be drawn between computer requirements of
storsge and execution time and the solution sccuracy; some indicaticn of
useful starting values is given by Bonkston and McEligot /62/,

9.5 Additions to the Solution Procedure,

The numeric-l solution method outlined above wss implemented by
Bankston snd McEligot in s computer program written using the FORTRAN
IV 1lsnguage for execution on a2 C.D.C. 6600 cemputer., Adaptation of
this method consisted in the mpin of the provisicn or re-writing of

peripheral routines which input values to the general solution procedure,
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These included interpolstion and curve fitting routines together with

2 number of turbulence models; in addition several redundant segments
were removed from the program. A msjor change was the inclusion of
routines providing average suspension properties when the boundary

lasyer equations sre to be solved for s pseudofluid ideslisation;

single component flow wzs made 2 subset of the genersl solution technique,
having a zero volume fraction solid. The changes necesssry to utilise

the homogeneous flow concept snd the selection of property correlstions
will be_covered in subsequent chapters,

Apart from minor programming modificstions the solution procedure
was changed in only one respect, extending it in allowing for the
specification of g wsll temperature boundary condition in addition to
2 wall heat flux specification, since this would allow easier comparison
with experimentsl results as well as being more flexible,

Specification of s wall temperature simplifies the ﬁolution procedure
in that it removes the necessity for forming an energy bslance for the
control wolume adjacent to the wall. The given value may be substituted
directly into the recurrence relationship and the enthalpy field at the
axlal station, obtsined directly by successive substitution starting at
the wall. Values of wsll heat flux snd bulk enthalpy must now be cal-
culated using this condition. To evaluate the wall heat flux the thermal
gradient at the wall is required; methods by which this may be spprox-
imated include:

1. assuming that the thermol gradient is given by the average

gradient over the hzlf-shell adjacent to the wsll,
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2. using a divided difference technique incorporating s»s many
nodes from the wall as desired.
3. [fitting a2 quadratic through the well and two adjacent nodsl
temperatures .,
Whilst the second method is most accurate it introduces unnecessary
complications snd the first method is an oversimplification. Using the

third condition:

QU
|

Yn I( il,nel = n-l n, Yn (Tl-rl n+l -Th-l,n-l)
yn ?n—l ( ?n v S;n-l)

|

Q.
=

(9.18)
when the wall heat flux will be given by:
q-|- 5 i+l Nl aT
W ReOP% ar Wi,
(9.19)

If the wall boundary condition is s specified heat flux then the
fluid bulk enthalpy mey be simply obtsined by considering the energy
sdded st the wall by integrating over the boundary surface for the
axisl step. With a specified wall temperature the average heat flux
over the step length could be assumed to be the mean of the heat fluxes

at the two boundary sxiasl stations but 3 more accurate method of obtaining
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the bulk enthalpy is to use the definition of 'mixing cup' properties;

hence:

- o
P{b = :
puU(2mti) dT
(o)
(9.20)
which becomes:
PR
2 M Hy,
- j=1
H =
Piel m
(9.21)

It is noted that the use of this boundary condition removes one of
the tests for convergence, namely the energy balance, so that the pressure
criterion becomes controlling. In practice this was always satisfactory

and could be made more stringent if required.
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SOLUTION EVALUATION WITH SINGLE-CCMPONENT FLUIDS

10.1 Introduction.

Before the solution procedure outlined above was applied to the
case of heated flow of a solid-liquid suspension it was necessary,
firstly, to develop the required auwxiliary relationships, in particular
a turbulence model and, secondly, to test the method against established
relationships and experimentai evidence for single-component flows,
Having established the validity of the technique for the isothermal
turbulent flow of a liquid consideration could then be given to its
use in predicting heat transfer performance of both single and two-
component systems with, in the latter case, any auxiliary relationships
suitably modified for use with pseudofluid properties,

An experimental test circuit was constructed for use in the eval-
uation of the homogeneous flow model and although not ultimately used for
this purpose it was used in dewveloping relationships and assessing the

method performance for the flow of water,

10.2 The Experimental Circuit.

Since the experimental circuit was not used for heat transfer tests
its details are only briefly described., In design the apparatus was
similar to that used in many other heat transfer studies /36/y /31/,
/k6/ being a recirculating system with heating and cooling sections
to enable steady state measurements to be made. An outline diggram
is shown as figure 10.1.

The material used for the circuit was drawn copper tube of one inch

nomingl bore and 20 s.w.g. The working fluid was passed through the system
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by a Safran single stsge centrifugal pump with a rated water head of
0/50 m at a delivery rate of 600/230 litres per min, Suction was from
a reservoir tank which was fitted with a paddle stirrer and baffles in
order to maintain sufficient agitation to ensure a uniform suspension,
The pump discharge was controlled by a bypass line returning to the
reservoir and a butterfly valve in the main discharge line. A metric
series Rotameter type 65Q was fitted to enable the flow rate of pure
liquids to be determined and an estimate made of the magnitude of the
flow of a suspension. The heated section was preceded by a calming
length of 100 diameters at the entrance to which was a fluid mixing
chamber designed to mix the fluid thoroughly so that its bulk temperature
could be measured by a thermocouple incorporated therein. A heat trans-
fer section of 120 tube disgmeters was constructed by enclosing the test
circuit within a steel pipe of 3} inches dismeter to form a stesm heating
chamber. Saturated steam at a supply pressure of 13 bar was admitted to
the heater through a needle valve, providing control over the quantity
adnitted by throttling. A throttling calorimeter was fitted to the steam
supply line. Condensate passed from the heater through s float control-
led steam trap, which incorporated a thermocouple, a multi-tube cooler
to prevent 'flashing' into stesm and then discharged either to drain or
to a weigh tank.

From the heating section the fluid again entered a mixing chamber
for bulk temperature determination. The fluid was then cooled in a
single pass multi-tube heat exchanger with water used as the cooling
medium and was then returned to the reserveir or, for flow megsurement,

diverted to a weigh tank. Glass fibre insulation was used on the heated
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section and calming length to cut down hegt loss,

The wall temperature of the test circuit within the heated section
was determined by means of thermocouples located at intervals along the
outer éurface and with the copper tube itself forming one side of the
thermocouple junction. Two closely spaced slots were made circumferen—
tially round the tube at each measuring station and a constantan wire
of 26 s.w.g. was wound into one of these; the ridge between the slots
was peened over to secure the wire and the slots filled with high
temperature solder to the original tube surface., The constantan leads
were protected by silicog tubing and led out of the steam space through
a gland. A copper wire affixed to the test circuit outside the heater
completed the high temperature side of the ‘thermocouple circuit. All
the constanten leads of the thermocouples in the circuit were led to
a Cropico SP6 selector switch, to enable each reading to be obtsined in
reference to a single 'melting ice' cold junetion. A solartron IM 1420.2
digital voltmeter was used to measure the thermocouple e.m.f,

At each end of the heated section was fitted a pitot tube traverse
for velocity profile measurement. Details of the pitot, which incorp-
orated a well static pressure tapping, are shown in figure 10.2. A
micrometer traverse engbled the pitot radial location to be accurately
determined whilst the fluid dynsmic pressure wzs measured using a
Honeywell 1028 disphragm type inductive differentisl pressure transducer
of range 0 to 35 KN/hz. The transducer output was amplified by a carrier
amplifier and the reading obtained on a Solartron digital voltmeter. A
linear relationship between pressure differential snd transducer output

allowed the instrument calibration to be expressed by a simple regression
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line obtsined by the conventionsl anaslysis. Pressure loss across the
test length was measured using a mercury manometer connected between
the static pressure tsppings.

Velocity profiles were measured for the flow of water and for the
dilute flow of metallic powder suSpensiohs. For the latter case it was
found only possible to consider very dilute flows (§ < 0.03) before
problems of tube blockage became pronounced, in spite of the incorpor-
stion of sediment traps and the adoption of backflushing. As will be
discussed later, no significent difference between these velocity profiles
end those for water could be determined under these conditions,

As stated,it was intended to perform heat transfer tests for the
evaluation of the proposed homogenecus flow model using this equipment.
For this purpose it was necessary to have accurate readings of wall
temperature in the heated section but upon commencing tests, it was found
that the measured temperature at each axigl station fluctusted rapidly by
amounts of up to 30°C and that megn values between adjacent stations could
vary by up to the ssme smount. This was especially noticeable ot those
thermocouple locations removed from the steam entry point. No faults
could be found in the thermocouple circuits or construction, so it was
concluded that condensate either built up to such a level, in the steam
space, that it covered the lower surface of the tube, op being agitated
by the passage of steam, formed waves which alternately covered and un-
covered the tube. It was noted that for those thermocouples which
recorded the lower mean temperatures the constantan wire encountered
the copper tube initizlly on the lower tube surface znd that the thermo-

couples that provided the steadiest readings were on the upper surface.
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It was clear that sufficient space had not been provided for the con-
densate and glthough a modification was made within the limitations of
the existing equipment, a significant improvement could not be effected
without substantial alterstion. Limitations of time and manpower neces-
sitated the abandonment of these heat transfer tests.

10.3 Selution for the Isothermal Flow of Water.

Velocity profiles were measured for the fully developed flow of
water through the test circuit at Reynolds mumbers from 7.9 x I]."C)'l+ to
2.1 X% 105. These profiles were first compared with the conventional

logerithmic wvelocity profile relationship due to Nikuradse:
w' =251y + 5.5 (10.1)

snd were found to be substantially in agreement as shown in figure

10.3, having regard to the report of Brinkworth and Smith /66/ that this
expression predicts core velocities up to L% lower than those actually
measured, -

The boundary layer equations were now solved for the isothermal flow
of water under the test conditions for purposes of comparison. Fully
developed flow at entry to the test section was simulated by solving
for an entry length prior to the sctual solution under consideration.

An entry length of 45 dismeters was found to be adequate both for uniform
velocity or approximate fully developed initial conditions. The required
property relationships were provided by the input of tabular dsts for

water from those given by liayhew and Rogers /67/. Property values at
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inlet to the test section were determined using a Lagrasnge interpolation
routine snd the tabular values were normalised by division by the inlet
value and then expressed as  polynomisl function of temperature for use
with the solution procedure. Only for heated flow, obviously, would they
be required,

At every axial station in the solution the rsdial velocity gradient
is required across the section for use with an eddy diffusivity model of
the mixing length type. The profile obtained from the solution was dif-
ferentiated using a cubic spline function and the required end conditions
of specified slope were obtained using a divided difference routine based
on a8 mgny nodal points gs desired; in general four were found to give
satisfactory results.

The mixing length model used initially was that recommended by
Bankston end McEligot /62/ and was the Van Driest /68/ modification of
the original Prandtl mixing length sssumption which provides for a
damping of the turbulent fluctuations near to z wall. The mixing length
is given by:

= K*'y (1.0 - expl-y*/A,))

(10.2)

where K®* is the Von Karman constant 0.4 and A g is usually tazken as 3
constent with value typically 26.0. Further from the wall the mixing

length spproaches Prgndtl's assumption of linear variation with distance,
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The suggestion of Patankar and Spalding /69/ was adopted in using the
local value of shear stress instead of the wall value in evaluating
the dimensionless distance coefficient in the exponentiazl term since

local damping is more likely to be affected by this. Hence:

y+ = -—I-.-):'- /T(Y)p

(10.3)

Using this turbulence model the solution procedure produced an accurate
estimgte for experimental friction factor but when tested agsinst the
eriterionof velocity profile was found to be in error by a considerable
smount gs the example in figure 10,6 shows,

The mixing length model recommended by Escudier /70/ and again used

by Patankar and Spalding /69/ was considered; this gives:

Le ik*y - 0<Y<7\Y|/K“
(10.4a)

L= Ay : Ay /Kk*<y

' (10.4b)
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where yl is 2 representative distance and 7L lies between 0.07 znd
0.12. The‘value of K? traditionally 0.4, is given as a range from
0.35 to 0.6. A modification wes msde in using the Van Driest damping
factor in place of the simple linear relationship of euuation (10.4a).
In spite of an improvement in prediction of experimental velocity
profiles, as shown in figure 10,6, it was not found possible to vary
the model constants to give 3 good agreement.

It was felt necessary to obtsin agreement of experiment and
prediction for the two criteria of pressure loss and velocity profile
in isothermpl flow of a single-component fluid before considering the
heat trzusfer problem. Schlichting /71/ has noted that since the simple
assunption of g linear relation for mixing length does not seem to be
suitable for the whole pipe diameter it appears preferable to deduce the
dependénce of mixing length on distance directly from experiment. This
procedure was now followed.

10.4 Experimentsl Determination of Mixing Length Distribution.

For fully developed pipe flow, inertial terms being zero, the

radigl shear stress distribution is linear:

t
‘t

w rw

(10.5)
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and by definition:

2 ({du g_U

dy| |dy

I
=

T

(10.6)
Combining equations (10.5) and (10.6) we obtain an expression for the
variagtion in mixing length:
= | Zull -¥) \%
= = =
0 du du
dy dy
h —
(10.7)

The mixing length distribution may therefore be determined frem the
meagsursed velocity distribution in iscthermal flow and the pressure drop
over the test length, from which the spparent shear stress at the wall

is obtained by a simple meomentun balance:

Ap ¢

(10.8)
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Differentistion of the experimental velocity profile could not be
accomplished with the cubic spline routine used in the computer solution
since this constrained the curve to psss through the given set of tabular
co-ordinstes gnd, since these vere subject to experimental error, could
result in considerable inaccuracies in the estimation of radial wvelocity

gradients. The method adopted was to it a curve of the form:

&
U= e, cylt - ey - 52 2

(10.9)

to the set of experimental readings (7‘ ¥ UI ) for each velocity profile.
A generalised Newtons method wgs used to find the coefficients C such

thats

N
Z (f(c,,y)-0,1 is g minimum,
i=|
The procedurs wgs iterative and the significance of the determined
coefficients was ascertsined by consideration of their standard error
estimates. In all cases this was less than cne-tenth of the vslue of
the coefficient, sample curves sre shown in figure 10.1k., The velocity
gradient masy now be expressed ss:
du o 5 e e Y
T C,olC,+ Cll =¥ )(2-2¥)(2V-¥)

2 &-‘:—_e (10.10)

Tw

e W =
- 2¢C4(1-¥)(27 - §2)
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and used with equations (10.7) and (10.8) to determine the mixing
length distribution for each experimental profile. The relation of
mixing length to radial position was expressed as a polynomial for

each experimental profile; the coefficients being evaluated using the
sgme generalised Newton's method and with the wall boundary condition
of zero mixing length constraining the equation by foreing a zero con-
stent term. It was found that a third order equation would adequately
represent the datsz, indeed a fourth order expression proved less suc-
cessful. As the coefficients of each euugtion obtgined appsared to wvary
only between limits that could be attributed to experimental error and
88 there did not appear to be any effect due to the flow Reynolds number
over the experimental range,one universgl distribution eguation was ob-

tained by taking the mean of the coefficients. This gave:

1=0.416y-0.7997 + 0.6547"
(10.11)

This equation and typical experimentsl points are shown in fizure (10.4),
while table 10.1 emumerates the maximum and standard deviations for each
coefficient and gives confidence limits for their mean values. The

agreement of this expression with the Prandtl gssumption of T = 0.4 v

in the wall region is shown in figure 10.5.

When this expression is used to give the effective visccsity values
for use in the boundary layer solution for the'isothennal flow of water
it produces velocity profile predictions in sood acreement with the

experimenially megsured profiles, This was hardly surprising, since the
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mixing length distribution was derived from those same profiles but it
does confirm the vglidity of the basic equations and the solution tech-
nique, It was noted, however, that the pressure drop characteristics
were not gcecurately predicted and this was considered to be due to the
failure of the distribution to tske account of the effect of Kinematic
viscosity on the turbulence near the wall. Consequently the Van Driest

damping factor was incorporated into the mixing length correlation to

give:

T=(1- zxp[—y*/zé.o]Ho-4167-—o-79972+ 0-65473) (10.12)

where the local shear stress is used in y+.
Comparison of the experimental and predicted velocity profiles obtsined
using this distribution are shovm in figures (10.6) and (10.7).

Also shovn on figures (10.4) and (10.5) are the experimental mixing

length distributions due to Nikursdse /72/ who gave:
T o e 3 _4
| =0.4Y-0.447 + 0247 - 0.067V (1c.13)

and that obtained by Maise snd McDonald /73/:

y<O-1 : l=0.41(1 -expl-y*/26.01)y (10.143)
0.1<¥<0-6: 1=0.41(1 - expl-y*/26.01)] - 1.53506(F - O.1)2
+ 2-75625(?—0-”3- 1.88425(y - Ol )4 (10.1Lb)

0.6£Y : |l =0.089 (10.1ke)
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Agreement between the various distributions is good in the wall
region but considerable differences occur in the central part of the duct.
In fact, the effect of such variation on the wvelocity distribution in the
region ¥ > 0.6 has been considered to be slight /74/, whilst Nikuradse
has stated that in this region the velocity gradients produced from the
velocity measurements were too small to permit much reliance to be placed
on the calcvl?ted values, Although the experimental mixing length dist-
ribution producesd in this study was derived for use with the heat transfer
circuit measurements,i£ was subsequently found to be at least as satis-
factory for other flow situations gs the other distributions and con-

sequently it was retsined as a feature of the solution procedure,

10.5 Velidity of Mixing Length Distribution Outside Experimentsl Range.
The mixing length distribution given by equstion (10,12) was derived
from experimental evidence in the Reynolds number range of 7.9 x th to
2.1 x 105. Later consideration of flow outside this range led to the
requirement of evaluating the validity of extending its use to these
situstions. This was done by solving the boundary layer equations for
isothermal single-component flows outside the experimental range of
Reynolds number and comp-ring the wvelocity profile and friction factor
predictions with established values. Velocity profiles for the flows
having the lowest Reynolds number considered are shown in figure (10.8)
compared with the standard power law profiles of Nikuradse, A test at
a very high Reynolds mumber is shown in figure (10.9) with sgain a power
law profile for comparison. Velocity profiles in the wall region are
shown in figures (10.10) to (10.12) compared with the universal velocity

profile curves for the laminar sublayer, buffer zone and turbulent core.
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Friction factor predictions over a wide range of Reynolds number from
10h to 106 are given in figure (10.13) together with the curve obtained

by Nikuradse:

-L - o.86nRe,faf - 0.8

Va4t

(10.15)

These results show that the turbulence model derived in this study
leads to acceptable results when used in a numerical solution for Reynolds
numbers outside the experimental range. There is, however, s'ome indic-
ation of a fall in the accurscy of prediction at lower Reynolds numbers
which would tend to support the conclusion of Nikuradse, who found that
his mixing length correlation was independent of Reynolds number effects
for values greater than 10°.

It is considered that it is justifiable to utilise the given equation
in heat transfer studies for turbulent flows over the range of Reynolds
nunber IOL to 106.

It remains only to define the relationship of the eddy diffusivity
for momentum to that for heat to complete the relationships for single-
component [luid flow. Considerable experimental uncertainty and con-
flieting evidence exists on this point withy in genersl, the ratio of
diffusivities being taken ss a constant vglue between 0.8 and 1.0. In
calculation procedures the ratio is often taken as unity since in the

e

light of uncertain evidence the simplest case has that ons advantaze;
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since satisfactory results have been claimed using this ratio it was
sdopted in the mumeriecal solution of this study. Confirmation that
this was in fact substantially correct has been supplied by
Brinkworth and Smith /75/ who determined experimentally the ratio of
diffusivities for the turbulent flow of water at a Reynolds number of
10° snd gave the value as 0,977 throughout the core region, Hughmark
/76/ has taken the velocity profile model of the previous authors and
reconsidered the experimental data of other workers to show that their
results slso indicate ezusl diffusivities of mormentum and heat for tur-
bulent pipe flow of 1iqpid5 of moderate molecular Prandtl nunber, The
assumption of a turbulent Prandtl number of unity for water and water

based suspensions in this study would seem therefore to be appropriate.
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Table 10.1

Analysis of Coefficients of Experimental Mixing Length

Correlation.

Correlation: T: C, 7 + C272 A C373

Coefficient Cj: Value

Maximun Devigtions.

Standard Devistion.

Limits at 95% Confidence Level.

Coefficient Cz: Value

Maximum Deviations
Standard Deviation

Limits at 95% Confidence Level

Coefficient C 3: Value

Maximun Deviations

Standard Deviation

Limits at 95% Confidence Level

= 0.“‘6
6004.6 L -3-3%
0.013

+

0.402, 0.430

[

~0.799
9 .89./; ] -haseﬁ
C.043

+

0.848, 0.750.

= Ooésh
+801¢=€’ -1;.28%
= 0,028

% 0-686, 00622
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11 EXTENSION OF SOLUTION TO TWO-COLPONENT FLOWS

11.1 Effective Propsrty Specification.

11.1.1 Density and Specific Heat.

Previous studies concerned with solid;liquid suspensions in which
mean suspension properties are specified invariably take the mixture
specific heat and density to be weighted averages of the constituent
component properties if the solid phase is truely inert. On this -
basis the suspension density may be teken as a functicn of component

densities and volume fraction solid:

. P =9p « (1 -9Ip (11.1)

The suspension specific heat is obtained from the weight fraction

of the solid and the component specific heats:

Cats P WE v lE= WIE
: Py )Cp,

s (11.2)

Volune fraction solid and weight fraction solid are linked simply

by the component densities:

WP,
(1-W)p, + wp_

QP =

(11.3)
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11.1.2 Thermal Conductivity.

The study of the thermal conductivity of solid-liquid suspensions
given in the first section of this thesis indicates that accurate pred-
letions may be made by assuming a simple model for the system and solving
the governing equations by numerical techniques. However the study also
showed that the increase in the conductivity of a fluid to be obtained
by the addition of even large quantities of g highly conducting solid
is of a small order and, since the influence of conductivity on the heat
transfer performance of a suspension has been shown in previous studies
to be of secondary importance, the use of a complex prediction method may
not be justified. In the present instance the computer time requirements
for the homogeneous flow model solution could well be increased by up to
50 per cent by using the methods develcoped in the first section. Obviously
such an increase could not be justified, especially as the other inputs to
the model are of a lesser order of accuracy; a simple explicit relation
for conductivity would be more spplicable for this purpose. The equation
due to Maxwell /1/ has been much used in previous worly slthough subject
to comments on its tendency to under predict the true value, and it has
been shown in the present study that the expression given by Bruggeman
/8/, and written as equation (1.8), produced a consistantly more accurate
result. Consequently, this expression wss used to derive suspension con-
ductivity values for use in the homogeneous flow model of this study.

11.1.3 Suspension Viscosity.

Previous studiss concerned with the determination of the heat =nd
momentum characteristics of solid-liquid suspensions have treated the
problem of defining sn effective suspension viscosity in a number of

different wsys. These have ranged from assuming that such mixtures exhibit



behaviour that is approximately Newtonian to fitting experimental data with
a mathematical model that described an idealised non-Newtonian fluid.

Graf /54/ has written that information is scarce on solid-liquid suspensions
that behave as non-Newtonisn ligquids and points out that even the available
literature is often contradictory, with no definite criteria set as yete

A problem is encountered in extending the correlations proposed by various
authors to suspensions other than those used in the actual experiments,
indeed the range of materials used in determining an experimental relation
often encompass a spectrum of suspension behaviour. Although a large
nunber of studies are in existance in which the viscosity of a dilute
suspension of spherical particles is predicted from a Newtonian relation-
ship, with the exception of a study by Thomas /78/, no work has been per-
formed which will permit the behaviour of a suspension to be predicted
using a non-Newtonian model and the physical properties of the constituents,
Recourse must generally be made to rheological experiment.

Since this study does not include any experimental work on suspension
viscosity and since the range of suspensions to be used in evaluating the
heat transfer model cover a ransce of classification which probably extends
from non-settling to pseudohomogeneous and even to the heterogeneous regime,
a relation that will be approximate for most of the materials is taken.

Thomas /78/ has presented relationships which fit the laminsr flow
curves of suspensions with the Binghsm plastic model, the coefficients
being derived from consideration of the constituent properties. Exper-
imental evidence was obtained from suspensions of thorium oxide, titanium
oxide and Ksolin in water and with 3 ﬁnrticle size range of 0,74 to 13
microns. It was shown that the ratio of the coefficient of rigidity to

the viscosity of the suspending medium was directly preporticnal to the
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volume fraction solid with, in addition, for the smaller particles a
dependancy on particle diameter; for the larger particleg the ratio
wss almost independent of particle size. An expression was derived
that asymptotically approached the theoretical viscosity relationship

of Einstein for large particle size:

%£= exp (K, @)

Jd ' (1.4

where the particle shape factor QQ may be taken as unity for spherical
- particles. For large particles and dilute suspensions the expression

reduces to the Einstein /79/ equation:

V= B i1+ 2.59)

(11.5)

Thus the Bingham coefificient of rigidity, which is also the limiting

viscosity at high rates of shear, is reported to spproach the theoretical
. Newtonian viscosity for a suspension of large sphericsl particles.

Thomas /4L6/ has shown that the limiting viscosity is most appropriate
in defining a chesracteristic Reynolds number for Bingh-m plastic flows and
since the regions of most importance in heat snd momentum transfer are
regions of high shear, it may well be a sufficient first approximation

to take the limiting viscosity as a characteristic viscosity. Therefore



the sagme relstionship may be used to cover Newtonisn and non-Newtonian
fluids so that the laminar flow properties do not have to be determined
experimentally. This approach neglects any value of fluid yield stress
but except in the centre of the tube its effect may be considered neg-
ligible and this region, it is proposed, will not be of significance in
the overall fluid heat transfer performsnce. It may also be remarked that
some doubts have been expressed as to the existance of a true yield stress
as required by the Binghsm plastic modél.

It has, however, been widely reported that Einstein's equation does
tend to underestimate effective viscosity and several guthors have produced
different expressions which, also are claimed to be appropriaste for higher
concentrations. These include the egquation proposed by Roscoe /80/ and

Brinkman /81/:
-2.5
H o= [.I.c(l - ) (11.6)

and that due to Happel /82/:

L o=H(1+55¢9) (11.7)

Equation (11.7) was found to produce slightly better predictions when
used in the homogenecus flow model, so that this study assumes as g first

spproximation gnd until further relationships become available:

‘n = Ll = llk(! - 5.5(4))

(11.8)
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11.1.L Suspension Mixing Length.

Comprehensive empirical equations for mixing length in two-
component flow have not yet been established. Experimental data on
the change in pressure drop characteristics of a suspension compared
with a single-component fluid in turbulent flow have been interpreted
to show either a thickening of the laminar sublayer and buffer layer
of the flow near the wall or the damping of turbulence being manifested
in a decrease in the Prandtl mixing length constant. For purposes of
calculation it is most convenient to consider the latter approach with
the effect of the suspended particles being derived from turbulent flow
correlations following the method used by Wzsp, Aude, Seiter and Thompson
/83/ and in accordance with the assumption of Soc /84/ 2nd Julisn and
Dukler /85/ who proposed that the eddy diffusivity of a suspension be
unchanged in form by the presence of particles but merely altered in
magnitude. This method is based on the assumption that within the range
of interest the mean velocity distribution is unaffected by the presence
of solid particles and attributes the lower pressure drop over a given
length of pipe to reduced mixing length due to dissipation by the particles.
Since the effect of solid parameters on dsmping the mixing length is not
known the result must be deduced from flow data correlations.

Wasp et.al. expressed this as a damping of the von Karman constant,
typically a coal suspension in water at 50 per cent weight fraction gave
a 15 per cent reduction. The fanning friction factor is directly related

to the von Karman constant by the Colebrock function:

I 1.5 0.152

;r?: s lrI(F?c dr‘ } - o

(11.9)
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so that by comparing the friction factors for one and two-component
flows we have an estimate of the reduction in the Von Karman constant
fqr any given suspension. An explicit expression for the friction
factor of solid-liquid suspensions is provided by Thomes /86/ who gave

this modification of the Blasius equation:

f = BRe"

where

i 10.48

.
-‘n -
”LL 10:15

b = 0.25|—
Ll

- -

B 0.-079

(11.10)

It may be noted that Hanks snd Dadia /87/ have produced a theoretical
friction factor chart for suspensions in which the Hedstromnumber is a
parsmeter in the turbulent region when the limiting viscosity is used in
defining the Reynolds number. Such a result would contradict the finding
of Thomas, that the use of the limiting viscosity would enable all the
data for a given suspension to be correlated by a single curve, independent
of tube dismeter. It is suggested by Hanks snd Dadia that scatter in the
results of Thomas could have justified his assumption but, as no experimental

evidence is offered for the proposed Hedstrom number dependancs, the simpler
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result of Thomas will be used in the present work.

Substituting the viscosity correlation in equation (11.10):

-0.48 -0.25/(1+5.5¢)°"5

f =0.079(1+5.5@) Re
(11.11)

The Blasius equation is used to give the friction factor for a single-

component fluid:

£, = 009 Re ~0:% (11.12)
Hence by rearranging the Colebrook equation and expressing the
results for single and two~-component flows as a ratio:
52 InReJf, - o.152
L52 lnRe f - 0.152
(11.13)

This gives the Von Karman constant for a solid-licuid suspension
expressed as a fraction of the single-component value,

If the mixing length correlation for single-phase fluids expressed
in equation (10.12) is rearranged in the form T: Iz)_{(l -exp —y+/26.0)_
then:

K*¥ = 0.416 -0.7997 + 0.654 >
e (11.14)
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Substituting for K’; in equation (11.13) ond obtaining friction factors
from equations (11.12) and (11.11) the Von Karman constant and hence

the mixing length for two-component mixtures is obtained:

L= (0.416§- 079972+ 0.6547°) (1 - exp-y726.0).

f, 1.52 InRe [f, - 0.152

f_ 152 “".oRe,ff—c - 0.152

(11.15)

This mixing length correlation is used to derive eddy diffusivity
profiles for turbulent solid-liguid flows in the homogeneous flow model
solution procedure. The reduction in the Von Karman constant through
the introduction of solid particles into the flow, as calculated by this
method, is illustrated in figure (11.1).

11.2 Computer Program Modification for Two-Component Flow.,

The use of the boundary layer solution procedure for two-component
flow is accomplished simply by the addition to the computer program of a
subroutine which supplies mean suspension properties to the mein program.
Solid component property values are given to the routine in tabular fomm
and sre combined with the relevant fluid properties, using the specified
relationships, to give tabular suspension property values. The suspension
property relationships msy easily be changed in order that any alternatives

may be incorporated and evaluated.
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Suspension properties are used in the place of pure fluid properties
in the solution procedure snd sre normslised and expressed as polynomial
functions of temperature as described for single-component flow. The
necessary relation of enthalpy with temperature for the suspension solution
is obtained taking a mean value based on the weight fraction of each phase,
the solid component values being based on specific heat and temperature
increment and the liquid phase values being taken from published sources.

Specification of a two-component flow slso brings into use the mod-
ification of mixing length in the routine which provides effective vis-
cosity and conductivity values in turbulent flow.

11.3 Sclution Evaluation for Two-Component Flows.

The computer program, listed in sppendix 3, and embodying the homo-

geneous f{low model was used to predict the experimental heat transfer
performance of vsrious solid-liquid suspensicns. Since it was found im-
possible to provide the required information using the equipment constructed
for this purpose, the solution procedure was evaluated against the
experimental results obtained by Crr and Dalla Valle /36/. These results
are obtained from heat transfer experiments in vertical flow and are
comprehensive in covering a wide range of moterials and particle sizes.
In gddition they include the details of the experimentsl boundary con-
ditions which are required by the solution procedure. The relevant details
of the solid constituents are shown in table 11.1; the property vslues of
the solids were obtained from the reference sources given by Orr and Dalls
Valle. _

A comparison of the predi;ted and experimental haa£ transfer per-

formance of the suspensions and of water only was effected by comparing
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the bulk temperatures obtained at outlet from the heated section as
experimentally determined and as calculated. This, in effect, compares
the predicted and experimental energy inputs to the fluid snd is s more
severe test that comparison on the basis of conventional dimensionless
groups. With the latter method the bulk outlet temperatures would be
combined with other reference temperstures, which being equal for both
calculagtion and experiment, serves to moderate any discrepancies bestween
the results,

The values compared are tabulated and discussed in the succeeding

chapter.
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Table 11.1
Solid Partiecle Physical Property Values,
Material Density KgﬁnB Specific ’ Thermal Particle
Heat KJ/Kg “C Conductivity size.
KW/m °C
Copper 8323.6 McAdams /88/ McAdams /88/ | 3.3 microns
Attapulgus 256L45 0.754(37.8°¢ ) | 0.013 1-2 microns
Clay 0.921(148.8°C) |
No. 18 Glass 2891.7 0.7536 0.0017 35 microns :
Bead
No. 9 Glgss 2891.7 0.7536 0,0017 260 microns
Bead
Acheson 2012.0 Perry /89/ Powell /90/ 200 mesh
Graphite (75 microns.
Aluniniun 2700.7 McAdams /88/ cAdems /88/ 325 mesh

(50 microns
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12 RESULTS AND DISCUSSION

12.1 Treatment of Results

The boundary layer equations were solved, using the procedure
previously outlined, with parameters obtained fram the experimental
turbulent heat transfer results given by Orr snd Dalla Valle /36/.

The experimental conditions of a fully-developed flow at entry to

the heat transfer section, which had a length to dismeter ratio of

187, the fluid bulk entry temperature and a wall temperature expressed
as a linear function of axial distance, were simulated in the solution,
A variety of suspensions of solid particles in water were used in the
experimental work and for the prediction of these flows the governing
equations were solved using the mean suspension property relationships
developed in this study; a number of the results were for the flow of
water only and these provided a datun for the analysis of the solutions
for suspension flow.

Table 12.1 shows details of the results of the comparison between
predicted and experimental bulk temperature increments for each flow
considered and is subdivided into groups of individual one or two-
component fluid. The results for the suspensions containing either
attapulgus clay or copper powder were obtained using a slight modification
to the solution which improved the sccurscy; this will be fully dis-
cussed later. Also given for each sample group are estimstes of mean
error, error biass and mean temperature increment ratio, which is the
ratio of the predicted to the experimentsl rise in bulk tempersture,
together with the standard deviations for each value. The methods by

which these values were evaluated are detailed in appendix 1.
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The data was subject to a screening process to remove the
possibility of 'rogue' experimental points exerting an undue in-
fluence on individual sample parameters. This is glways possible
with heat transfer experiments and especially significant where the
sample sizes are small. Basing the screening procedure on the initial
sample estimates of mean temperature increment ratio and standard dev-
iation, the criteria for neglecting any result was that it lay outside
the region given by m Z 2.33.5. The possibility of neglecting a sig-
nificant result using this criteria is 2 per cent. In total 5 such
results were neglected out of the 73 experimental flows considered,
these were comprised of one result each for water only, copper sus-
pension and aluninium suspension and two results for graphite sus-
pensions. Revised estimates of the sample parameters were obtained
based on the reduced number of results,

The effect of the screening procedure on the overall error of the
solution was negligible since not only are a large number of results
considered but those neglected were almost equally distributed as to the
sign of their error.

In table 12,23 the overall accuracy of the solution procedure is
shown; considering all the heat transfer results the experimental vslues
of outlet bulk temperature were predicted with an oversll error of 7.52
per cent and the overall mean temperature increment ratio was 1.055.
This in itself represents s significant improvement over the correlation
given by Orr and Dalls Valle, but the analysis of the results on the
basis of temperature increment ratio for each sample group provides

further information on the wvalidity of the solution.



12,2 Prediction and Validity of the Solution

12.2.1 Results for Single-Component Fluid

The solution of the boundary lsyer equations for a single-
component fluid would be expected to produce accurate results if the
method is to be extended to the two-component case. The results given
in table 12,1a show that the solution predicts outlet bulk temperatures :
that are consistantly some 1 to 12 per cent above the experimental values;
s mean temperature increment ratio of 1.058 was obtained. Whilst this
figure will be well within any expected experimental error, it can be
shown that the effect of experimental inaccuracies will be to produce
an underestimate of experimental bulk temperature increment for a given
fluid.

Measurement of fluid bulk temperature at inlet to the test section
was accomplished prior to a calming section which, in turn preceded the
heated section of the eircuit. Thus, this value was determined at some
distsnce from the actual entry point and since the fluid was above ambient
temperature, the effect of any heat loss from the fluid would be an over-
estimate of this parameter. Similarly, at exit from the heated section
any heat loss occuring before the mixing chember would lead to =n under-
estimate of outlet bulk temperature. The net effect would be an under-
estimate of temperature rise in the heated section and this error would
be expected to increase as the conditions for heat loss become more
favourable. Figure 12.1 shows the error between the experimental and
predicted temperature increments plotted against fluid inlet and outlet
bulk temperatures and also against the flow Reynolds number for the

results using water only. A definite trend of increase in the error



can be seen with an increase in these parameters; the less pronounced
trend in the case of fluid outlet temperature is probably because of the
reduced distance available for heat loss,

It is therefore suggested that the predicted values of temperature
increment, for the case of the flow of water, are closer to the actusl
inecreases than the tabulated results would indicate. Further, since the
same trend may be expected for suspension flows, the validity of the
homogeneous flow model may be more fairly assessed in a comparison between
the solution sccuracy for single agnd two-component fluids,

12.2.2 Significance of Results for Sample Groups.

As can be seen from table 12.1a - g, mean prediction accurzcy varies
by a considerable degree between sample groups. It:is to be expected that
the homogeneous flow model would only be gpproprigte for those situgtions
where the flow rates are sufficiently high and particle size sufficiently
smgll for the flows to be considered after the manner of a homogensous
fluid, where the lack of a detailed description of the flow pattern is
not of importance and where the suspension property relationships are
adequate.

An anslysis based on statistical methods, which are outlined in
appendix 1, was performed to determine whether the differences between
the prediction performgnce for each suspension could be attributed to
experimental wvarigtion or whether the result indicated that the homo-
geneous flow model was not gpplicable for any particular case. The
difference between the sagmple mean temperature increment ratios was

investigated by means of the 't' test. Since this test is based upon
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the assumption that the two samples compared are drawn from populations
identical as to variance, the 'F' test was also employed to ascertain
the validity of assuming that any two sample variances are independent
estimates of the same population variance.

The results of these two tests, carried out between all the sample
groups, are shown in table 12.3, with the terms 'probably significant!,
'significant' and 'highly significant' refering to a degree of probab-
ility of 0.95, 0.99 and 0.999 respectively that the difference between
éhe two values arises from causes other than chance.

Only three of the pairings of suspension groups were found to exhibit
any significance in their difference of variance and then only at the
lowest level; this indicates that the following 't' test on mean temp-
erature increment ratios will be a valid comparison. The result of
'probably significant' for the comparison of the variance for water snd
No. 18 glass bead results whilst not invaliding any further conclusion does
point out that this cannot be firm and must be used judiciously. 1In
considering the significance of the difference in mean temperature in-
crement ratio between samples, prime importance will be attached to the
results obtained between water only and the various suspensions. Since
it is known that the method is valid for a single-component fluid in the
Prandtl mumber range of water, then the implication can be drawn that it
will also be valid for s two-camponent fluid if the prediction accuracies

are comparesble,



On the basis given gbove the homogeneous flow model can be seen
to be inappropriate for the aluminium powder/ﬁaﬁer suspensions since
the difference between the predictions for this fluid and water is
'highly significant'. This result was to be expected since it was
known that the aluminium particles would probably be highly irregular
in shape and therefore several of the suspension property relationships
would not be valid. The thermal conductivity study of this report
indicates the large effect of particle shape on this suspension property
and other studies have shown a similar situation to exist with suspension
viscosity. Thomas /91/ has stated that particle shape apparently affects
turbulent flow data in a way which cannot be predicted from simple laminar
flow measurements. From consideration of the other results it is not
likely that particle size, being less than 50 microns, would be s factor
in the model failing to represent this suspension.

A'significsnt' difference between the predictions for water and for
No. 9 glass beads may, on the other hand, be ascribed to the large size
of the particles, With a particle diameter of 260 microns the relative
velocity and temperature between the ﬁhases would assume some importance
and it would also not be expected that the particles would follow the
turbulent fluctuations in the manner of smgller particles. Thus, at
legst for Reynolds numbers below 105, the assumption of homogeneous
flow for suspensions containing particles of this size has been shown
to be ingdequate.

The prediction method, when employed for the fiows of graphite and
No. 18 glass bead suspensions, can be seen to give results that do not

differ significantly in accuracy from those for water alone. In the one
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case the particle size was less than 75 microns and in the other the
mean particle diameter wgs 35 microns. The mean temperature increment
ratio for the graphite suspension is 0,38 per cent below that for water
and for the glass bead suspension it is 1.71 per cent lower. It is
recognised that the result of the variance test for the latter suspen-
sion does not allow a firm conclusion on the point of comparison of
accuragcy but, since the result fits into the expected pattern of con-
formity with the homogeneous flow model, it appears reasonable to accept
it. It is therefore concluded that for particles of this size range

(35 to 75 microns) the homogeneous flow model is both valid and productive
of sccurate results.

. For the sttspulgus clay suspensions the 'highly significant' dif-
ference indicates that the homogeneocus flow mcdel will not be applicable,
Metzner /33/ has commented that this material is not truely inert, as
required by the property relationships; the clay tending to be swelled
.or solvated by the liquid phase. In addition, with the particle size
being in the range 1 - 2 microns there may have been a tendancy for the
particles to form sgglomcrations, which would sgain be a factor in the
failure of the mecdel to represent the dsts.

Flocculation may slso be respensible for the 'significant' difference
between the mean temperature increment ratios of copper suspensions and of
water. The mesn particle size wgs 3.3 microns; Thomas /91/ gives a
particle size of 5 to 10 microns as being 3 point where the forces
responsible for the distinctive behaviour of colloidal materials are of
importance and notes that flocculation has been obsarvéd with particle

sizes of up to 20 microns. Orr and Dalla Valle /36/ in reporting their



experimental results do not give any consideration to deviations in
the flow patterns for individusl suspensions, so that there is no
evidence to support this explanation,

As noted by Thomss /78/, particle size will be a factor in the
viscosity correlation when considering psrticles in the above mentioned
range. A modification to the solution procedure, to attempt to allow
for this factor and the sgglomeration of particles, was incorporated
into the program and used to obtain the results for copper and attapulgus
clay suspensions. As shown in the following passage this does not give
a sufficient improvement in prediction. However, the mean temperature
increment ratio obtained for the copper suspensions is only L.L5 per cent
below that for water, so that the effect of discrepancies is not gs great
as in the case of clay suspensions. This being so, although the homo-
geneous flow model does not strictly represent the data for this sus-
pension, the prediction is sufficiently accurate to sllow the results
to be used in providing data for an investigation into trends in accuracy
with Reynolds number snd volume fraction solid.

The effect of the ratio of solid to liguid density could not be
investigated with the experimental evidence given since results for
suspensions containing particles of similar size but varying densities
were not available. In the suspensions used for the experimental invest-
igation the dense materials were present in the form of the emallest part-
icles so that the density ratio alone would not appear as a factor in

prediction discrepancies. The mass of an individual particle of the
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copper powder, for example, was considerably less than that of one of

the smallest glass beads. In general the criteria for detemmination of
a given suspension will be adequately represented by the homogeneous

flow model, on the basis of density ratio, must come from consideration
of the flow regime correlations previously discussed. It would appear
that for commonly used materials suspended in water s particle size of up
to 50 microns will not produce any significant deviation from the model
assumptions.

Considering the suspensions containing graphite, No. 18 glass beads
and copper, with also the results for water, then for 50 experiments:

l. 58 per cent of predictions are accurate within 5 per cent.

2. 88 per cent of pfcdictions are gccurate within 10 per cent.

3. 96 per cent of predictions are accurate within 15 per cent.

The mean error is shown in table 12.2a to be 5.39 per cent and the
mean temperature increment ratio is 1.034. The results for the three
suspensions are, overall, 3.4l per cent below the mean prediction for
vater,

Confidence limits for the mean temperature inerement ratios of all
the samples and of the overall values sre given in tavle 12.2b and indicate
the limits within which the gctual vslues ecan be taken to lie with the
probabilities of 0.95 and 0.99. A comparison between the predicted and
experimental bulk temperature at outlet from the heat transfer section

is shown in figure 12.2.
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12.3 Solution Modification for Small Particle Suspensions

The finding of Crewe and Simons /L9/ of a significant difference
in the heat transfer characteristics of flocculated and non-flocculated
suspensions would appear to be substantiated by the results of this study.
The homogeneous flow model together with the derived property relationships
satisfactorily represents the heat transfer performance of seversl sus-
pensions but fails for the case of g suspension containing particles of
3.3 microns digmeter. This indicates that the property relationships are
not adequate for this case or the existance of a fundamental difference
between the two flows,

The results for the copper =nd attapulgus clay suspensions obtained
using the unmodified homogeneous flow model solution are given in table
12.4, while the results considered previously were those from a modified
procedure.

The effect of particle size on suspension viscosity was accounted
for by using the correlation given by Thomas /78/ and written ss equation
(11.4). However, the net result of using this viscosity relationship is
to significantly worsen the prediction performance of the model so it is
clear that a consideraticn of this factor alone will not account for the
flow of this type of suspension. Crewe and Simons have also reported
that no significant difference was noted between the two types of flow
when comparing friction factor characteristics. Following from this
finding, then, the turbulence damping factor is tgken to be the same
mggnitude in toth flocculated znd non-flocculated flows; this improves
the prediction slishtly but not abowve the originagl figures for the un-

modified solution.
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Consideration must also be given to the flow pattern where the
particles are likely to form sgglomerates. Michsels and Bolger /92/
describe two flow regimes for flocculated suspensions; at low shear
rates the particles asre assumed to be contained in aggregates formed
by mutuagl attraction, at high rates of shear these aggregates are
broken down completely with the shear forces pulling the clusters apart
as quickly as they form. Since in tube heat transfer the fluid properties
in the region of high shear adjacent to the wall are of controlling im~
portance, the fluid properties must be evaluated under the non-flocculsted
conditions prevailing in this section of the flow. Without the necessary
description of flow regimes, the modification made to the solution consists
in evaluation of the Prandtl number using the non-flocculated relationship
for viscosity given by ecuation (11.8). Since the Reynolds number eval-
uated using a flocculated viscosity relationship has been shown to give a
correlation for pressure drop and with this parameter controlling the
momentun exchange characteristics the value given by this method was
used.,

The modification is seen to be 3 simple and crude compromise but does
give an improved prediction for the copper particle suspension flows without,
however, making the homogeneous flow model strictly applicable for rep-
resenting heat transfer to this fluid.

A note is also made of the apparent anomality in the results for the
copper suspensions of very low volume fraction solid (less than 0.15 per

cent), which would be expected to have a prediction sccuracy similar to
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that for water only. In fact, table 12.5 indicates that the mean
temperature increment ratios for samples divided into low and high
volume fraction suspensions sre not significantly different. This
suggests that a minute quantity of solid material has, in this case,
a significant effect on heat transfer processes. The result of a
'significant' difference between the predictions for water and for the
low volume fraction solids suspensions also suggests that the effect
cannot be attributed merely to experimental error. There is no ind-
ication of what the mechanistic difference between the fluids may be
nor can one be suggested; the indications are probabilities based on
the available evidence and requires further investigation.

12.L4 Prediction Trend with Reynolds Number and Concentration.

An investigation to determine if the prediction demonstrated any
trends that could be taken as factors of Reynolds number or volume
fraction solid wused the results for those fluids for which the homo-
geneous flﬁw model has been shown to be satisfactory. These were
graphite, No. 18 glsss bead and copper suspensions, together with the
results for water alone. For each test the results were divided into
groups covering a range of Reynolds number or concentration, each range
being defined asrbitrarily to give a ressonable ssmple size,

The mean temperature increment ratios for each szmple group divided
on the basis of volume fraction solid are shown in table 12,6, while the
results given in tzble 12.7 demonstrate that there is no significant
difference tetween sny of the values for the individual groups nor
between their varisnce. Therefore, no difference in the accuracy of
prediction of the model exists within the range of volume fraction solid

from zero to 19 per cent.
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Sgmple division on the basis of Reynolds number gives the results
presented in table 12.8, with the significance tests tabulated in table
12.9. A 'highly significant' result was found for the difference in mean
temperature increment ratio between the lowest Reynolds number range and
several higher groups. This result could be due to the inbuilt tendancy
of the experimental equipment, as noted for the flow of water, in which
the higher Reynolds number flows are liable to a larger discrepancy
'between experimental and predicted bulk temperature increase because
of the underestimate of the experimental value through increased heat
losses. This result could also be due to the assumptions msde in the
homogeneous flow model not being satisfied at Reynolds numbers lower
than 5.0.10h. However, there is no resson to suppose this to have
been the case for vertical flows and since the experimental circuit
trend has been definitely identified it must be accounted the more
likely explanation.

The fluctuation in individusl temperasture increment ratios with
Reynolds number and with volume fraction solid for the fluids considered
is shown in figures 12.3 and 12.4; the snalysis performed indicates that
there is no significance in these variations.

12.5 Comparisons of Single and Two-Component Fluids.

The computer program solution of the boundary layer equations has
been employed in comparing the predicted heat transfer performance of the
aqueous suspensions used in some of the experimental tests with the

expected performance of water only. No attempt has been made to identify
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and codify the controlling factors of any change in heat transfer
characteristics. There is no obvious basis for a compariscn; in

this case the conditions of equality of volume flow rate, Reynolds
number and mass flow rate have been used. Previous guthors, in making
such a comparison, have used the overall ccnvective heat céefficient as
the basis but in this instance the energy transferred in each of the
simulated heat transfer tests will form the means for the evaluation of
comparative characteristics. It is suggested that this gives a more
valid comparison, although it must be noted thst as the various fluid
bulk outlet temperatures are of the same magnitude for a given set of
boundary conditions then the compsrison on the basis of convection
coefficients will be very similar to that presented.

The ratios between the suspension and water energy transfer rates
vwere evaluated using the relationships given in sppendix I. Compariscns
were also made of pressure drop characteristics under the isothermal
conditions prevailing at the fluid entry. Table 12,10 gives the results
of the comparisons.

At similar wlume flow rates water is shown to be a slightly better
heat transfer medium than all the suspensiocns except for the one contain-
ing the densest solid phass. With equality of wolume flow rate the I
greater suspension density ensures a greater mass flow rate but since
the specific heat of water is much larger than that of the solid material
the net effect is near similarity of energy transfer rates. Suspensions
with lower volume frlacticn solids gnd denser solid phase are the most

effective,



With the basis of comparison is egual Heynolds number the greater
suspension viscosity means that the mass {low rate of suspension must be
much higher than for the pure fluid and will be sufficiently increased to
compensate for the reduction in suspension heat capacity. This comparison
indieates that the suspensions are better hest transfer mediums than
water, with the higher volume fractions asnd denser materisls producing
the greatest enhancement,

At equivalent mass fiow rates the greater specific heat of water
ensures that the energy transfer to the fluid will be considerably greater
than for the suspension; the lower volume fraction and less dense solid
phases perform betier on this bgsis. Metzner /33/ arrived at a similar
conclusion for a comparison on an equivglent mass flow basis from a con-
sideration of the experimental data of Salamone »nd Newman /37/.

Orr and Dalla Valle /36/ gave a comparison betwsen an agueous copper
suspension and water based on their correlation of experimental results,
Théy concluded that at equal volume flow rates the suspension proved the
better heat transfer medium by about 22 per cent, while at equal Heynclds
numbers water was slightly better. On repeating this comparison, using
the figures given by the authors, it was found that the correlation shows
the suspension to be better medium in toth cases, with a 34 per cent
improvement at equal volume flow rates and a 12 per cent at equal Reynclds
nunber. The contradiction between the comparison made using the eqguation
given by Orr and Dalla Valle and that made using the homogenecus flow model

is partially due to the different viscosity models employed and psrtislly



because the above authors include results that are not adequately
represented by an effective suspension property approach.

From table 12,10 it is also noted that the ratio of suspension to
water pressure drop characteristics is in all cases greater thsn the
respective energy transfer ratio.

Velocity profile predictions for turbulent flow may also be produced
by the computer solution and those for some of the test suspensions and
for a single component fluid are shown in figure 12.5. Figure 12,6 shows
the velocity profiles for the flow of various concentrations of a given
suépension at the same Reynolds number. A comparison of the velocity
profiles for one and two-component fluids shows that the curves given
agree with the findings of previous investigators, notwithstanding the
fact that no account is taken of yield stress vslues for those suspen-
sions which may be fitted to the Bingham plastic model. Brogue and
Metzner /92/ measured turbulent core profiles for various non-Newtonian
fluids snd found that they were essentially the ssme as for Newtonian
fluids when normslised with respect to the mean velocity. Neither a
Reynolds number nor a non-Newtonian effect was discernsble. An eXam-
ination of the curves for suspension profilés presented by these authors,
however, does indicate that at the centre of the pipe the experimental
points lie above the stsndard Newtonian curve and fall below this line
nearer the wall; this is the trend shown by figure 12.5, although being

slight was probably within experimental error and so not accounted significant.
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Graf /54/ has written that the turbulent velocity profiles for non-
Newtonian fluids are similar to Newtonian ones, the latter being slightly
flatter; this description fits the curves shown in figure 12.6.

The computer program can also be used to give predictions of various
flow parameters at any intermediate point in the solution; figures 12,7
and 12.8 show local Nusselt numbers and bulk fluid temperatures for
suspensions of varying concentration at a constant Reynolds number and
with the same arbitrary boundary conditions. Increasing the amount of
solid in the suspension can be seen to reduce the Nusselt number and
slightly increase the bulk tempersture at any axial position. This may
be interpreted to indicate that the increasse in film coefficient due to
the addition of particles is not as large as the increase in thermal
conductivity; this may be attributed to the damping of turbulence by
the particles. However, these curves have been included tc demonstrate
how the use of a homogenecus flow model for suspensions incorporated in a
nunerical soclution of the governing equations can produce design inform-
ation that is more comprehensive than that obtained from simple correlations.
By implication if the technicue is suitable in predicting certain parsmeters
then the other information produced can be accepted although no experi-
mental proof of this has been obtzsined.

12.6 Conclusions.
1. The results show that the homogeneous flow model will provide
a valid solution technicue for turoulent heat transfer to
suspensions containing spherical particles in a size range from

20 to at least 75 microns in digmeter and over the range of
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density ratio from 2 to 8.5. It csn also be used for certain
suspensions that tend to flocculate with a reasonable accuracy
but is not strictly valid for these cases. The model will not
be appropriate for irregular particle suspensions, particle
sizes gbove 260 microns and for solids that are not inert.

2. Suitable relationships for the evslugtion of effective solid-
liquid suspension properties from the properties of their
constituents have been identified.

3. Comparisons of the effectiveness of single and two-component
fluids as heat transfer ﬁedia may be made using the given
solution procedure. The indications are that only small
beneficial effects are possible through the addition of solids
to liquids and these are outweighed by the associated dif-
ficulties.

' 12.7 Recommendations for Further sork.

A major handicap in studies inwlving sclid-liquid suspensions is
the need for experimental evidence in determining the rheological prop-
erties of each individugl fluid. There is g pressing need for the
establishment of relationships that will enable the laminar flow properties
to be predicted from parameters associated with the constituent components.
Such relationships could well be the ideslised mathematical models which
have been commonly used in correlating experimental results. A detailed
distinction between suspensions exhibiting Newtonian or non-Newtonian
behaviour remains to be given. The identification of flow regimes in

flows where the particles form agglomergtes, together with the associgted
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properties would enable the simple homogeneous flow model to be modified
to accommodate such fluids,

Where so much of the fundamentzl nature of turbulence in single-
component flow is, as yet, not fully understood a rigorous approach to
the basic mechanisms of turbulence in two-component flows is not
practicable. A proposal worthy of consideration is that made by
Eissenberg /93/ who suggests determining what messurable intrinsic
property of non-Newtonian fluids is related to the damping of turbulence.

The specification of suspension property relationships where the
particles shspes are irregular would ensble the homogeneous flow model
to encompass such mixtures. A possible method of extending the numerical
simulation model for thermal conductivity evaluation has been sugges ted
in section A.

The computer solution embodying the homogeneous flow model may be
used to investigate the effect of various component property ratios and
parameters on the heat transfer performance of suspensions and therefore

to identify the controlling factors without recourse to experiment.



PREDICTED TEMPERATURE INCREMENTS COMPARED WITH THE EXPERIMENTAL
RESULTS OF ORR AND DALLA VALLE

TABLE V21— A
FLUID = WATER ONLY

FEST REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE ERKOR TEMPERATURE
NO NUMBER FRACTION FRACTION % INCREMENT
; % EXPERIMENTAL PREDICTED RATIO
1 202506.0 0.000 0.000 1.564 1598 4. 787 1.048
6 136255, 0 0.000 0.000 G A V503 5.895 1.059
7 58269 .0 0.000 0.000 T . 7358 1.764 3D 103535
8 1042430 0.000 0.000 Ve 313 1541 5.458 1.055
29 55974,0 0.C00 0.000 1617 1.654 5.997 1.060
42 A9319 .0 0.000 0.000 12356 A D6 7.463 107D
7 97316.0 0.000 0.000 1.435 1.485 11.494 ¢ A i B
e 683692.0 0.000 0.000 1.524 1< 562 0B TeitS
73 18548, 0 0.000 0.000 2.250 2.259 0,720 1.007

MEAN ERROR = 5.84% , ERRUR BIAS = 5,84«

STANDARD DEVIATION OF ERROR: SAMPLE = 2.78% , POPULATION = 2.95%
MEAN TEMPERATURE INCREMENT RATIO = 1.058

STANDARD DEVIATION: SAMPLE = 0.028 , FPOPULATION = 0.030
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TABLE 12.1~8
FLUID = ATTAPULGUS CLAY/WATER SUSPENSION
PARTICLE S1Z2E = 1-2 MICRONS :

=600~

TEST | REYNOLDS VOLUME WEIGHT NORMALISED QUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMBEK FRACTION | FRACTION % INCREMENT
% % EXFERIMENTAL PREDICTED RATIO
2 66037 .0 0.308 0.790 1.661 1.634 4,085 0.959
3 54602.0 1. D23 3.340 b i 1.678 4.372 0,956
4 514430 2.098 5.230 1.684 1.640 6.433 0.936
5 47677 .0 29712 7.180 5.599 1.572 4.508 0.955

MEAN ERROR = 4.854 . ERROR BJAS ==-4,85%

STANDARD DEVIATION OF ERROR: SAMPLE = 0.93% , POPULATICON = 1.07%
MEAN TEMPERATURE [INCREMENT RATIO = 0.952

STANDARD DEVIATION: SAMPLE = 0.009 ., .POUPULATION = 0.011




TABLE T2.A=C

FLUID - COPPER POWDER/WATER SUSPENSION

PARTILLE SIZE =

3.3 MICRONS

TEST | REYNOLDS VOLUME WEIGHT | NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMEBER FRACTION |FRACTION % INCREMENT
p A 4 EXPERIMENTAL PREDICTED RATIO
9 106210, 0 0.086 0.710 Yo 22 1932 1916 S
10 L2656.0 0.086 0,710 1.896 1.895 0.112 0.999
11 1067760 0.085 0.710 R 1.602 3.614 1.036
12 372000.0 G,101 ¢.830 2104 2.004 9.058 0,909
13 697020 0,100 0.830 1.750 1.78T 0.400 0.996
14 145819 .4 0.099 0.830 1.380 1.394 3.684 1.037
15 151268 .0 . 155 1.260 =570 1. 371 0.270 1.003
16 68486 .0 0. %53 1.260 T-515 1.632 2.764 1.028
97 123927.0 1,995 164,600 1.449 1.463 3.118 1..035)
18 80555.10 1934 14,200 1.465 1.453 2.581 0.974
19 162670, 0 1.851 13.700 a3 N 153541 Lo 500 1.076
20 147993.0 1.848 13.700 s 1.360 8.861 0.5%1%
21 118398.0 1. 852 13.7.00 1.430 i W f S 0.960
23 93689 .0 3.984 25.800 1492 1.424 2.913 1.029
24 87011.0 1.946 14,400 1.358 1358 6,000 1.000
25 120164, 0 5.829 34,300 1.349 12359 2.865 1.029
26 S1984 , 6 6.314 36.000 1.649 1.691 6.471 1.065
27 104437 .0 139 39.200 1.396 1.431 8.838 1.088
28 26087 .0 7.000 38.600 1.664 1.644 3.012 0.970
MEAN ERROR = 3.79% , ERROR BIAS = 0. 845
STANDARD DEVIATION OF ERROR: SAMPLE = 2.91%Z . POPULATION = 2.99%
MEAN TEMPERATURE INCREMENT RATIO = 1.008
STANDARD DEVIATION: SAMPLE = 0.047 . POPULATION = 0.048

=0Es~



TABLE 12

ot b

FLULD = NO 48 GLASS BEAD/WATER SUSPENSTION

PARTICLE SIZE = 35 MICRONS
TEST | REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
ND NUMBER FRACTION FRACTION b 4 INCREMENT

% p EXPERIMENTAL PREDICTED RATIO

30 500350 3.066 8.3920 4682 1.656 3.812 0.962
21 124725 .10 2030 5.980 T 358 1.400 3. 093 1,033
52 109641 0 0355 16.500 1.398 1.407 2.261 1.5023
33 55014,0 6.679 17.200 1657 1.66¢ 1.997 1.020
34 31082.0 S, 22T 14.500 1.780 1.763 2R 0.973
35 G3865.0 10.310 25.100 1.435 1= 5149 17.421 1175
36 52979 .0 9.638 23.600 1.649 1.695 7.088 1.071

MEAN ERROR = 5.41% » ERROR BIAS = 3.70%

STANDARD DEVIATION OF ERROR: SAMPLE = 4.19% . POPULATION = &4.69%

MEAN TEMPERATURE INCREMENT RATIO = 1.037

STANDARD DEVIATION: SAMPLE = 0.065 , POPULATION = 0.070

=t



TABLE
FLUID

lido ) =E
NO 9 GLASS

BEAD/WATER SUSPENSION

PARTICLE SIZE = 260 MICRONS
TEST |REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMBER FRACTION | FRACTION % INCREMENT

% % EXPERIMENTAL PREDICTED RATIO

L. 99545 .40 2.696 23.900 1.356 1.390 8551 1.096
38 SB55% .0 8.626 21.600 1.485 1.5%4 5.979 1.060
39 68730.0 21.156 43,900 1.448 15350 18.304 1.183
44 37914 .0 15.314 34,500 1.615 1.700 13.821 11358
41 82701.0 22.227 45,700 1.226 1257 13.217 T 137

MEAN ERROR =12.27% » ERROR BIAS =12.27%

STANDARD DEVIATION OF ERROR: SAMPLE = 4,.19% . POPULATION = 4, 69%

MEAN TEMPERATURE INCREMENT RATIO = 1.123

STANDARD DEVIATIOMN: SAMPLE = 0.042 , POPULATION = 0.047

~ZHg=



TABLE 12,%~F
FLUID = ACHESON GRAPHITE/WATER SUSPENSION

PARTICLE S1ZE = =200 MESH
TEST | REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMBER FRACTION FRACTION % INCREMENT
% o EXPERIMENTAL PREDICTED RATIO
43 L6406 .0 1.866 5. 700 1.534 Toe 30T 6.180 1.062
L& 62869 .0 L.645 92.010 1.384 1.404 5.208 1,052
45 118535.0 4.619 9.010 1. 238 1.263 10.50¢ 1.3%065
46 924693 .0 4,663 9.010 1.471 PS5 07T 7.643 1.076
47 §58832.0 7.042 13.300 1.501 1.522 4,192 1.042
48 55623.0 7.095 13.400 1,507 1525 3,350 1.036
49 25948.0 =151 13.400 1. 933 1.909 2.572 0.974
50 1010060 8.862 16.500 1.456 1.425 6.798 0.932
51 112600.0 8.814 16.500 1.228 1.254 11.404 ot 1 I
52 62006.0 10.582 19.400 1.389 1,407 4,627 1.046
53 32396.0 10.627 19.400 1.520 g o s 1.538 0.985
54 67568.0 13.887 24.700 18542 1.357 4L_.386 1.044
55 B68B16.0 13.874 24.700 1.48 1.401 4.067 0.959
56 77007 .0 16.782 29.100 1.350 1.3%98 T3 T LG ;AN i
58 69796.0 18.663 31.800 Y2339 1.409 20,649 1.206

=EE-

MEAN ERROR = 7.14%4 , ERROR BIAS = S5.14%

STANDARD DEVIATION OF ERROR: SAMPLE = 4.88% . POPULATION = 5_.05%
MEAN TEMPERATURE INCREMENT RATIO = 41.051

STANDARD PEVIATION: SAMPLE = 0.070 , 2OPULATION = 0.072




TABLE 12.1-6

FLUID = ALUMINIUM POWDER/WATER SUSPENSION

PARTICLE SIZ2E = =325 MESH
TEST | REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMEER FRACTION |FRACTION A INCREMENT

“ A EXPERIMENTAL PREDICTED RATIO

61 96521.0 1.491 4.070 .35 1.4062 14.857 1.149
62 117742.0 1.489 L.000 1.423 1.483 164.164 1.162
64 121303.0 2.098 5.570 1.348 1,382 9.770 1.098
65 109840.0 3.835 9.900 1.355 1.622 18.873 1.189
66 61658.0 3.853 9.900 1.489 Yu TS 17.226 1.172
67 105403.0 3.478 9.030 1.333 1.400 20.084 1.201
68 LBBEY .0 3.493 92.030 1.518 1395 14.865 1.149
69 93602.0 e 153.400 1328 1.410 25.000 1.250
70 L1788.0 5.340 13.400 1.420 1.606 26.250 1.263

MEAN ERROR =17.904 ,» ERROR BIAS =17.90%

STANDARD DEVIATION OF ERROR: SAMPLE = 5.00% , POPULATICN = 5.30%

MEAN

TEMPERATURE
STANDARD DEVIATION:

INCREMENT RATIO = 1

SAMPLE

= 0.050 ,

SV L2

POPULATION = 0.053

=Yl
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Table 12.2a

Overz1l Error Analysis Comparing Predicted and

Experimental Temperature Increments

Be

All Samples :~-

Mean Error = 7.52 %, Error Bias = 5.51 %
Standard Deviation of Error = 9.68 y 4
Mean Temperature Increment Ratio = 1.055

Standard Deviation = 0,08

b, Water, Copper Powder, No. 18 Glass Bead and Acheson
Graphite Samples.
Mean Error = 5.39 %y Error Biss = 3.43 " %
Standard Deviation of Error = L2 %
Mean Temperature Increment Ratio = 1.034
Standard Devistion = 0.059
c. Copper Powder, No. 18 Glass Bead and Acheson Graphite Samples

Mean Error = 5.29 %, Error Bias = 2.9 %
Standard Deviation of Error = L2 %
Mean Tempersture Increment Ratio = 1.029

Standard Devistion = 0.063

Mean Error for Samples Compared to Prediction
Accuracy for Water only = 3,41 %

Error Bias = =3.41 4




Table 12.2 b

=236

Confidence Limits for Sample and Overall Mean

Temperature Increment Ratios

Sample Mean Temperature Confidence Limits
Increment Ratio
95% 9%
Water 1.058 1.079 1.089
Attapulgus Clay/ 0.952 0.967 0.979
Copper Powder/Water | 1.008 1.031 1.039
0.985 0.977
No. 18 Glass Bead/ | 1.037 1.097 1.128
Wg‘ter 0.976 0.9h6
No. 9 Glass Bead/ 1.123 1175 1.209
Water 1.07 1.03?
Acheson Graphite/ 1.051 1.089 1.104
Water 1.013 0.998
Aluniniun Powder/ 1.179 1.217 1.235
Water 1.1 1.123
Overs1l (g1l 1.055 1.074 1.081
samples) 1.036 1.029
Copper Powder, No. | 1.029 1.059 1.068
18 GlaSS Bead, 0.999 0.990
Acheson Graphite
Suspensions




Table 12 03

Significance Tests on Differences Between Sample

=237

Varisnce and Mean Temperature Ratios.

Ssmple Groups

(1)
(3)
(5)
(7

Water only (2) Attapulgus Clay

Copper Powder (4) No. 18 Glass Bead

No. 9 Glass Bead (6) Acheson Graphite

Aluminium Powder

a. Significance of Difference in Variance

Sample Degrees of Freedom Variance Ratio Significance

Groups Nl Nz P

1/2 ' 8 3 7.601 not significant

1/3 18 8 2.681 not significant

1/k 6 8 5.695 probably significant
1/5 L 8 2.528 not significant

1/6 1k 8 5.957 ‘'significant

1/7 8 8 3.228 not significant

2/3 18 3 20.376 probably significant
2/ é 3 43,289 significant

2/5 L 3 19.212 probably significant
2/6 1L 3 45.279 significant

2/7 8 3 24539 probably significant
3/4 6 18 2.12L not significant

3/5 18 L 1.061 not significant

3/6 1L 18 2.222 not significant




Table 12.3 Cont.

-238-

Sample Degrees of Freedom Variance Ratio Significance

deouge Ny N, F

3/7 8 18 1.204 not significant
L/5 6 L 2.253 not significant
L/6 1L 6 1.046 not significant
L/7 6 8 1.76L not significsnt
5/6 14 L 2.357 not significant
5/7 8 L 1.277 not significant
6/7 14 8 1.845 not significant

b, Significance of Difference in Mean Tempergture Increment Ratio

Sample Degree of Estimate of Popln Student | Significance

Groups Freedom Standard Deviation -l

1/2 11 0.0257 6.9119 | highly significant

1/3 26 0.043L 2.8461 | significant

1/L 154 0.051 0.83 not significant

1/5 12 0.036 3.18L significant

1/6 22 0.06 0.278 not significsnt

1/7 16 0.043 5.966 highly significant

2/3 21 0.0LL9 2.3042 probably signif-
icant.

2/L 9 0.057 2.3597 | probably signif-
ic‘qnto

2/5 7 0.0361 7.0679 | highly significant

2/6 17 0.0655 2.711L | probably signif-
icant.




Table 12.3 Cont.

=239=

Sample Degree of Estimate of Popln' Student Significance

Groups Freedom Standard Devistion L5 A

2/7 11 0.0455 8.3136 | highly significant
3/k 2, 0.055 1.1820 | not significant

3/5 22 0.048 4.7315 | highly significant
3/6 32 0.06 2.0781 probably significant
3/7 26 0.05 8.4630 | highly significant
L/5 10 0.062 2.358 probably significant
L/6 20 0.072 0.439 not significant

L/7 1l 0.061 L.613 highly significant
5/6 18 0.067 2.056 not significant

5/7 12 0.051 1.977 not significant

6/7 22 0.066 L.607 highly significant
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Test of Prediction for Micron Size Particles Using

Unmodified Viscosity Correlation.

Mean Temperature Increment Ratio :=-

Water only = 1.058, Standard Deviation = 0.028
Attapulgus Clay/Water Suspension = 0.9k, Standard Deviation = 0,014
Copper Powder/Water Suspension = 0,998, Stendard Yeviation = 0,044

Significance of Differences Between Prediction for Wiater and Suspensicns:-

Ssmple Groups 1) Water 2) Attapulgus Clay/Water

3) Copper Powder/Water

a) Significance of Difference in Variance

Ssmple Degrees of Freedom Varisnce Hatio Significance
Groups Nl Nz F

1/2 8 3 354 not significant
1/3 18 8 2.358 not significant

b) Significance of Difference in lean Temperature Increment Rstio

Sample Degree of Estimote of Popln‘ Student | Significance
Groups Freedoem Standard Deviation L 7,

1/2 11 7.457 highly significant
1/3 26 3.612 | Significant,




TABLE 12.4 CONTINUED INDIVIDUAL PREDICTION RESULTS
(A) FLUID - ATTAPULGUS CLAY/WATER SUSPENSION
PARTICLE S1ZE = 1=-2 MICRONS

=l hz=

TEST | REYNOLDS VOLUME WETGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMBER FRACTION |FRACTION INCREMENT
% % EXPERIMENTAL PREDICTED RATIO
Fs &TT8550 0.308 6,790 1.661 %633 L,.236 0.958
3 61209 .0 i A A 3.340 1.709 1.671 5.360 0.946
4 61776.0 2.098 5.230 1.684 1.630 7.895 0.921
5 61657.0 2.912 7.180 1.5%9 1.560 6511 0.935

MEAN ERROR = 6.004 » ERROR RIAS =-6.00%

STANDARD DEVIATION OF ERROR: SAMPLE = 1.36% , POPULATION = 1.57%
MEAN TEMPERATURE INCREMENT RATIO = 0.94n

STANDARD DEVIATICON: SAMPLE = 0.0164 , POPULATION = 0.016




TABLE 12.

(B)

& CONTINUED
FLUID COPPER PO

PARTICLE S1Z€E

INDIVIDUAL PREDICTION RESULTS
WOER/WATER SUSPENSION
3.3 MICRONS

TEST REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE ERROR |TEMPERATURE
NO NUMBER FRACTION | FRACTION % INCREMENT
2 % EXPERIMENTAL PREDICTED RATIO
9 1066460, 0 V.086 0.710 ].522 1.532 1.916 1.019
10 L2829 .0 U.088 T 1.896 1.895 1 B B 0,999
11 1072068. 0 0,085 L7160 1:589 1.602 3.614 1.036
12 371726 .0 0.101 (¢.830 2.104 2.004 9.058 0,969
13 70234 ¢ 0,100 .83u 1.7250 1. 767 0.400 0.996
14 146506 .4 0.099 .330 1.380 1.394 3.684 1.037
15 152354 .0 U155 .260 1. 3790 1501 0.270 1.003
16 68982 .y D.153 260 g R0 1 a 632 2.764 1.028
17 136897 .0 1.295 14,600 1.649 1.459 2neer 1.022
18 E8683.0 1. 9%9 14,2040 1.465 -450 3.226 968
19 156413 .04 1.851 13.700 1.317 1.338 6.625 1.066
20 162224 ,0 1.848 13,700 3595 o357 @.620 0.204
21 129811 .0 1852 13,704 1.430 1.4190 4,651 0.953
2% Y1541, 0 3.984 25.8u0 1.6412 .414 0.485 1.005
24 958670 946 14,400 1.358 1.355 0.838 0.992
25 1649266 . 1 5.829 34.300 1.349 1.350 0.287 1003
26 73502.0 6.314 36.000 1.649 1.672 3.544 1.035
27 155208, ¢ i I 1 32.200 eI i B 5.303 T
28 38474 .0 7.000 38.600 .664 1625 2873 0.941
MEAN ERROR = 3.39% , ERROR BIAS ==0.16%
STANDARD ODEVIATION OF ERROR: SAMPLE = 2.82% , POPULATION = 2. 90%
MEAN TEMPERATURE INCREMENT RATIO = 0.998
STANDARD DEVIATION: SAMPLE = 0.044 , POPULATION = 0.045

AT
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Teble 12.5
Prediction Comparison for High and Low Volume

Fraction Solid Copper Powder Suspensions.

1) High Volume Fraction (1.848 - 7.119 per cent)
Mean Error = L.565, Error Biss = 1.22%
Standard Deviation = 2.77%

Mean Temperature Incremeﬁt Ratio 1.012

Standard Deviation = 0,052

2) Low Volume Fraction (0.085 - 0.153 per cent)
Mean Error = 2,73%, Error Bias = 0,338
Standard Deviation = 2.75%

Mean Temperature Increment Ratio = 1.0C3
Standard Deviation = 0.039

Significance Tests on Differences Between Mean Temperature
Increment Ratios:

Ssmples Degree of Student 't! Significance
Freedom

Water/High Vol. 18 2.28 probably significant
Frqc .

Water/Low Vol, 15 32 highly significant
Frac -

High/Low Vol. 17 0.38 not significant
Frac,
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Comparison of Experimental and Predicted Temperature

Increment Ratios on the Basis of Volume Fraction Solid.

a) Volume Fraction solid between O and 0.015
Mean error = 2,73%, Error bias = 0,33
Standard deviation of error = 2.76 %
Menn Temperature Increment Ratio = 1.003

Standard deviation = 0,039

b) Volume Fraction Solid between 0,015 and 0.C3
Mean error = L.61%, Error biss = 0.21 %
Standard deviation of error = 2.86 %
Mean temperature increment ratio = 1.002

Standard devistion = 0,054

¢) Volume Fraction Solid between 0.03 and 0.06
Mean error = 4.78 %, Error bias = 3.28¢
Stendard deviation of error = 2,71%

Mean temperature increment ratio = 1.033

Standard deviation = O0.0L4L

d) Volume Fraction Solid betwsen 0.06 znd 0.08
Mean error = L1 %, Error bias = 2.72 %
Standard deviation of error = 2.,22%

Mean temperasture increment ratio = 1.027

Standard deviation = 0,038
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Table 12.6 cont.

e) Volume Fraction Solid between 0.08 and 0.1l
Mean error = 8,156, Error bias = 5.38%
Standard deviation of error = 5,11%
Mean temperature increment ratio = 1.054

Standard deviation = 0,08

f) Volume Fraction Solid between 0,11 and 0.19
Mean error = 10.7k, Error bias = 8.67F

Standard deviation of error = 6.93%

Mesn temperature increment ratio = 1.087
Standard deviation = 0,094

g) Ovérgll
Measn error = 5.,29%, Error bias = 2.,9%
Standard deviation of error = 4.42%
Mean temperature increment ratio = 1.029

tandard deviation = 0,063
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Tabla 12 07
Significance Tests on Differences of Variance and Mean
Temperature Increment Ratio Between Suspension Sample

Groups Divided on the Basis of Volume Fraction Solid.

Sample Group Volume Fraction Solid
(1) 0.0 -0.015 (2) 0.015 - 0,03 (3) 0.03 - 0.06
(k) 0.06 - 0.08 (5) 0.08 -0.11 (6) 0.11 - 0,19

a) Significance of Difference Variance

Sample Degrees of Freedom Variance Ratio . Signifieance
greupe N N F
1 2

1/2 6 7 2,013 not significant
1/3 7 7 1.3 not significant
1/k 7 7 1.0297 not significsnt
1/5 5 7 L 478 not significant
1/6 3 7 6.823 not significant
2/3 6 7 1.548 not significant
2/k 6 7 2.073 not signifieant
2/5 5 6 2,22k not significant
2/6 3 6 3.389 not significant
3/k 7 7 1.339 not significant
3/5 5 7 3.443 not significant
3/6 3 4 5.246 not significant
L/5 5 7 bl611 not significant
L/6 i ¥ 7.026 not significant
5/6 3 5 1.524 not significant




Table 12.7 cont.
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b. Significance of Difference in Mean Temperature Increment Ratio

1n.

Sample Degree of Estimate of Pop Student Significance
Groups Freedom Standard Deviation i
1/2 13 0.05 0.0481 not significant
1/3 14 0.QLL 1.3293 not significant
1/4 1k 0.041 1.1614 not significant
1/5 12 0.065 1.4438 not significant
1/6 10 0.069 1.96879 not significant
2/3 13 0.053 1.125 not significant
2/L 13 0.05 0.9731 not significant
2/5 e § 0.073 1.2699 not significsnt
2/6 9 0.079 1.7184 not significant
3/4 14 0.04L4 0.2561 not significant
3/5 12 0.067 0.5799 not significant
3/6 10 0.071 1.239 not significant
L/5 12 0.06L 0,764 not significant
L/6 10 0.068 1.4253 not significant
5/6 8 0.096 0.5338 not significant
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T-'-'tble 12 08
Comparison of Experimentsl and Predicted Temperature

Increment Rotio on the Basis of Reynolds Number

s) Reynolds Number between 1.0.10* and 5.0.10%
Mean Error = 2.74%, Error Biss = -2.54%
Standard deviation of error = 2.75 %
Mean temperature increment ratio = 0.975

Standard deviastion = 0,029

b) Reynolds Number between 5.0.10* and 7.0.10%

Mean EBrror = 5,66 %, Error bias = 5.1 %
Standard deviation of error = L.5 %
Mean Temperature increment ratio = 21,051

Standard deviation 0.051

¢) Reynolds Number between 7.0.10" and 9,0.10%
Mean Error = 5,17 %, Error biss = 2.95%
Standard deviation of error = L.29 %

Mean temperature increment ratio = 1.03

Standard deviation = 0,06

d) Reynolds Number betwsen 9.0.10% and 1.1.10°
Mean Error = 6.65 %, Error biss = 5,42 %
Standsrd deviation of error = L.A43 %

Mean temperature increment ratio = 1.054

Standsrd deviation = 0.059
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Table 12.8 cont.

e) Reynolds Number between 1.1.10° and 1.3.105
Mean Error = 5.83 %, Error bias = L.7 %
Standard deviation of error = 3,388
Mean temperature increment ratio = 1,047

Standard deviation = 0.048

£) Reynolds Number between 1.3.10° and 1.5.10°
Mean Error = 5.1 %, Error bias = 0.57 %
Standard devistion of error = 3,38%
Mean tempersture increment ratio = 1,007

Standard deviation = 0,061

g) Overpll
Mean Error = 5.39 %, Error Biss = 3.43%
Stendard deviation of error = 4,18 %
Mean tempersture increment ratio = 1.034

Standard deviation = 0,059




AT

Table 12.9
Significance Tests on Differences of Variance and Mean
Temperature Increment Ratio Between Sample Groups

Divided on the B-=sis of Revnolds Number

Ssmple Group Reynolds Number
(1) 1.5.10*% - 5.0.10% (2) 5.0.10% - 7.0.20% (3) 7.0.10% - 9.0.20*
() 9.0.0% - 1.2.10°  (5) 1.1.10° - 1.3.10° (6) 1.3.10° - 1.6.10°

a. Significance of Difference in Variance

Sample Dagrees of Freedom Variance Ratio Significance
Groups i-il 1'72 ¥

1/2 14 6 2,76k not significant
1/3 5 6 L.3L8 not significant
1/ 10 6 3.768 not significant
1/5 6 6 2.712 not significsnt
1/6 3 6 4..90L probably significant
2/3 5 14 1.573 not significant
2/k 10 1L 1.371 not significant
2/5 14 6 1.019 not significant
2/6 3 1L 1.774 not significant
3/L 5 10 1,148 not significant
3/5 5 é 1.603 not significant
3/6 3 5 1.128 not significant
L/5 10 6 1.397 not significant
L/6 3 10 . 1.294 not significant
5/6 3 Gy 1.809 not significant
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Table 12.9 cont.

b. Significance of Difference in Mean Temperature Increment Ratio

Sample Degree of Estimate of Popln' Student Significance
Groups Freedon Standard Deviation i i

1/5 20 0.047 3.521 highly significant
1/3 A 0.05 1.96) not significant
1/k 16 0.053 3.135 highly significant
1/5 12 0.043 3.137 highly significant
1/6 9 0.048 1.063 not significant
2/3 19 0.057 0.785 not significant
2/L 24 0.057 0.142 not significant
2/5 20 0.053 0.164 not significant
2/6 17 0.056 1.403 not significant
3/k 15 0.063 0.768 not significant
3/5 n 0.059 0.534 not significant
3/6 8 0.068 0.52k not significant
L/5 16 0.058 0.254 not significant
L/6 39 0.064 1.277 not significant
5/6 9 0.059 1.096 not significant
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Table 12 .10

Camparison between Single and Two-Component Fluids,

l. Energy Transfer

Test Solid gér ot Equal Volume Equal Reynolds Equal Mass
No. Material = Flow Rate Number Flow Rate
27 Copper Tel2 1.02 1.34 0.67

36 Glass 9.64 0.97 1.24 0.82

55 Graphite 1359 0.93 1.42 0.82

59 Graphite 18.78 0.92 1.53 0.77

2. Pressure Drop

27 Copper 7-12 1061 20?0 Oo?-’-l-

L1 Glass 22.2 152 3.29 0.78

55 Graphite 13.9 1.22 2.64 0.95

59 Graphite 18.78 1.29 3.30 0.93

Where the value given is the ratio between the performance of the

suspension and the performance of water slone.
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Appendix I : Anslysis of Hest Transfer Results,

a. Definition of Terms,

Let:
Ti = bulk temperature at inlet to heater
T = bulk temperature at outlet from hester
E = error in‘ prediction as fraction of temperature increment
R = mean ten%perf-..ure increment ratio.

. and where subscript:
p denotes predicted value

e denotes experimentasl value

then:
E = T T,
T A R
T = T,
& T' &
B e
B Hitoade
BRE
= T[ = I -

I - 2
Variance of error = '—1 Z (E - E)

2
Ve = E - E°

hence
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Varience of mesn temperature increment ratio

R g
VR--R-R

b. Sipnificsnce Tests

i) Significance of difference between sample mean temperature
increment ratios:

The student 't' test is used to determine whether the difference
between the mesn values of two samples drawn from different sources is
significant of » real difference between the parent sources. The best
estimate of the population variance is obtained from a pooled estimate
on the null hypothesis that the two ssmples are drawn from populations

identical as to mesn and varisnce.
a2 |
o e et A 1 | +
0 n+n,-2 lVRl n2vR2

n, n, are number of observations in the sample.

The best estimate of the standard error for the difference of the

means of two somples of this size is:

| | 0.5
AR Ry
nl-n2 n, n2
Hence students t :
R -R
I 2
t =
6[‘; | Jo-s
[y efhs
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where the number of degrees of freedom is g+ .= o

The level of significance is then obtained from tables of the
distribution of 't', which gives the values of 't' corresponding to
various values of the probability of a random value filling outside
the limits = t.

ii) Significance of differences in ssmple variance:

A logical precursor to 't' test which determines if the sample
variances are sufficiently »like to warrant assuming that they are
independent estimates of the same population varisnce is given by the

'F! test,

The variance ratio 'F' is defined as:

F = 8reater estimate of variance of the population

lesser estimate of variance of the population
The estimates are the best estimates arrived at by applying Bessel's

correction to the sample variances:

The degrees of freedom are (n1 -1) =nd (n2 - 1), with the significance
being determined from variance ratio tables,

iii) Confidence levels for mesn vslues:

If the wvalues for the population, of mesn and standard deviaticn, sre
unknown the sample mesn, m, provides »n estimate of population mean and
the s=mple standsrd deviation, s, provides an estimate of the population

variance,
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The magnitude of S/ [ provides a measure of uncertainty in the
value of m as an estimate of the population vslue. This uncertainty

can most simply be expressed by means of a confidence interval:

PIm-tip)sificilems+ tip)s/fM] = (100-p) %o
This expression states that, with a confidence expressed as a probability
of (100 -~ p) per cent, the unknown mean velue lies within the given
interval.,

¢c. Compsarison of Energy Transfer Rates,

1. Suspension and pure fluid having the same volume flow rate:

at P i et || w °* 1 !
—_— - — + -
ec pc CPC A c

2. Suspension and-fluid having the same Reynolds numbers:

Ce, AT,
L} e
Cp, ATC

e
s

—-é'- = (I + S-SKP)‘ w
c

3. Suspension gnd fluid having the sgme mass flow rate:

-

s e S n Wy AT,
Cp AT,

< c

M-
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Appendix II

Computer Progrsm Documentation for Prediction of the Thermal

Conductivity of Suspensions.

This appendix details the computer programs used for the evaluation
of the thermal conductivity of suspensions using either the unit cell
model, developed in chapter 4 of this report, or the random placement
model. which was developed in chapter 5. Both models, employ the general
finite difference ppprﬁximation technique for solving Laplace's Equation
in three dimensions; this follows the procedure described in chapter 3.

Apart from the progrem listings it is not intended to give a full
description of the programming logic of each implementation since the
programs do not contain any novel features. Sufficient information will
be given to enahle anyone desiring to do so to follow the program
listings or without any need for study of the programs to utilise them
as they stand. -

The programming language used is FORTRAN IV and the computer used
was an I.C.L. 1905; some features of I.C.L. software are used, notably
free format input of data, but this may easily be adapted to conform with

any other FORTRAN implimentation.
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1. UNIT CFELL MODEL

Program name MESH, subroutine name S@LV

a) Program Run Time Requirements .,

The program may be contained on about 240 cards. Using an I.C.L.
1905 computer the core storage requirement is in the region of 18,000
words and for each suspension conductivity value calculated an execution
time in the region of 100 seconds (real time) is necessary.

b) Program Input

Data input to the program is on cards with the format statements
being of free form,
The c¢ards required are:-
1st and (n + Z)th card contain the values of KI, TP
where KI is an integer control value
if KI>0 program execution continues
KI<O0 program stops
TP is the value of the component conductivity ratio
for the system under test.
n cards each containing one value of MI, V
where MI is an integer control value
if MI > 0 program execution continues
MI € 0  control returns to input of (n + 2)™ card
V is the volume fraction solid of the system under
consideration.

¢) Proegram Output

Line printer output gives values of TP, TS, V, QIN, QJUT under
relevent headings
where TP is component conductivity ratio

TS is normalised suspension cenductivity
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V is volume fracticn solid for the system
QIN is the heat flux input to the model
Q@UT is the heat flux output fram the model.

d) Parameters Defined in DATA Statement.

TL : will be equal to unity if TP is the component conductivity
ratio. If absclute conductivity values are used TL will be the
conductivity of the continuous phase,

TC, TF : are model boundary temperatures and may be chosen
arbitrarily to give any desired temperature gradient across

the model

A : is the grid spacing at the centre of the model and must

be set to a value of 0.2 units,

e) Solution Procedure.

The division of the unit cell model into a grid network is
permanently fixed to give a 5 x 5 x 5 nodal array. The problem of
the steady state temperature distribution within the model then reduces
to a set of 75 simultaneous equations. Being written as a matrix
equation, AT = B, a solution is obtained using a direct method; Gauss
elimination with pivotal consideration being the particular technique
employed.

Within the master segment of the program the grid spacing in the
outer section of the model is determined from consideration of the
system volume fraction solid and the coefficients of the matrices A
and B are assigned according to the general finite difference equation
(3.23). The two matrices sre combined to give a new matrix C where

last column consists of B. In this form it is transferred to the
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subroutine SZLV where the solution procedure is performed. This
subroutine may therefore be replaced by any suitable procedure for
solving matrix equations if desired. The solution for temperature
distribution is returned to the master segment as the last column of

C. The heat flux across both boundary surfaces is now determined using
equations (3.27) and (3.28) and the overall system conductivity obtained

from equa‘t.ion (3029).
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2. RANDCHd PLACEMENT MODEL.

Program name RACY
Subroutine names SETX, THC, SEZLVE
Function name FPUCRV

a) Program Run Time Requirements

The program may be contained on about 240 cards

Core storage requirement is approximately 11,000 words with

an execution time of about 250 seconds (real time) being

necessary for each suspension conductivity calculated using

an 1.C.L. 1905 computer with the given nodal division,

The random number generator is provided by the function segment
FPMCAV which is a unit of the I.C.L. scientific subroutine package.
If access to this routine is not available a substitute must be
provided, preferably one using the multiplicative congruentisl method
for pseudo-random number generation.

b) Progrom Input

Data input to the ﬁrogrqm is on cards using a free format.
The cards required are:
1st and (n + Z)th card contain the values of MC, KS
where MC if positive is an integer giving the number of nodes per
co-ordinate directicn,
if zero - program execution ceases
KS - resal; vslue of the component conductivity ratio for the
system under consideraticn,
n cards each containing one value of M, VF
where M is an integer controcl value

if M is non-zero, progrsm execution continues
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if M = 0 ; control returns to input of (n + Z)th card
VF is the system volume fraction solid

¢) Program Output

Output from the program is by line printer and is in two sections
i) Details of the basic unit conductivity; values of KS, KCUBE,
cvgL, IT, QI, Qf are given
where KS : is a real and is the value of the component conductivity
ratio
KCUBE : a resl, normalised conductivity of the basic unit
CVPL is the basic unit volume fraction solid
IT is the number of iterations performed in reaching a solution.
QI, Q¢ are the heat fluxes across the model boundsry surfaces,
ii) Detsils of the suspension conductivity; values of KS, KSUS, VF,
SVF, IT, QI, QF are given
vhere KS is the component conductivity ratio
KSUS is the normslised suspension conductivity
VF is the system.volume fraction solid specified
SVF is the system volume fraction actuslly assigned
IT is the number of iterations performed in reaching a solution
QI, QF are the heat fluxes across the model boundary surfaces.

d) Parsmeters Defined in Data Statements

In the master segment:
TIN, T@UT : model boundary temperatures; may be chosen arbitrsrily
to give a temperature gradient across the model
KL : real voalue equal to unity if conductivities are in
normalised form; if actual conductivities are used

KL is the continucus phase value,
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In subroutine SPLVE

ACF : iteration relaxstion factor, chosen on the basis of
experience.

T@L : maximum acceptable difference between successive estimates
at each node for iterative system assumed to have
converged to a solution.

e) Solution Procedure

In this implementation of the random placement model the division
of both the basic unit and the suspension system into a grid network may
be made as coarse or fine as desired, with the proviso that an increase
in the nodal division over 10 per co-ordinate direction will require an
incresse in core storage, run time and s re-definition of the dimension
statements conteined in the program listing.

The program master segment controls the evaluation of the suspension
conductivity. Simulation of the model is achieved, in the case of the
basic unit by assigning nodal domain conductivities according to the node
position within the uni£ cell and for the case of the suspension system
by assigning basic units within the field of the continuocus phase
according to a random fashion. The remainder of the method being
identical for the assessment of both the basic unit and suspension
conductivities is therefore supplied as subroutine to avoid duplication.
Subroutine SETK sets the conductivity of the whole field initi-lly to
the continuous phsse value,

Subroutine TNC assigns an initisl temperature to each node based upon
a linear temper-ture gradient between the model boundary faces and gives
a nodal code value to each node which is dependant upon its position in

the model.
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Subroutine SPLVE, as the name implies, solves a given set of
simultaneous equations to give the steady state temperature dist-
ribution throughout the model and hence determines the heat fluxes
across both boundary faces and the effective thermal conductivity of
either the basic unit or suspension system. The solution of the
simultsneous equations involves the use of an indirect method; a
Gauss-Siedal iterative scheme with Liebmann extrapolstion being
utilised. The iteration process scans the nodal field sequentially

and for each node determines the grid line conductivities to adjacent
nodes, the nodal code is used to direct control of the program to the
relevant finite difference equation, which is solved in terms of node
temperature following equation (5.2). The iteration process is assumed
to have converged to a solution when successive estﬁmates of temperature
at each node sgree within a specified -mount. Equations (3.27) and
(3.28) are used to give the heat fluxes and equation (3.29) gives the

effective thermsl conductivity,



282~

UNIT CELL MODEL PROGRAM

(a) MASTER SEGMENT

OO OOHDIOD

OO

DD

O

e e N

MARTER MESMH
ol ko .
PROGP AM cOR nETERMINING FFEEFTIVE THERMAYL CONDpUCTIVITY OF
TWO=COMBONENT MIXTUPFS WHIrH CONTATN SPHFERICAL PARTICLES
USING UNTIT CELL METHOND DETALLEND IN SESEFARCH MEMURANDUM ML=6)
THE CITY UNIVERSITY.LUNDON
R R BT
RIMENRTION C(75.78)
kol d o bowm
rcsTE ADE ARRITRARY pOUNDARY TEMPERATURES
-l W Ao
BATA TLoTC, YF A/140¢100:0.0.0.2/
30 EORMAT CY1MY.30H THEPMAL CONPUCTIVITY RATIOS, ZX1SHVYOLUME ERACTION,
YAXOHHEAT FLUY p4XOHRAFAT FLUL/aX12HS0LID/LTICUED, (A 7HSUSPFNSION/LTOU
PIDLOXSEHREOLID,MZY2HIN 10X SHOUT)
460 FORMATC(1H b P11t rOKF1244e6XF11.3:2XF13,4,F811.4)
70 FORMATCIO.FO.0)
o ool e e
TP 18 COMPONENTY CONDUCTIVITY RATIO
ml ok k.

18 READC(Y,70) KT1+7P
YEERTY 447211419

19 URYTEC(Z2,.30)

. CE 28 B
V 185 SYSTEM VOLUME FRACTINON <OLID
-l b Ao

195 READC(Y«70) MI.V

1ECMIY N5¢15:18
16 DO 2100 M=1,75
po Y01 Nad, 75
C(M,NY=0_0
101 COMTINIE
100 CONTYINUE
LR E ]
NETEOMIAE SYSTEM DIMENSIANS
R LR
Qa (0, R0S4/{Vne(1,0/3.0))"1.70)/3.,9
DS +#5/(0+Y8)
DAspe b/ (ReD)
NeQaN/{(5+4)
SA=s*S /A
SA2=Stt2.0
SAL=SA 4 0
AS=f+A/S
Ag2=4%/2.0
AsL=A%f4 U
A2sd /2 1)
AbesA/lbL 1
S2es8 /e .0
SL=sSfd .G
AAK=A+ARTL IR/ (TRPeSETL*A)
AK=A2TI*TP/(TP+TL)
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UNIT CELL MODEL PROGRAM
(a) MASTER SEGMENT [Cont.]

2R ellels il

-l o

PRORVEM WRITTEN IN MATRIX pGRM C*T=8 WHERE T 1S COLUMN MATRIX 0OF
NOPAL TEMPERATURES

ASSIGN MOEFFTCIENTYS OF €

LE AR B

CC13:74),CC13012),CC144+19).C(14,13)¢C(€14,23),0015,13),C€15,15),C¢1
15049, CC1846),CC18+2),C(20¢7)0CC21+7)sCC16+1R)1CC33,42),0(3%,62),C
?(3ﬁ'5?"r(‘ﬁ!KT‘:C(ﬁﬂrQVIrP(t?.}L)»C(t?:SR);f(42.5g):tf49,3q),n(&g
3'59\,r(17'14\:Cf35t62)rCf&?:!h),r(63p3?).n(ﬁ?,ﬁf),Cfﬁ},SQ’pCf63:33

"’=ws

CC2,17),0(9,92),C(4,8),0¢5,9),0¢(9,11),€¢10,16>,C¢11,3),€¢12,4),0¢2
1?,32).Cf31,S?),[(32,2?).r(‘S'SQ),c‘;s,ﬁ%)'C(3H'43)’C(Sa'S?)‘ﬂ(Sz'S

27,0619 ,56),C(61,52),0(32,31)ynsA

€¢1,36y,0¢2,61),0(3,23y,0(3,47),C(4,28,,0,5,29),0(6,35y,C¢h,15),0¢
116,2?),Cf1?,1ﬂ),0(2?,363,Cfaﬂ,11),t‘23,31\,Lr29,16)_P(31,283,6(55,
222) €36 ,27) ,0(36,3) ,0¢41,4),C¢47,10),€¢52,61),C¢53,53),0(57,52),C

3¢564,56)=2.D

Ce1,16),0¢2,11),€¢2,21) ,0¢4,4),C(5,3),0¢5,5),0¢31,52),C¢52,31),C¢5

13,27y ,€¢27,56),0¢7,16),C¢B,6y8a5A2

C(1'6),f(h.2),r(?0,31)'C¢?0,11),C(21,3),((21,?7),C(?7,6),C(31,2)B-

108§

€C¢3,21),€(6,5),0(?,22),C¢8,10),0(26,27y,0¢26,3%),0¢27,2A),C(31,26)

Y,L051,82),0(51,56),0¢52,51),0(53,51)5=A2
C(7,4h) ,0(R,2%0),0¢30,21),C(45,5)==D/2.0

£C3,42),0¢6,9),7(9,17),0¢10,12),€(10,22),6¢11,9).€¢12,8),C¢12,10),

1€¢%2,57),0¢A1,32 ) =cA

£(9,13),0(9,37),0¢10,18),€(10,42),€6(11,33),C(¢11,13),C¢12,34),0¢12,
116!.r(15.1?),ﬁ(13,8).C(16,1I\,F(S?,3?1,C(15,0),LfSQ'tg),r(35'1?}.n
2(34,17),0(37,8),0(42,9),0(61,58),0(62,57),C(63,57),6(32,37),C(61,6

32),0(%3 ,32)=m 0(yh
€¢9,7),0¢11,7),0¢18,8) ,C(18,32),6¢15,12),0(32,7)2=2 0408

C(13,38),C(14,43),0¢15,39),C¢33,%8),C(34,43),0(37,38),C¢38,37),0(3

18.35).Cf16.11>.lta;,;o),rfag,ﬁg).r(o3,6;)=-3,n*nn

CC16,26),0017,20),0€99,2),0€049.6),0(20,1).0€(219,1),6(58,55),r (28,69
1)lrr?:‘!'-1)‘Lraq'(‘h’fr(?q-3"<f‘2qifob)rl".f?R,??).f‘fﬁt,gq)'r_(}ﬁ'ssj,C
Q04N 1 28) 4P (a1 4300 ,C0L1,54)40Ca7460).C(56,36),0(54,64)C(58,44),0(55
3!61’;r‘t‘%!"',Of!%?-:l(;)af(S?'?a)pr(5$,53),!‘(58’?9)'1“(50"‘1)'r(46'20

L) yC(59,6A),CI60,54)=-582

Ce16,48) ,0(17,40) ,0(35,4%) ,C(47,40)==DA
€(19,26) ,C(246,1)2=08/2.0
f(26.‘31).€(31:?ﬁ)=-ﬁ&4

R 437),0029,42),0033,36),0034,44)C(36,33),0(37,28),0¢49,34),¢ (6

12429) e C(54452) 4T85 A7) C(S7.,58) ,Cl58,59),6CA2:61),L(AT,5%)==AS
CC30,42) ,C(35,44%),0046,35),0¢59,72),C(h0,60),6(47,30)==A¢2
fe30,71) ,Ceh6,55),0(59,46) ,€(60,30)=-q4

€€26,251,C(56,47),0(67,35).C623,23),C(23,25),0€246,15),6¢25,24),0(2

15,20)==11 %87
C22,464) ,0¢42,19) ,C(6L,68),0(¢65,64),C(65,47),0(69,59)1=alAKe2 0

FC23,49) .C0264445),0045,24),0049,20),C(56,73),0(067,65),C(70,72),C(7

11.60};‘!!-#:-4'
Ce25,8%0),C(5n,25)==2k/2 0
€(39,42,C¢39,18) ,C(43,14),C¢4%,34),C(66,62),0(66,58)=ri w2 0eDA

CC39,44) ,C(3%,64),0¢43,60),C043,44),C(66.43),C(6h4,39),C¢h6,64),C(6

16,6R) ,C(AB, 4) ,T(68,63),0(69,63).C(69,39)a=2_ 0sAK

C(39,38),0€39,45),0043,38),0¢463,40),C(66,3R),C(40,43),C0(48,%39)2-TL

I*A
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UNIT CELL MODEL PROGRAM

{(a) MASTER SEGMENT [Cont.]

DO

CCLO,67),C¢Ah0,22) ,C(4B,15),0¢48,35)==TL«DA

COLD 49y, 0040,73),C0045,48),C248,65),C(4R,45),C(49,40),C¢70,48),C(7
11,&0)2-ﬂk

r{ﬁﬁ p*’-"lS) .(“‘*Lfﬁu);rlﬂﬁf&q)yrr!ﬁsl{*t“rc(‘lor’ll&:'.Cthasﬁq)oC("‘gaﬁ‘;)autﬁ
19,65),C¢A8,78),0(70,68),0(71,64)==Tr«A
CCL5,50),CCa45,74)Y,CCA9,70),Cc49,50),C(70,74).C(71,70),C¢50,49),C(5
10,5)==mtprAl

C(SN, 785 ==TPeAl

C(S6,71) ,C(67,55)==T)1 %#Ag?

C(H4,66) ,C(065,54)==AGT|

re22,1R8) ,0¢22,20),0¢22,46),0¢22,26),C(23,49),0¢26,19),C(h4,42),C(6
14,62) ,Cché&,72),0(65,58),0M(h5,60),C(65,34),0(A7,59),0(56,67)maTl+S
C(22,99) ,C¢66,67),C¢65,59)aTiw(b4 0+S5+4A8)42 U*AAK
C(1l1‘):r{{o!*)!r{2?a 31):f'('51 -2?)33-”*A2+§‘5A?
CC3,22), (A M0)=8A+2 O%n+A

C(7,2%9),0¢(8,5)=2 0wtbegA?24n/2 0

(9 ,12)=2, 0% (A4DS)edb NeDsSA
CC10,17):CCA2,:9Y,ClAa1,57)=2,0*(A+SA)+4, (%D
C(A1,8),r(32,32)=2.ne(A+S*¥D)+SA
CO13,13),C0383,37Y,0(37,33)=2.(ix (A+S+D)+AS

Fe16,1RY ,C(15,94),C¢346,42),C¢42,34),C(62,62),C(63,58)22 NwAsd 0age
1AS

C(2,76Y,0(5,6),0(52,56),0(53,52)=3 UxA2+NstA
C(23,26),0¢24,20%,C¢56,72),C¢67,60)=TLa(?2. 0+S+AS2)sAAK
C(25,28)=TL»¢S+c84)+AAK/ 2,0

C(39,4%) ,C(AEA6,6TYaTI # (2 OxA+sf D*DAY+L, OnAK

CCLO,LB) ,ClAR, A40)Y=TI* (2, 0%DA+AI+? N*AK

CCLT,39 Y| (6 NaDAL2 DAY+t DAk
C(h9,64,C¢hb,60),Cc68,8)=2TPa3, Owhael OuAKe2 NeAAK

CeaSe29)Y s CebQehSYrT(P0e7R)Ce711£4S5)=2TP22 OwALAKLANX
F(SO,50)=5.0«TP+A4L*AAK/2_ 0
C(72,68),C072,70),C(72,44),C(72,64),C(72,74).,0(74,69),C(73,49)5=1,
10

C(75,50)==0,25
C¢?4,75),C¢76,65Y,C¢74,45),C¢73,73y,C¢73,75),C¢73,49)==0_5
£(16,23) ,0017,15),0€35,47),CC47,35)=3,0xS2+A82¢A
C(18,7)=3,0*5+6_0*DS

e(20,6),0(21,2)=2,0+(S+n8)

C(24,76)=A+DR/2 . 048AL

C(2R,36) ,0(34,28)2A%42 NeNes

CC30,46),0046A,30)28 Necit+Ag24D/2.0

(36,38 =6 NDwDA+T 0+A

CeLs 290, C 020 ,44),CCS4.,69)Y,Ct57,53)1=3.0+824A84D

£e51,51)28+542

C(55,46) ,CC5R,54)=2, N*S+4a8

C(SQ.?‘i ) .C(bﬂ-S.\)='-'u+ﬁ52

Cl72.69)=26.0

CLZ2%.74) .08k, 10)=35.0

CO7S5,74),CL7S5,70)==0_5

€C(?5,75)=1.5

Ce16,1)Y=5,0#544"8/2 N

LR R E X R

ASSIGN COEFFICIcNTS OF B THEY FORM LAST fOLUMN nF C

LA EER BN

CC 2 7A)00(2,76),0(38,76),004,76)4C(5,76),0¢h:76)=TFRA2
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UNIT CELL MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

s NeNeNal

OO

200

;i

C(?.?&)-F(R.?ﬁ):TF*AL

PR, 74),0¢10,76),0€11,76),C(12,76)=A¥TS

COVE,. 76,0014 ,78),C015,76)Y=TE»AS

C(Y6,76),0¢17,75)=TFwAS?2

C(Y8.76)2TFx" )

CAIS , 768)=TF#*54

CC20,78),CL2% 4, 7A)=TFE*S?2

C(22,76)=TE*T|*AS

CCeR3,76),C¢24,70)=TFaTLeAS?

CePB, 78 2TF+TL®2S4

N0 200 ' =26:50

CL,?8)20,.0

C(81,76)T0*SAL

CCR2,7A),C(52,7A)TC*gA?

C(54,76),0¢55,74),0(87,74),C(58,76)=1Cug?2

6(59,76) ,C¢60,74)=10agd

C(A1,76)=TCxRA

CCAZ2,76),0(6T,76)=TCxS

Ce64,76),C¢08,76)=TCeTlas

C(h6,76)=TCRTLEA

CC8AH,76) LA 7/ aTL*TIL 892

CCAR,TR) ,CLAG s 7AYSTC TP XA

D70, 78),C(71,724)2TCwTPw A2

(P2, 76)=T8

CC73,76) .Ct74,726)=2TCe0.5

CL?5.76)=TC*0,25

L B

COEFFYCIFNT ASSTGNMENT COMPLFETE

SOLVE USING GAUSSIAN ELIMINATION WITH PIVOTAL CONDENSATION

LR RN

J=7A

1=75

CALL SODWN¢C 1l

CE R RE &

PETERMINE HAEAT FLUX INPUY alkn QUTPRUT

AR EE R A

OMNsl CETr=0(81:78)) %8442 neTC=CLlS2,7¢)=C{85a,7 A Y&S»823(Tr=C(R7,
17h) ) S w4+ (A , O*T mC(853,76) 0 (54 ,78)=ClAh0,76)=C(61,74)~CLlAk,74)=0L(72
2r7AYIRAXR2+ (2. 0+ TC=C(S55.786) =0 (71,78))%AnS4+ (4L O0*TCo (SR, 78)aC(5% .7
3R) e CCA2 7RI =CCE7 7RIV *ARSH L TO=C (A3, 76 Y *A+A)*TLH((F 0T~ CLAL,76)=
GECAS e 7R =CLAC s 7, ) ) %A A2 (L N*xTC=CLlES,THY=C 74, 70)=Cl73,70)=C(24,7Hh)
GIKA+AZ+(TC=C(75,76))%A=AL)*TR)/A

OOUNYZ (0, 2p)=TE) e CwSA+(C(L.2AR)+CI3,7R)+C (10, 7H)Y+0 (11 ,748)+0 (14,764
V4022 ,78)=6 0«Tg) el wA2+(0(13,76)+0014,76)Y+C(18,76)+C(17,76)=4,0%T
CE YRR Aa (P 1S, 76 40 20, 7A 40 (23,7A)+0(24,76)=4 DxTF)2dwADP+(C(S,74)%
INE21 . 7AY=2 D TF I 4SS *A L4 (C (R, 7420 (P278)Y3Cl12:76)V+0(172:76)=b . N*TF)*A
LS4 (07, 76)=TFE)4q+5+ (2. 78)1+C(A.78)=2 N+ TF 12382+ (C(25,7A)=TEYxA%
SALY®TI /5

OMEANZ(DIN+ROUTY/2_0

TS2OMEAS (L2, 5%A41,548)+(TC~TF))

WRITF(2,40)YTP, T,V ,01IK,Q0UT

6O TO 195%

STOP

EED
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UNIT CELL MODEL PROGRAM

(b) SUBROUTINE SOLV

IO, D

o0

AT

s Re ko]

OO0

SURKOUTINE SOLV(A,N,M)
DIMENSTON A(N,M)
-k W E .

TO SOLVE AX=Ri= M=N+1 THE FIRST N anWS AND CDLUMNS OF A CONTAIN

THE FILEMENTS OF THE THPUT MATRIX A,THE REMAINING COLUMNS CONTATIN B
vl w ke )
MMicN=9q
MMy =Me g
LR & BN RN
FIND PIVYNTS
ko koe
PO 1 I1=1,NM1
FLMAX=0.,0
Dn 7 J=Tl~
TEST=ABRS(AC(J,]))
JPCELMAX _GE.TEST) GO TO 2
1L&J
FLMAX=TYESQY
2 CONTINYE
- k-
1L IS PIVOY 20W MUMBER
INTYTERCHANMGE 20WS T AND 11
=k bt kdw
DO X Jm]l .M
WeA(TL,)
ACTL,J)Y=AC1,d)
3 AC(Y, ) EW
mhh bk
PO THF ELIMINATION
wdk ok h ok k-
IPY=1+1
PO 1 JU=1P1.N
TFCARSCA(TI,IN) LT, 1F=2n)6G0 TO 6
DO 1 1Jd=1,M
1 ACI, 10)Y=2AC),TJ)=FACHA(Y,TJ)
R
GAUSS FLIMINATICN COMPLFTE
BACKY SURBSTITUTIAON
whktdd b
BO 4 1=21,N
FAC=ACLL, 1)
DO & U=l .M
b ACY, 1) =AC1,J)/F2C
npd 5 k=1 ,NM1
KKahN=K
KYskr+1
B & Tu1,KK
FACZA(L K1)
N0 & Jek1aM
5 ACId)=ACY s d)Y=FACHRCKY, )
RETURH
WRYITF(2.,7)
FORMAT(INX1EHMATRIX 1S STNARLILAQ)
STOP
RETURM
END

~ O
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RANDOM PLACEMENT MODEL PROGRAM

(a) MASTER SEGMENT

DD

D

OO

3OO

MASTER rACD

ok e Y ok b

PROGRAM FOR DETERMINING THE EFFECTIVE THERMAL CONDUCTIVITY NE
TWO=COMPONENT MIXTURES WHICH CONTAIN SPHFRICAL PARTICLES UStNG
THE RaN~OM DLACEMENT MOnel DETATLED IN RESEARCH MEMORANDUM Mimp?
THE CYTY UNJVERSITY,LONDON

LA R B B B2

RFAL ¥e,kL,KryrRr,Ksus

COMMON T¢10:10¢10)+C¢10,10,10):NC¢10:10)

LR R AN XA

TIN.TOUT ARE ARRITRARY BROUNDARY TEMPERATURES

LA R & R

DATA T!"'nT“UT'Kl110,030,031.01

220 FORMAT(1ns2F0.0)

230 FORMAT(9HQOs30H THERMAL CONPUECTIVITY RATTOS, 7X4SHVALUME FRACTION,
16X45HVOLUME FRACTION, (X1 HTTERATIONS s (XOUHEAT FLUX, 4,XQHHEAT £LUX/ 4
2XA2HSOLIN/LIOUIN, X4 7HSUSPENSTION/LYQULID, 4Xq95HSOLID SPECTIFTED,6Xq2H
TSOLID ACTUAL234¥2KTIN,qpXZHONUT)

240 FORMATCAN cF11etrOXE1204 eAXFI1+3,7XF1143.12XT4vF13.4+F11.4)

250 FORMAT (4vQs30H THERMAL cONpUETIVITY RATIO0S. 72X95HVOLUME ERAETION,
VAXINHYTERATIONS,, 4, XQUHEAT FLUY, 4XOHHEATY FLUXZAXA2RSOLID/LIOUIN, 4¥Xq7
2HSUSPENSION/LTIQUID ,0XSHSOLTID, 27X2H TN, 10X3HOUT)

260 FORMAT (1M ,F11,64,9%F92 4, ,6xF11,3, 12x14,F13,4,F%1,4)

270 FORMAY (1HY,30X42HDETAILS OF 8ASIC CUBE THERMAL CONDUCYIVITY,

280 FORMAT (AMQ»39XK41HPREPICTED SUSPENSTON THERMAL CONDUCTIVITY)

LA AR R R
ML 1S B2RIC LINTT NODAL DIVISTION
KS IS COMPONENT CONDUCTIVIYY RATIO
mhkkd -
11 PEANCY,220) MC.KS
1F(MC.EN.0) CALL EXIY
JJED
LA R AR B
*hdr STED § wdwww
PETERPMIVE THERMAL CONDUCTIVITY OF maASICc UNIT
Ll R
CALL SETKEMC.KL)
MCASME =1
WO S57¢c  0OAT(MC1)Y=0_5)=n_000S
s0L=0_0
X=0.,0
DO 4% T=z=1,MCH
Y=0.0
DO w4 J=1.MCH
2=0.0
DO 4S5 K=1.MCH
Rz¥eX+VrV+2s7
TEC(R.CGT.0N,25) 60 TO 47
CC(Y,J.,K)=KS
IN=1 .0
IFC1.FO. 1. 0R_1,FEOQ.MC) Zn=284%0,5
TF() FO,_ 1,0R_J _FQ ML) PN=2N%0.5
TF(K.FO,.1,0R K FQ . MCY) Z2Nz27ZN%x0 .5
SOL=S01+ 7N
L7 722+l
45 CONTINUE
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RANDOM PLACEMENT MODEL PROGRAM
(a) MASTER SEGMENT [Cont.]

Y=Yl

44 COMTINUE
X=X 4

L3 TONTINUF
CVOL=SOL /(FLOATY(MCTI+MCYeMCY))

CALL TNC(ME,TIN,TOUT)

CALL SOLVE(ME, TIN,TOUT,TT+KCUBF,QI,Q0)
WRITE(2,270)

WRITEC2:250)

VRYTE(2,260) KSKCURE+CVOL,1T,Q1,Q0
URITE(2,280)

WRITF(2,230)

L R R

¥* STFP 9 COMPLETED ww

LA A B RN

yed, 1

LR & B 3 B

M 1S SYSTEM NODAL DIVISINN

VF 1S SYSTEM VOLUME FRAGTION SOLID
LR R R

12 PFADCY1,220) MWVF
IF(M,.EQ.0) Go T0 11
MiZMe
dd=) )+
¥N=F L OAT (M)

CALL SETK(M,¥L)

1FCJI.FG.1) CALL TNOC(M,TIN,TOUT)

SVe=0N.0

SVOIL=tVOL/(FIOAT (MY «MTaMe))

=ddkk ™

sk STED 2 wdhes

PLACEMENT OF BASIC UNTIT IN FTELD USING RANDOM NUMBER GENERATOR
LA A RE'R & ]

pO 35 IN=1,5000

I=FPMCRYV (X)#XN

TFC(1.FQ.N)1=M

JEFPMERY (X)+ XN

IFCJ.EQR.N) J=M

K=FpMORVEX) *XN

TF(K FQ,0) K=M

ITF(ABRS(C (1 ,J.K)=KCURE).LT.1,NE~10) GO TN 15§
CCY, ) . K)YskrURE

ZNE1 .0

TP(1.FQ.1.0R.T.FQ. M) Zn=2Ne0 S
TECJ,FR . Y.0R J B0 M) Z2N=20e()_ 58

IF(K . EQ 1,0R K, FA M) ZN22N#0.5
SVE=SVEF+SVOL*ZN
TE(ABS(SVF=VE)wSVOL*) . S. LT, 1.0E=10) GO TO 40O

35 CONTINMUE
LA A R EE A
*% STFEP 2 COMPLFYED ww
SOLVE FOR THERMAL CONDUCTIVITY

4 LA A R RN ]

L0 CALL SOLVE(M, TIN,TOUT,IT.KSUS,Q21.00)
WRITF(2,2640) KS,¥SUS, VFE,SVE,1TQ1,00
60 T0 %2
END

£ IO

OO D

DO

OO
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RANDOM PLACEMENT MODEL PROGRAM

(b) SUBROQUTINE SETK

SO OO

10
15
20

SUBROUTINE SETK(N,KL)

PLEE X B E.

THIS SUSROUTINE SETS THE CONDUCTIVITY OF THE WHOLE FTIELD INTTIALLY
TO THE YaLUE OF THE CONTINUOUS PHASE

LI E R R Bl

PEAI VL

COMMON T¢10,10,90)¢C¢10,10,10):NC(10¢10)
PO 20 t=4rN

PO 48 K=1:N

N0 40 J=1.N

ClY.d,,8)uKL

CONTTINUE

CONTINUEF

CONTINUE

REYURN

FND

(c) SUBROQUTINE TNC

OO0 D

D0

(e e N

65
55

40

5
70

SURROUTINE TNCEnN,TIN.TOUT)
ok ok ko

THIS SURROUTINF SFTS THF INITIAL TEMPERATURE FIELD AND
ASSIAGNS nODAL CNHDES

bk kb

COMMON T€10,90.,10),CC10,10,10),NCC10,10)
Nishe1

LR T LR

SEY IMITYAL TEMPFRATURF FIELD
S TELE L

TEMP=10.0
NYTe(TIN=TOUTY/FLOATI(NY)

PO A0 K=1,N

ho 5% Ja1;N

DO AS I=1,N

T(l1,J:K)=TEMD

CONTTNUFE

CONTTINUE

TEMP=TEMP=DT

CONTTHNUF

LA R BT R

SET NODAY CONRES

LA R R AR

NCC(1,1) =1

NC(N,1)=3

NC(N s N) =5

NC(Y . N)=?

PO 70 1=2,N1

NCCT,1)=2

NC(N,Y)=L

NC(T, N)Y=4A

NC(1,13=R

PO 75 J=2,N1

NCCY,.0)=0

CONTINUF

CONTTINUE

RETURN

FND
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RANDOM PLACEMENT MODEL PROGRAM

(d) SUBROUTINE SOLVE

SUBKOUTINE SCLVE(N,TIN,TOUT,1T,KSUSNHN,QT,Q0)
e ok e
THIS SURROUTINE SOLVFS FOR THE TFMPERATURF DYSTRIBUTTON AND
DETFRMINES THE HEAY FLUX AND MFAN THERMAL CONDUCTIVITY OF YHE FIFLD
whkdkdbdkew
RFAL ¥KSUSN
COMMON T¢10,10,90),0¢10,10,10),NCC10,10)
okl b e -
ACF TS FELAXATION FACTOR
TOL 1S rPONVERGENCE LFVE| =MAXTMUM ACCEPTARIF NIFFERENCE pETWEFRN
SUCFQSIYF FSTIMATES AT EACH NODE
ol kok o,
DAYA ACF.TOL/1,.%4,0.001/
NigN=1
I LeN*Nw (N=2)
11T=0
mbhdhhdkdw
SOLUTION BY GAUSS«STFEDEL ITERATIVE SCHEMF WITH LTERMANN FXTRAPOLATICH
LE N R B R
90 L=0
no 100 ¥=2,.N1
no0 105 =1,V
PO 110 a=1,N
C7=2.0%0C1,J,.K)
CRmr (1., 'nK’
TP EQ . NY GO TO 915
CA=C7*C I+, 0K/ (CR:OC(1+1,J,K))
115 1F(1.FQ.4) GO T0O 420
C2RC7»C (1w , ) KY/J(CR4C(I=Y,),K))
220 YEC),FQ.N) B8O Y0 125
FRaC7+«CCT )41, KDY/ (CK+C(T,Jd+1,K))
125 1F¢J FQ 1) GO TN 130
ChuaC7+C(1,J0=1,K)/(CR«C(T,J=1,K))
130 CSaC7#COY, 0 M+ 1)/(Cu+C(1,J.%+1))
CAEC7+*C LYyl K=Y/ (CreC(T1,.J,%=1))
160=NCC1.,J)
G0 YO0C1,2+3:6:5,6,7.,8,9),160
1 TEMP= T Clal e d o) *CT1aTCl 041, K)*C3)*2, 04Tl ed Kat)arSeTel,J.Kul)ysC
16)Y7C(CLA+03)Y%2 ,0+(C5+CH)
G0 TN 13§
2 TEMPS(TCI+ 1,0 oK #C eT(T=10) e K)*C2+4T( (1 v a1, K)RC3%2,0T(1,J s Ks1)%C5%
BYCL, 0, K=1)%CA)Y/ (CY+C24C3%2 . N+05+C6)
GO TO 935
3 TEMP=(C T (1w, J K )Y eC2+T(1 ,JeT,K)XCI) %2, 04T, ,K+1)W0S+T(T,J.Kmi1)uC
CAHAY/((C2+0 3V %2 , 0+05+4C4)
60 10 135
b6 TEMP=(TCT=1 0 KN 02¢2 O+TCY 041, K)#CB4T(T1,0=1,K)¢C44T (1,0 Keq)¥(S#
DYCY, ), K=§)%CAI/(C2%2 0+C3+C4L+CH+06H)

OO0 3 YO

RO
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RANDOM PLACEMENT MODEL PROGRAM
(d) SUBROUTINE SOLVE [Contl]

GO TD 135

S TEMPE( (11wl o d oY *C2@T(T, dm1 KIRCL)*2, 04T sd K1) w5¢T(TJ, Km1)nl

E6)/((C2+C4)Y%2,0«C5¢406)
60 TO 4358

6 TEMD=(T T+, 0 K)YeC14T( =1, K)RC24 (Y, 0=t ,K)uChl¥2,0+T(Y,0,K41)%054

FTC(Y ) Kaf)wCO)/(C13C2404%2 04C5+C6)
GO YO 413§

T TYEMPmC (T CT#T1,J,K)#CT14T(1 , =1, KINCOLI%2,0+T(1,J K+1)al5+T(1,J,K=1)eC

GOY/((CA1+4C4)*2,0+4C5+Ch)
60 TN 135

8 TEMP2 (T4, 0Ky #C122 0+TC(T o141 ,KI*C34T(Y1,J=q,K)*CALT(],J  Ke1)uCh4¢

HYCY s ) s E=q)wChR) /(01 %2 N+ 34CLeCH+0TH)
60 T0 135§

9 TEMP=(T (1Y s rK) e 14T (T=Trd o) *C2+T T o)+, K)SC3+T (1,0 =1,K)*CLeT (]}

10K+ )% CS#T(T,0,k=1)%ChY/(C1+C2+C3+04+(5+086)
135 Z=ABS(T(T,d,K)=TEMDP)
YELZ .67 . YOLY GO T8 40
lL=l+1
140 T, aT I, K)+ACF*(TFMP=T(1,J:K))
190 CONTTIMNUFE
105 CONTTIHNUE
100 CONTINUE
1TelT+9
IFCLL.NE_L). 60 TO 90
g o b
CALCUILATE HEAT FLUX TN K DIRECTION
mr b -
QI=s0, 0
Q0=n ., 0
hO 145 1=1,N
nO 150 Jei,N
CleC (Tl oo 1)ecCT,0,2)%2,.0/(0CC1,0,1)¢C(1,0,2))
PRIy % (TIN=TYC(1,J),2))
C2uT € sl o NYIRCCY o d oI n2.07CCCT s N1ISCCT o0 eNY)
DOO=r2w(T(l,JeNI)=TOUT)
IN=1.0
PFP(L.EQ. 1. OR_ T . FO_N) ZN=2N»(.5
IFCI . FO.1.,0R_J,EQ_N) ZNaZN#(_5
QIzn1+DAT*IN
O0uNeNIO* 2N
150 CONTINUE
145 CONTINUF
GMEAN=(COT+QOY*0 5§
KSUSN=QMFAN/ ((TIN=TOUT)*FLNAT(NT))
RETUPN
END

(o I o B o |
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Appendix III

Computer Program Documentation for Homogeneocus Flow
Model,

This appendix details the computer program, which incorporates the
homogeneous equilibrium flow concept in the solution of the boundary
layer equations, for the prediction of the heat transfer characteristics
of solid-liquid suspensions. It is impbasible to present a complete
description of »ll its festures; sufficient informstion will be given
to ensble the program to be utilised as it stands. If it is desired to
change any of the parameters other thsn the input data, the programming
logic should be reasonably accessible through a study of the program
listing in conjunction with the information given in reference /62/

The progrsmming language is FORTRAN IV; as it stands the program
is designed for execution on a C.D.C. &4C0, 6600 or 7600 computer and
contains some features of C.D.C. softw-re. However, a version of the
progr=m was adspted for use with an I.C.L. 1905 computer without dif-
ficulty.

Progrem name HTFL@

Subroutines @UTLET, SUMMARY, TR@PS, DSFI, DSF2, TTFF, TP{gS,

PgLi, LAGR, ENTPY, TEMP, DENS, VISC, C¢ND, SPEC,
Vi'S
Addition=l Segment BLECK DATA

a) Progrsm Run Time Reguirements

The program may be contsined on about 1350 ecards. Using a C.D.C,

7600 computer an execution time in the region of 15 seconds (real time)
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is necessary for each problem. Core storage requirement on an I.C.L.
1905 computer may be kept in the region of 19500 words by using the overlay
system; the run time in this case will be about 500 seconds,

b) Program Input

Data input to the program is on cards, the format being a field
width Specification{
Card 1 ~ HEAD : s general heading for the output
Card 2 -~ THEAD: » title giving detsils of the individual run
Cards 3 - 14 : 12 cards each containing a value of CHEAD, JCPL
where:~ CHEAD : column heading for a parsmeter in the output
table
JCPL  : parsmeter identification nutber from an array of
the choices in the result vector, RV
Card 15 - TD, YPI, XI, CA, XL, XIH
TD : node spacing multiplier
YPI : non-dimensionsl distance from the wall to the nearest
grid line
XI : initial saxial step length
CA

boundary layer thickness multiplier
XL : length of heated tube
XIH : length of unheated entry section.
Typical values for the first four variables are
4.0, 0.5, 0.01 and 5.0 respectively
Cord 16 -~ TO : fluid bulk entry temperature
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Card 17 - IC : 1 six element control vector
IC (1) : not in use
IC (2) : controls calculation of transverse

velocity = V x IC (2)

IC (3) : maximum number of intermediate print outputs;
between 0 and 50
IC (4) : controls print options

IC (5) : controls transverse velocity wall boundary

condition; zero gives impermeable wall,

..

IC (6) : single component flow (1) or two component flow (2)
Typical values for the first five elements are O,
1, 25, 2, O respectively.
Card 18 - WF : weight fraction solid; only required if IC (6) = 2.
Card 19 - NIV, NWALL, NVAR, NDIR, RE, QV
NIV : specifies form of initial velpcity profile
i fu;ly developed
2 uniform profile
3 tabular input
NWALL : specifies type of thermal boundsry condition
1l wsall heat flux or isothermmal flow where QV = 0.0
2 wall temperature
NVAR : specifies form of therms1l boundary condition
" 1 second order polynomial
2 tsobular input

NDIR : specifies heating (1) or cooling (2)
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RE : entry Reynolds number
Q¥ : heat flux parameter
Card 20 - QWI, QVv2, Q3 : coefficients of a polynomial thermal
boundary condition.
Cards specifying tabular velocity or thermal boundary profiles follow
if required.

¢) Parameters Defined in DATA Statements

Various error messages, control parameters, convergence tolersnce
factors and headings are specified in DATA Stotements. In general, these
should be satisfactory as given in the program listing but may readily be
changed if desired,

Other variables must be specified for each particular liquid and
solid phase considered.

In BL@CK DATA segment:

TT : array of temperatures 2t which liquid phase properiies
are specified
TCP, TH, TR#, TC, TMU : tabular liguid properties; respectively
specific heat, enthalpy, density, thermal conductivity and viscosity.
NRg, NMU, NC, NCP, NT, NVF : specify the degree of polynomial
relationship representing fluid properties
XHUT : array of axial stations for output of data.
In subroutine TP¢S:
TS : array of temperatures st which solid phase properties sre
specified i
TSR@, TSCP, TSC : tabular solid properties; respectively density,

specific heat and thermal conductivity.
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d) Progrsm Output

Output from the program is by line printer. At each axial ststion
specified a single page of parameters is output. These include non-
dimensional results, dependant varinbles with velocity and temperaturs
profiles in tabular form. On completion of the solution a sumary table
is printed which lists the twelve variables chosen, together with »
heading of initial and boundary conditions with grid control perameters,

e) Solution Procedure.

The solution of the boundary layer equations, as described in
chapter 9, is performed in the main segment of the program. Additionslly
all the input variables are read into this segment, the grid spscing is
determined, the problem specified and the varisbles -initislised before
the iter-tive solution procedure is entered. Cutput variables and property
values are evnluated in subprograms, The subroutine @UTLET transforms the
celculated dependant variables into » form suitable for output; these are
printed »t any desired point in the solution. In addition 12 selected
integral quantities are stored for entry in the final teble printed on
completion of the program. These are output by subroutine SUMMARY,

Effective transport properties of the fluid sre cslculstsd in the
subroutine TPROPS using the given mixing length model. Fluid properties
are nomalised in subroutine TTPF; for two component flows TP@S produces
effective suspension properties. PELY fits a polynomial relationship to
tabular property vslues. A cubic spline function is fitted to sets of
tabular values by DSF1l whilst DSF2 provides the associsted interpoclation

routine. Subroutine LAGR contsins » standsrd Lagrange interpolation
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routine. The rem~ining subroutines interpolate for various values of

fluid properties which are required by the solution procedure.
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT

PRGGRAM HTFLOCINPUT»OUTPUT, TAFELISINPUT, TAPE2)

wmikkkkkw

THIS PROGRAM SOLVES THE BNOUNDARY LAYER EQUATIONS FOR ONE AND TWO=

COMPONENT FLOW OF FLUIDS IN CIRCULAR TUBES ASSUMING A HOMOGENENQUS

FlLOW MDDEL FOR THE TWO=COMPONEMT CASE

wi g ok ok ko

REAL MTOL.MATOL,MBAL,MBALK,MOBRAL,MOBALK:NORM,MDOT

COMMON IC(O) HEAD(B) ,RESULT(12,102),UC100),UIC130))UP(L1PB),H(100),
AHI(100),4P(120),8C100),S51(102) ,RHOVA(120) ,KRHOUACL1R2),EC1DD),ZC108)
A:RCIHWJpY(l?@):RDR(!@HJ:&RE“(!EG):DEM(IE@)pDCE(lﬁBJ:TAUCiGBJ

COMMON ZINL1/ QWM,QW1,0W2, QN3 NVAR,NWALL,NDIR,XLH, XL,

B NIV,RE,PR,EC.TC,YP1,N1,CA,X)

COMMON /0UT/ ELI ENTH,ENERG,HB, HBI  HW HWI  I0UT, ITToJJIoNeP,PI QNN
1T,REY)Xs XMASS, XMOM, XMOMI,FSRY,FBR1,NG,MDOT,EBAL,BAL,MOBAL,DPDX,
2XKE s XKELsFALFAL,FB,FET,FS,FSI

COMMON /ZIN2/ NQ,XQ(5¢),QwALL(SR),D20DX(50)

COMMON /ZPRINT/ XOUT(5Q)

COMMUN /ZPROPE/ TT(O), TR(H),TRO(E), TMUCE) , TCP(6),TC(6)

{ r NRO,NMU,NC,NCF,NHONT

COMMON /TAB/ JCOLC12).,CHEAD(LI2),THEAD(8),NRV(12)

COMMON /TRANSP/ BL,DELTA,MOCEL,YPL,CAFPA,TMODEL(8)

COMMON /SPLI/Z AJ(102),8J(106),CJC12@),DJ(10Q),FJ(10A),KJ(L100),
1PJ(12@),0J(142),RJ(120)

DIMEMSION QATAB(3) MESAGSE(3)

1091 FORMAT(BF1D.3)

1002 FORMAT(612)

1203 FORMAT(BALD)

1005 FOXMAT(I2)

1206 FORMAT(412,F12.,2,F10,1,F10,7,F10,3)

1213 FORMAT(ALD,:2)

1922 FORMAT(/I5,5(IPELS.7))

1022 FORMAT(A4(1PERM,12))

2902 FONMAT(IH »5(1PE2B.7))

24043 FORMAT(iHA)

2062 FORMAT(2741 ENTHALPY NEGATIVE AT J = ,13)

2063 FORMAT (274 VELOCITY NEGATIVE AT J = ,13,14M, VELOCITY = ,E12,4)

3037 FORMAT(24 ,3K]IT=,12,410,54, EB=,F8,4,6H, MOB=,FB8,c,4H, P=,1FE12,4
1 #»7H, DPDX=,)PEL12,4,5H, FB=,JPE12.6,5H, TR=,1PE12.6,5H, NU=,
2 1PEL2,6)

3046 FORMAT(IH ,454 ELT LESS THAN DXMIN, PRUBLEM TERMINATED #wxx%)

3?‘48 *'0!'1 “T(IH\J;‘“"'TJ -!.l.‘! dH' ‘='lpE12.6'5Hl D¥=.19E8.2,5H, HT=;1FEB.2'
1 5M, UT=,1PEB,2,6H4, RLT=,1PEB.2,5H, CA=,iPEB.,2,5H, VBs=,
2 1PE12.6,5H, HE=Z,1PEL1Z2.6)
DATA MESAGE/124 PRESSURE ,18H ENERGY R ,1@H ENERGY A /

c INITIAL VALUES OF PROGRAM FLPAMERERES

DATA WGT,AVG,FRAC,)ETOL ) XMTOL,XMOTOL,PTOL,» ITMAXL,ITMAXZ2,ITHMIN,DXMAX

l:DiHI“:5*“"1’“"';(593“—'/'3.75:1-3;91.5p3.6@5110.92‘0?119.‘31;@.9&4%1:1‘3;2'3,2

?a?cﬂnﬁ-?ﬁoﬁ.fnl.i/

Jog=@
MDOT=1,02
1T=0
TR=D,@
XNU=3,0
NBL=1
ELT=8,8

OO0 0
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

o0

o0

aoon

OO0

o000

WF=@, e

-k ok ok ke

INPUT HEADINGE

-k ok ok ok ke

READCY,1903) HEAD

READ(L,1823) THEAD

DO 1YW J=1,12

READ(I,110) CHEADCJ) JCOL(J)
19 CONTINUE

-k ke Kk

SPECIFY GRID CONSTANTYS

LR AR

READCY1,1¢191) TD,YP1,X1,CA, XL pXLH

ok kU e ok

SPECIFY PRUBLEM

LE S & & 4 K

READ(C1,103') TG

READC1,1222) (IC(K),K=1,6)

IFC(IC(6),EQ.2) READC(1,10801) WwF

READ(CL,1026) NIV, NWALL,MVAR,NDIR,RE,EC,QW

READC(C1,1071) QW1,QW2,QW3

NPH=IC(6)

CALL TTPF(NPH:TO,WF,PR)

PIN=]1,0

TIN=1.4

DELTA=d,.0

BL=R,0

HIN=@,2

GAMANZ2=FC

IF(NIV,EQ,2) BL=1.0

IF(NIV.,EQ,4) BL=2.0

22 4 8 5 A

INITIALISE FLAGS AND COUNTERS

kKA k-

NG=L

InUT=1

LPRE=1

JJ=0

JJJd=2

MOTOL=XMOTOL

MTOL=XMTOL

CLZERND=CA

(T8 & 5

CALCULATE NUMBER OF TRANSVERSE NODES

mk k% k-

EFF=0,0014+0 ,125/RE**7A 32

YPC=O OxRExSQRT(QO*EFF)

uci)=9,2

ytzl=yprizyect

yi=u(2)

DY=Y1

CE24u%x%x(),3/TD)

DO 519 K=3,2480

YZ=Y1+CxDY

Ulkl)=y2
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

0o

6512
612

522

Yi=Y2
DYsCxDY
IF(Y2.65T.1.8) GO TO 512
CONTIMUE
N1=K
NeKe]
wook ok ok ke

CALCULATE NODE PARAMETERS AND SET ARRAYS
w ¥ o e e e
UCNL1)=1,0
DD 520 J=i,N}§
KanNi+l=J
Y(J)=U(K)
R(JI=1,.8=Y(J)
H(J)=@,9
HI(J)=2,0
HP(J)=¢,.2
S(J)=1,0
§I(J)=1.0
RHOVA(CJ)=7,2
E¢d)st.0
Z'r.J)=1 « 0
CONTIMNUE
Yi=Y(1)
AREA(NI)=R,Q
UCNL1)=¢@,. ¢
DN 6522 J=1,N
YORBHXCYC(II+Y(I+1))
AREA(JIS(YLi=YD)*(2,@8=Y]=YD)
YI=Y0
TAREA=2,0*(R(J+1)+R(J))
ELJ=R(J+1)=R(J)
RORCJI)I=2,2%TAREA/ELY
CONTINUE
mhkkkkkmn
SET INITIAL VALUES OF VARIABLES
ok ok k k-
HB=A,0
HEI=9,9
HW=3,0
Hwl=2,2
T8=1,2
RHOB=1,0
RROBI=1,2
vB=l,4d
Gwzz'&.t'
AWM=QW
P=é,2
P1=3,2
PLAST=PIN
DPRX==l,5
DPLAST==%,35
ENERG=4,Q
EgAL=6.0
EBALK=0.2
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HOMOGENEOQUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

o0

OO0

MBEAL=2,@
MBALK=d.0
MOBAL=4,8
MOBA|L K=,
DXMIN=R  25%RERY (N) AR2
X=2,9
ELI=X1
REODX=WGT*ELI/RE
REDX1=(1.0~4GT)*ELI/RE
GO TO 1449
549 IF (NVAR,NE,2) GO TO 8545
wo ok i ok ke ok
WALL BOUNDARY CONDITION SPECIFIEC BY CARD INPUT
LR & &8 3 1
READ(1,i245) NG
PO 541 1=1,NGQ
READC1,1877) XG(I),QWALLCI)
1207 FORMAT(2F15,11)
541 CONTINUE
NS=d
NF=4
CALL DSF1(NR,XG, QWALL,D2GDX /NS, NFyAJ,BI,CIyDJ,PI,FSr0J,HI)
545 QW=0,0
GO TO (KE0,620,550) N1V
LE & & & 8 L0
VELOCITY PROFILES SPECIFIED B8Y CARD INPUT
v e o ek o
539 READ(1,1024) NI1,RE,XMOM,FA,FB,FS
READ(L1,1222) (UCJ),Jd=1,N1)
LPRE=1
GND TO 69@
555 LPRE=3
XKE=0,d
DO 560 J=1.n1
urcJdi=udd)
UP(J)=Uuly)
RHOUA(J)=S(J)*U(J)*AREAC(J)
XKESXKE+U(I)xUU(J) *RHOUACJ)
SA8 COMTINUE
CALL TEMPEMINL)Y,PI,TW)
CALL VISC{TW,PI,XMU)
SHEAR=Z ;s XMU*U(N)/(RE*Y (N) I =MDOT*x2
SHEARISSHEAR
XKEI=XKE
XMOMTI=XMOM
XMASSE=1,4
FAI=FA
FBI=FB
FSI=FS
GO TO 1460
mdk gt kh=
UMIFORHM TNITIAL VELOCITY FROFILE
=g de e W R
€03 LPRE=2
XMOM=03,02
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

OO0 0

o000

6520

630

€5¢

655

€62

662

664

KKE=@,n
YJd=1,@

YIi=1.pQ

Yi=@,6xY(N)
UL=1,0/(1,0=2,0%xY1+Y1%YYL)

UP(NL1)=0,0

U (M1)=0,0

RHOQUACN1)=2,23

D0 628 J=i,N

UiJi=ut

UP(J)=utl

ulIcJd)=ut

RHOUA(JII=SEII*UCJ)2AREACS)
AMOMEXMOM+UCI)*RHGUACT)
XKESXKE+U(JI)*U(J)*RHCUACT)

COMTIMUE

ool ke ok e

ESIMATE F FROM EXTERNAL BOUNDARY LAYER SOLUTION
mhokkkkm

FS=0 059/ ((FER*D , 2) % (X1*%x3,2))

FRISQO ,664/850KRT(G,DI%kRE*X])

GO TO €9a

FASFS

FAI=FBI

FR=FBRI

FSI=FS

LPRE=3

CALL TEMPCHINL),PI,TH)

CALL VISCCTIW,PI»iAMU)

SHEARS=Z (e XMU* ' (N) /(RE*Y(N))*MDOT#*%2
SHEARI=SHEAFR

XKEI=XKE

XMOMI=XMOH

XMASS=!,0

GO TO 14@gd

mhk ik kkwm

CALCULATE AN AFPROXIMATE FULLY DEVELCPED VELCCITY PROFILE
gk ok ok k-

IF(RELGTRET) GO TOD 660

F8=16,8/RE

DO 655 Jd= |,Ni
UCJ)=2.8% () .9=R(J)*x%2)

CONTINUVE

GO TO 672

FS<d 0014+, 125/RE*x*(0,32

FSK=FS

K=g
FE=0,25%(1,3/(2.2*LLCGLA(RE*SORT(4,0%FSK)) =D, 8)x%2)
IFCABS((FS=FSK)/FF)LT.1,%E=4) GO TO 664
K+

FEK=FS

IF(K.LT+12) GO TO €62

PO 668 J=1,N1
UCJ)=Y(J)=sPE*30QRT(A,125%F8)
IFCUCS)LT:51.6) GO TO 665
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

o000

200D

o000

665
673

672

673

692

702

7372

UCJ)=5,5+5,75%AL0G1GCUCJIY)

CONTINUE

XMASS=d,0

XMC‘MI:G,?

XKE=¢g,8

XMOM=0, D

No 672 J=1,N
XMASSEXMASSH+AREA(J)*S(J)*UCY)
CONTINUE

DO 673 J=1,N1}

UCJ)=U(J)/ XMASS
RHOUACII=S(J)*U(JI*AREACT)
XMOMaXMOME U CI)RRHOUA (D)
XKESXKE+UCJII*UCJ)*RHOUACY)
UPCJI=UCJ)

LT CJ)=UCJ)

CONTINUE

FARFS

FB=FS§

mkdhkkd-

TRANSPORT PROPLRTIES ARE CALCULATED BY TPROPS OR BY
SFECIAL PROGREMMING INSERTED HERE
kv ok ok w

CALL TFROFS

G0 TO(S555,633,722),LPRE

SOLVE EMERGY EGUATICON FOR H(I+i,.J)
IFCX, LT ¥LH,ORABS(X=XLH) . LT.,1,0E=10) GO TO 820
IFCABS(GAM) LT 1 UE=10 AND NWALL,EQ,1) GO TO 802
HIMSS 2% (HP(2) 4P (1) +mI(1)+1I(2))
AJ(1)==REDX*R3DR(1)*2(1)

AJi=AaJ(1)

BJ(1)=RHOUACLY=AJC(YL)

NORM==1,0/81(1)

DIJC(1)=DCECI) +R=AOVA(L)*xHIN
QJC1)=DJ (1) *NORM

PJ(I)=NORM®AJ (L)

DD 732 J=2,N

AJ(J)==REDX*2DR(JI%Z(J)
BJCJ)=SRHQUACI)=AJ(J)=AJL

HOS@,25% (RP(J+1)+HP(J)+HTI(J+1)+HI(J))
DICJII=DCECI) vRHOVA(J) *HO=RHOVA(J=1)*HIN
HIN=H0

=k ok gk ok

TRANSFORM COEFFICIENTS

LIS & & L

NORM==1,8/87(J)

AJIN=AJLANQORM

AJL=ATCD)
AJRN=1,3/(1 . 3=aJIN%¥PJ(J=13)
PJ{J)=NORM=ALRN®AJC])
QIJCI)=ALENECATINXQI(J=1 )+ NORMADI(J))
CONTINLE

LA 2 &% B &

APPLY WALL BOUNDARY CONDITIOCKS

LR E R & & 3
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HOMOGENEQOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

OO0

s NesNe

749

74%
746

778

782

82

838

GO TO (740,746) NWALL
DIJ(NL)=(HB]=HBR)=RHOVA(NI*HIN+DCE(NTL)
BJCNL)SREDX*RDR(NY*Z(N)
HINI)E(QI(NYI=DICNT)/ZBIINLIYI)Y/ (L B=PJCN))
HW=sH(NL)

IF(H(NL) GT.~1,0) GO TO 745
WRITE(2,2002) Ni

GO TO 18532

CALL TEMP(H(NI),P,TW)

CALL DENS(TW,P,S(N1))

HW=H(NL)

DO 783 K=1,.N

JEN4 | wK

HOJI=RJCJI*Ad(I+1) +20CI)

IF(H(J) GTa=2,7201) GO TO 775
WRITE(2,2062) J

GO TO 1532

CALL TYEMP(H(JI,P,T1)

CALL DENS(T1.P,8(J))

COMNTINUE

-k ok ko

SOLVE THE “DMENTUM AND INTEGRAL CONTINUITY EQUATIONS
STMULTANEOUSLY FOR U(I+1,J) AND P
mpr ok okkm
UIN=0,25%x(UP(2)+UP({1)+UI(2)+UI(1))
AJCL)=wREDXARDR(IIXF (1)

AJi=AJd(1)

BJCI)=RHIUA(L)=ATJ(Y)

NORM==] ,3/33(1)

CJ(l)==AREA(L)
DICLI=DCMCIY+RHOVA(L)*UIN
PIJC1)SNORM®xA (L)

OJCL)=NORMADJ (1)

RICLI)=NORMXCJ (1)

DO B3W J=2,N

UO=@,25%x (UPCJ+1)+UPCI)+UT(JI+1)+UICI))
AJ(J)==REDX*SDR(JIXE(T)
BJC(JISRHOUAC(J)=AJ(J)=AJ]
CI(J)==AREA(I)
DJ(J)=DCM(J)+RHIVA(J)*JO=RHOVA(JI=1)%UIN
UIN=UD

(L2 S & & &

TRANSFORM COEFFICIENTS

mkkkdhxw

NORM==1,9/8J(1)

AJlrJ:AJi*\IG?M

AJi=AJ(J)

Al=]odmAJINXPI(JI=1)

A{RN={ .0/

PIJCJYSNORM%ALRIN®AT(I)
QICJ)I=AIRNACATINFNT(J=] )+ NDRMADI(J))
RI(CI)ZALRNX(AJIN®RI(J=1) «NORMXCJI(J))
CONTINUE

ook Aok ko

SOLVE FOR PREGSURE DEFECT
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT ([Cont.]

o000

s Nale]

840

852

855

862

872
898
839
902

901

wokok ko m
FJ(N1)=3,2

FJCN)=QJ(N)

MJ(N1)=2,2

HKJ(N)=RJ(N)

DO B43 K=2,N

JeENwK+]
FICIJ)SPIC(J)XFI(J+1)+GI ()
HJCIIERPICI)*RI(J+1)+RICT)
CONTINUE

SUMi=9,0

SUMR=2,0

B 8HA J=1.,N

RHOA=S (J)*AREA(J)
SUMI=8UMI+RHOAXF JC.])
SUMP=SUM2+RHDAXHJI(J)

CONTINUE

P=(MDNT=5UML1)/5UM2

e ok o ok ok ko

SOLVE FOR AXIAL VELNCITY

ok Kk Kk k-

XMASS=2,4

XMOM=0,0

XKC=2.0

ENTH=0,0

DO BGA J=i,N
UEJISFI(IY+RJ(I) %P
IF(U(I) 5T =0,02871) GO TO 855
WRITE(2,2953) J,U€J)

GO TO L1404
DMASS=S(JI*UCJ)*AREA(])
XMASS=XMASS+DMASS
XMOMEXMOM+RHOUA(I)xU(T)
XKESXKE+(J)*U(J)*RHOUAC(J)
ENTHEENTH+DMASS*H(J)
AJCJ)=DMASS=SI(J)*xUI(J)*AREACJ)
CONTINUE

-k ok ek

SOLVE CONTINUITY EQUATION FOR V
LA & & .50

IFCIC(2),EQ,3) GN TO 898
RHOVACKI)=FLOATCIC(SII*ELTI/Z XL
AJ(N1)=02,02

DO 876 K={,N

JaNt 1=K
RHOVACJI)=RHOVA(J+1)+40(J+1)
CONTINUE

GO TOf899,334) NHALL

CALL TEMP(R(NI),P,TW)

GO TO 28!

CALL ENTPY(TW,P,HINL))
HB=ENTH

CALL VISC(TwW:.P,XMU)
DPDX=(RI=P) /LI

SHEARSZ (2% XMUXUIN)/(REXY(N))*HDOT* %2
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

eRele

OODDO e

OO0

1400

1401

140he

4221

1423

14024

14356

MBAL= (XMASS=MDOT)/MDCT

EBAL=0,?

IFCABS(HRB)Y . GT.1.BFE=12) EBAL=(ENTH=HB)/HB
SHEARM=2 . 5% (SHEAR+SHEARI)
MOBALS((XMOM=XMOMI) 44, 2*ELI*SHEARM=(P=PI))/XMOM
wkhkkkhkw

TEST FOR ASBSOLUTE AND RELATIVE CONVERGENCE

ik ok ok ok

KM=1

IR=2

IFCABS(DPDOX) LT 1,BE=18) GO TN 1431
IFCABS((DPDX=DRLAST)/DPDX).GT,PTOL) GO TO 14@2
KM= 2

IFC(ABS(ERAL=ERALK),GT.2,1%ETOL) GO TO 14@2
KM=3

IF(ABS(MBAL=MBALK) ., GT.XMTOL) GO TO 1402
IF(ABS(ERAL) WGT,ETOL AND,IT,LT,ITMAX)) GO TO 1422
wok ke ok ok ok

RELATIVE CONYERGENCE HAS BEEN ACHIEVED

vo ok ok ok K k-

GO TO (408

IR==y

IFCIC(e),LT,3) GO 7O 1408

IFCIT.GT,ITMAX2) GO TO 1484

mk ko hoke

RESET VARIJARBLES AND ARRAYS FCR NEXT ITERATION
- ol e ke gk ke

ITsIT+!

EBALKSEBAL

MBALK=ZMHEAL

MOBALK=MUBAL

PLAST=P

DPLAST=DPDX

co%pzi .g-AVG

DO 14G3 J=1,N|

UP(J)=AVG*UCJ)+COMPxUP(J)
MP(J)=AYGAN(J)+COMP*HP (J)
RMOUACJI)=AVERS(J)*UCJI*AREACJ)+COMP=RHOUACJ)
CONTINUE

GO TO 708

wikk kb=

CONVEFGENCE mAS NOT EEEN ACHIEVED SO ELI IS REDUCED
mnkk kA k-

WRITE(2,3227) IT,MESAGE(KM),EBAL,MCBAL,P,DPDX,FB, TR, XNU
IF(ELIXSHRINK,GT,OXMIN) GO TO 1426
WRITE(2,3246)

Jos=1

G0 T0 1532

CA=CA*SHRINK

P=pPT

YeX+(SHRINK=],2)%xEL]

ELISELI*SHRIAK

DO 14E€%5 J=1,nN]Q

UuP(JI=UICd)

HR(J)I=SFI(J)
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

REHCUACJ)=SICIIYUICJII*AREACY)
UCJI=UI(d)
HCJ)=HI(S)
§¢J)=S51¢J)
1405 CONTINUE
GO TO 1418
1408 IF(JJJ.EG.,B) GC TO 14081
60 TOC(14008,14228) NWALL
14229 CALL TEMP(HI(N),P,TN)
CALL TEMP(H(N=1),F,TN1)
CALL CONDCTW,P,EW)
1D¢%:=§;g?-l)*Y(N-i)*(TH'TN)'Y(N)*Y(NJ*(TN'TNI))/CY(NJ*Y(N“I)*(Y(NJ
QWS2 ,A%EN2DTOW/(REXPR)
14008 CALL TEMP(HB,P,TB)
CALL CENSC(TB,P,R=0R)
CALL COND(TE,P,E1)
D1=@ . S5x(F=PI)/ELI
FBERMOB¥ (D1=2,5+(XMOM=XMOMI)/ELI)
FASRHOB*(D1+42,5%(! ,2/RHOBI=1,2/RH0OB)YZELT)
XNU=9,@
IF(ABS(QOW) ¢GT 1 ,R2E=108) XNU=REAFRAQW/(ELIx(TB=TW))
TR=TW/TR
VRB=MDOT/RKHOR
FS=SHEAR®2  A+RHOR
1IF(IC(4).LT.2) WRITE(2,32@7) IT,MESAGE(KM),EBAL,MOBAL,P,DPDX,FB, TR
¢ XNU
IFCIR) 14221,14081,140081
14281 x0=X
IF(XGE XLH) XO=XeXLH
JECCXO0=ELI)oGY XLoAND XoeGEXLH) GO TO 1440
(2 % 5 & %
CPTION Y0 ENTER EVERY STEP IN RESULT TABLE
-k ok ok ok k-
IF(IC(C4) ,NE,4) GO TO 14235
IC(4)=3
CALL GUTLET(l.2,X0)
1IC(a)=4
14005 ELII=EL!
I=IQUT
IFCCXO0WZGE. (XOUT(I)w1,2E=18)) ANDS((XO=ELI) LTXCUTC(I)))GO TO 14022}
GO TO 14¢@2
14981 ICLUT=I0OLT+1
FACTOR=(XOUT(I)=X0+ELT)/ELI
IFCABS(FL2AT(JIII)+XLH) «GT,1,2E=1@) CALL OUTLET(FACTOR,XOUT(I))
IF(ABS(X=XLH),GT,1.2E=12) GO TO 14243
IoUT=1
NG=1
JJi=JJ+1
CALL OQUTLET(1,2,2.9)
CAsCAZERD
ELI=X1
IOUT=I0UT+!
IF(REWGT RETLANDXLH,LT.33,2) GO TO 1414
IF(RESLT RET(AND . XLH(LT,280,6) GO TO 1414

o000
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

14214

14003

14002

14006

OO0

4924

1429
141¢

1411
1412

1413

1414

DII=d,0
PO 14210 J=1,N
DII=DII+SARTCCUCII+UCI+IIIZZCI)I*(R(J+1)=R(J))
CONTINUE
DI=DII/SGRT(PR*VE)
GO TD 1414
I=I0UT
TFC(XOWGE (XAUT(I) =1 ,AE=10)) JAND ((XO=ELI) LTAXOUT(I)))IGO TO 14001
IF{JJJLEQ.,R) GD TO 1414
IFC(JJ.NE,102) GO TO 14226
CALL SUMMARY
JJ=2
IF(BLT.LT.0.5) GO TO 14204
JFCITaLTeITHINL,ANDLELI*GROW,[.E,DXMAX) CA=CAXGROW
™ok de ook Tk k-

CALCULATE BOUNDARY LAYER THICKNESSES AND NEXT STEP SIZE
(A2 8 & %%
BLT=1,0
IF(NBL.EQ.2) GO TO 1413
HBLT=1.2
UBLT=1.92
DO 1476 J=2,N
IFCUCI)ZUCY) LE,@,98) GO TO 1440
CONTINUE
UBLT=Y(J=1)
NBLU=J
IF(ABS(HB) LT,1,2E=10) GO TO 1413
DELRsHu=H(1)
DO 1411 J=2,N
JFCCH(J)=H(1))/DELH.GE,B,B2) GO TO 1412
CONTINUE
HBLT=Y(J=1)
NBL=J
BLT=HELT
IFCUBLTWLT.BLT) BLT=SURLT
IFCUBLT.LTLRLT) NBLENBLU
ELI=CAxD,5%3LT
IFC(ELI.CT.2,9%DXMAX) ELI=2,5«DXMAX
IF(X GE.XLH) GO TO 1414
IFCX+ELILTXLH) GO TO 1414
ELI=XLH=X
10LT=1
X=X+ELI
XKEI=XKE
XMOMI=XMOM
pl=pP
RHOBI=RHOR
FBI=FB
FAI=FA
FSI=FS
HWI=Hw
KBI=rB
GWI=agW
SHEARI=SHEAR
JIJ=JJJ+]
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HOMOGENEOUS FLOW MODEL PROGRAM

(o) MASTER SEGMENT [Cont.]
e

oo

i

1

1

o0

OO0

1415

1415

1417

1416

14156

1418

1419

1419

1429

MDOT=1,.0=~FLOATCIC(S))xX/XL

ok ok ok ok ke

CALCULATE wALL BOUNDARY CONDITICON AND ENTHALPIES

v ok vk ok ok o

IF(X,LE.XLH) GO TO 1418

XTaXeXLH

XTI=XT=ELY

GO TO(11416,11415) NWALL

IFCNVAR NE.2) 60 TO 1417

CALL DSF2{NQXQ,OWALL,D2GDXsXT,GTAB,AJ)

TW=OTABC(1)

GO TO 11419

TUEGWI+OW2AXTHOWI#XT*XT

GO TO 11419

IF(MVAR,NE,2) GO TO 1416

CALL OSF2(NR,XG,QWALL,D29DX,XT,QTAB,AJ)
AWERWMeATABCL)

HBEHAl=d , 0%k QuUMxELTI/MDOT*(QTAB(L)=2,5*%ELIXQTAB(2))
60 TO 1418

OWEOWMX (] qO+QWI+QW2AXT+AWIAXT %2 )

HESHBIwd ,OxQWMx (XToXTI)*((],0+0W1)+0W2/2, 8% (XTHXTII+OWI/3,O*(XTH%2
14XTRXTI+XTI*«2))/MDOT

CALL TEMP(HA,P,TB)

CALL DENS(TE,P,RH0B)

VRP=MDOT/RHDB

IT=1

IFCTIC(4),1.Te2) WRITE(2,3048) JJJ X ELI HBLT)UBLT,BLT,CA,VBP,HP
KEDX=WGT*ELT /RE

REDX1=(1.G=WGTY*ELI/RE

ok d kol

KESET VARIARLES AND APRAYS FOR NEXT STEP

ook gk ok k-

DCMCL)=wRHOUA (L) *UCI)+P*AREA(I)=REDXI*RDR(IIXE(L)x(UCR)~UC(1))
PCECL)==RHOUACLI)*H(1)=REDXI*RDR (1) XZ (L)% (H(2)=H(1))
DU 1425 J:l;“i

UICJi=ued)

HICJ)=H(J)

§I(J)=5(J)

IF(J.EG,1) GO TO 1419

IF(J.EweNI) GO TO 1419

DCMCJ) ==RMOUACI)I*UCT)=REDXI*(RORCJII*ECIIX(UCI+1)=UCJ))=RDR(JI=1I*E(
1Jml )2 (UCI)=UCI=1)))+P*AREA(T)
DCECJ)==RHOUACII*H(J)»REUXLI*(ROR(JI*Z(J)*(H(J+1)=H(J))=RDR(JI=1) %7 (
1Jm1 )2 (H(J=H(J"1)))

EMOUACJI)=S(T)I*xU(JIXAREA(J)

PHOVA(J)=7,2

UrP(Ji=udd)

HE(J)=H(J)

CONTINUE

GCEINL)=REDYI*#RORINI*Z(N)*x(h(N1)=H(N))
IF(NWALL.EG.2) CALL ENTRY(TW,P,H(N1))

mhrk Ak kkw

BEGIN CALCULATIONS FOR NEXT STEP

=gk gk ke -

GO TO 69¢
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER.SEGMENT [Cont.]

1449 CALL SUMMARY

IF(JJ) 543,540,999

1532 WRITE(2,2423)

KWRITE(2,20¢2) AVG,P,PI,RHOB,RHOBI
IFCJOB.EQ.1) GO TN 14402

GO TO 1

999 STOP

END

404

(b) SUBROUTINE OUTLET

COCoO

SUBROUT INE OUTLET(FRACCs XPRINT)

¥R -

THIS SUSROUTINE PRINTS A TABLE OF RESULTS AT

ANY DESIRcD AXIAL POSITICN

R T

REAL MBAL,MCBALyMDOCT

COMMON IC(&},H&AU(dlyﬁtSULTllz,l;L),UIlLu),UI(iCdJ’Upfld&l,H(lﬁ;i’

v Hllida),fpll;ﬂl’b‘Luul’bl‘¢Uu"RHUVH(¢La"RHUUu‘luu}’

Y E(iUJ’,Zfl:L]’R(iucle‘1Ju”&UR(1;u’jAKLA(LGu)’DCﬁ(ivu”

v UCC'IJQ',T&U(IQLI

COMMON /Z1IN1/ DHﬂ}CHL,OHZ,GHS,NVAR,NHQLL;NUIR,XLH,XL’HIV,REjFR’dCI

W TO YFL1yNLsCAy XL

COMMON Z1N27 NQyXOGU(53) 3UHALL (535) 302QUXI50)

GOMMUN Z0UT/ ELI,&&TH,LH&RG,HB,HUI,HH,HHI’ILUT,ITT,JJ,N’F,FI,QH;

X GHI,HET’X,XﬂabsyXHUH’XHONI,Fle;Fﬂﬂi,Nﬁ,HDUT’LUAL,

X MBAL,HUEQL,EPCX’XKﬁ’XK:I’FA,F&l’Fﬁijl,FS,FSI

COMMON /ZPRINTZ X0UT(5.)

COMMOGN /FROFS/ TT(&"iH(ﬁ),TRC(&),THU‘&);TLF(D].TL(&)

i sNRCy AMU g NC yidCPyNHyNT

COMMGN 7TuBZ JCOL‘léJ:CH:hC(lE’,THtAO(D),NRU(lE,

COMMON ZTRANSP/ EL,DCLTA,NQUEL,YPL,C&PPﬁ’THUBtL(5)

DIMENSION SAVE(11),RV(5L)

UATA GZyGlI/selgdent
SUC3 FORMAT (1K)
3052 FORMAT(1H ,8H RZRC 3 1UXGHU/UBy 1 UXSHV/ VB9 BXLZHITHN=T) /THETA)
SU54 FORMAT(1F 44(1PC1ibe4))
Juzo FthH1{;kt,OJXcHYf’LZKLHUf,lEXEHff,;.XSHHULFF,lAXHHﬁiFFl
SUSB FURMAT (LH+,50X5(1FELb.&))
Loy FORMAT(1H#43H X/0 S311X1dHy Rt =511X1LHy PR 2311X1Hy

iU+ =911XidHy RER =)
3tod FORMAT (LE#,y,SHd X+ =911X1iuHy 6L =3 11X1UH, Xty X S91iXilHy

1Q¢+ =gilX1iHy RER =)
SLt4 FORMAT(LH+,3H P =4911X1UH, UP/LUX =5,11iXiuH, XMUM  =4311X10Hy

1K+E. =91lXilHy ALPEA =,1iX1uH, BeTA =)
SUEBL FORMAT {1b+,9H NU =311X10H, ST =911X1CiH, TR/ZT18B =gdllX1liHy

iFA =911lX1iHy Fé =34i1X1CH, Fo¥*RE =)
SuoB FORMAT (1H.322X1UHy FREF = ¢iPelii.by1iHy RATIO =51PE1i.4)
JLubY FCRMAT (ibk+ySH RO =911X1iLH, us =9 l11XiuH, iB =911iX1UHy

1THW S9pl1X1uHy; RHOHW =311XidHs TAUW =)




L
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(b) SUBROUTINE OUTLET [Cont.)

U7y FORMAT (o (LOX1PE1i.84))
3072 FORMAT (1HL ¢ 3SXSUHINDEFENDENT SIMILARITY NUMBERS/Z)
3U74 FORMAT (1Hu 9 39X16HINTEGRAL RESULTSZ)
SL76 FURMAT(iH. 9y 33XeBHDPeNDENT SIMILARITY NUMLERS/Z)
SL78 FORMAT(1hu, J9X18HNCRIMALIZeD RESULTS/)
3079 FORMAT (1Hy g 39X48HNCNOIMcNSIUNAL VeLOCITY AND TEMPERATURE FRUFILES/
1}
3090 FORMAT(1HL)
F RAC=FRACL
SAVE (1) =Hu
SAVE (&) =HH
SAVE(3) =GN
SAVe (4)=XMCM
SAVE () =X
SAVE(B) =P
SAVe(7)=cL1
SAvVeE (B)=FA
SAVE(3)=Fb
SAVE(Ld)=FS
HB=HHI+FRAC* (HE~HEI)
HR=HAI+FRAC*{HKk=-HKWI)
GH=QWI+FRAC*(QW-QAI}
XMOM=XMOMI+FRAC¥ (XMOM=XMCHI)
X=XFRINT
IF CAGS{SAVE(SI=XLH) o LT e1evE=154ANDeNGsNEL1) X=SAVE(3)
IF(ABS(HMUOT=14¢) e 0Televe=14) MUDT=1+su=X/XL*¥FLOATLIC(S))
P=PI+FRAC¥ (FP=PI)
cLI=FRAC*cLI1
CONT=XMASS=1.1
CALL TEMF(HB,yP4T18)
CALL UENS(T3,P,yRHOB)
CALL TEMF(H3I,PI,T5I)
CALL OENS(Tei,PI,RHQOBI)
CALL TEMF(HWKyP4TH)
CALL VISCH(TE,FPyXiil)
CALL CONO(TEsPycl)
CALL SPEGC(TBsP,S1)
].FIAtJd('JhJ-LT.L.»&-‘S.UR.ABS{HBl.LT.J.-Q.‘;-.‘L(.J TB=TH+is0E~10
T1=Th/To
ReX=Rc*MUuGT/XMU
PRX=PrR*¥5.%XNMU/EL
XNU=RZ*PR*¥CAZ(Ci*(TB=THW))
ST=QW/ (S1*(TB=TH))
PARL=XNU/Z/(PRX¥*1.4)
PARC=PARLI/(Jes 121*(REX**0,8))
QB=J«5*UN*RE*PR/ (E1*TB)
XPI=2eU¥ X/ (RE*FR)
XP=Z2¥X/ (REX*PRX) '
IF(XelTaleue=13) GO TO 41
GZ=Z e/ XF
GZI=2.0/%XP1
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(b) SUBROUTINE OUTLET I[Cont.]

OCoO

4153 FA=FAI+FRAC*¥(FA=-FAL)
FB=FBL+FRAC*(FB-FB1)
FS=FS1+FRAC*(FS=FS1)
FREFSA(Uavblg+{0e125/REX*¥ (. 32))
VB=MDOT/RHOB
ECX=EC*VB*VB/TB
Si=S(N+1)
CL=SART(Z+u*RHOB*S1/F3)
Bi=QW*SUKT (<. U¥RHOB/ (FS*S51))
Jd=JJ+l
FREF=10+U/REX
IF(RE«GTeRET) FREF=Uslulbttle125/REX¥*L 432
FREB=F3*KcX
FRES=Fo¥*ReX
QPLUS==y + 5*CH¥RE*PR
RER=Rc*KHOVA(NL) 7 (4. U¥SAVEL(T))
BETA=XMUM/ (RHOB*vVB*VE)
ALPHA= (XKc 1 +FRAC* (XKE=XKEI)) Z (RHOB¥VB**3)
FRATIO=FE/FREF
- RN -

DEFINE MceMBERS OF RV (RESULT VECTOR)
- R
RVI1)=CONT
RVI2)=cClX
RVI3)=EoAL
RV (4)=FA
RVIZ)=Th/T0o
RV(c)=Fg
RVI7)=FR
RVI(8)=Fkeco
RVIS)=FrES
RV(1E)=FS
RVv(11)=G2
RV(LZ)=0L21
RV{i3d)=Hg
RVEL4) =HKW
RV(15) =P
RV(ib)=PARL
RVILi7)=PARZ
RV(18) =PRX
RV(1S)==Cy
RV(2J)==GH
RV (2i)=ReX
RV(Z2)=RHub
RvI{23)=ST
RVlch) =uau
Rvi{e5)=Te
RV(Z6)=THK
RYLZ7)=vE
RvicB)=X
RVIZSG) =XMaSS
RVI3U) =XMOM
RV(31i)=XP
RVISz) =XF1
RVI33)=XNU
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(b) SUBROUTINE OUTLET

[Cont.]

o0

434

394

3492

RY{34)=yed
RU(\SS’:U.U
RV (3E)=FRCF

RVI37) =FRATLO

RVI38)=0F0LX
Rv{39)=Rci

RVI&L)=8ci A
RVIGL1I)=HALPHA
U0 430

J=1412
00 G20 I=1y42

IF(JCOL(J)eNEWI) GO TOU 420
RESULT(J3JJI=RVI(I)

NRVIJ)I=I
GO TO 43u
CONTINUE
CONT INVE

IF(LIC(3).EQ.

1) eURs (INGGESIC (3 ))

IFCABS (X=XOUTING) ) 4LTelalE=10L) GU TO 434

IF(XeL T XOUTING))

NG=14NG
GU TC 43¢
Lk

CALCULATIONS FOR NON=DIMENSICANAL TURBULENT PROFILLS

GO TO 470

CALL VISCUThyP yXHUH)

CALL UENS(THWsPyRHUW)

CALL SPEC(TWyP,CPR)
TAUW=U ¢ 5*FS/RHOB

Cr=0 ¢ S*RE*SORT (RHOW®*TAUND) /XU
CU=VB/SURT(TAUW/RHGH)

CT=0.0

IF(ABSIONW) « GTed1edE=20)

RI=R(Z)*0.5

IFLIC(&4) +EQ.3) GO TO 393

WNRITe(2y3.90)
HRITE(2y3.72)
IF(RE«LTWRET)
WRITE(253C74)
HRITE(293.0u)
680 TG 392

HRITE(2,3u7.)
HRITE(Z2,3.06¢)
HRITec(2y3574)
HRITE (25 3u7y)
WHRITE(cys-64)
WRITE(2y3.7C)
HRITEL(Z24907 02
HRITE(2y3u,606)
HRIFE(2y0u78)
WRITE{(233u68)
HRITE(Z2,3379)
HRITE(Z2,3070)
HRITE(Zy3L06%)
WRITE(2ycuu 3}
WRITE(Z,3u5<)

GO TC 39u
XeREXyPRXyQPLUSyRER

XP1yGZyXFysGPLUSREK

FeOFGXyXHMOMy XKE s ALPHASBETA

XNU ST 3RV I5) y3FA3F3,FRcB

FREFsFRATIC

R‘Nl’}UB,TE,Td, RHOH, TAUNW

GO TO0 47¢

CT=CPW*TH*SART (TAUW/RHONW) /UMW
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(b) SUBROUTINE OUTLET [Cont.]

393

457

458

Loy

474

IF(RE«GTWRET) H‘RIT&&.(&}J.;SD’

WRITE(2,2503)

NNT=1

IF(N1.GT«34) NNT=2

IF(Ni1.GT«08) NNT=4

U0 4oy I=14N1

J=1

IF(I1.EQe1) V1=0.0

IF(l.EQsNL) VI=Je25%RHOVA(I) Z(SAVE(7) * (FRAC*S(I) +(1.0-FRAC)*SI(1))
1)

IF((IILU..L’1UP‘3.‘1¢I’:00N1" GO 10 457

RHOM=51(J) +FRAL*(S(J)~511J))

RO=U «5¥ (R(U+1)#R(J))
FLUX=RHUUR(J‘Il/ﬁl*(RfUVh(Jl/QO'RHUU&(J‘A’/KL]*(R‘J’"K(J‘LlJ/IR{J+
11)=R(J=1))

RI=RO

EP=c (J=3) + (e (J)=E(J=1) ) ¥ (RUJ) =RIJ=1DDZ(R(J+1) ~R(J=1))
IP=2(J=1)+ (2{J1=2(J=1))* (RUJ)I=R(J=1DDV/ (R (J+1)=R(J-1))
VI=FLUX/ (RHOM*4 . u¥SAVE (7))

H1=HI(L)+FRAC* (H(I)=HI(I))

CALL TcMF(HisFP,4T1)

ULl=(UI(I)+FRAC*(U(L)=UILI)))/ VB

IF(I«NEs1) GO TO 458

EP=c (1)

IP=2(1)

YPLUS=Y(I)*CY

UPLUS=UL*CU

TPLUS=(Lle =TLi/TH)*CT

Ti=(TW=T1)/ (TH=T3)

IF(L.EQ.NL) GG TC 459

IF(MOD(I=-1yNNT)«N24d) GO TO 46Q

IF(IC(4) 4cQe3) GG TU soU

WRITc(2s3.54) R(OI)yUl,yVi,T1

IF(RE«GTWRET) WRITE(Ey3.58) YFLUS UFLUS, TFLUSy P4 2ZP
CONT INUE

NG=NG+1

HU=SAVE(1)

HW=s5AVE (2)

Uu=SAVL(3)

XMOM=5AvVE(4)

X=SAvVvE(5)

P=SAvc (o)

cLI=SAVe(7)

FA=SAVE(3)

FB=SAVE (3)

FS=0AVE(14)

ReETURN

eND
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(c) SUBROUTINE SUMMARY

SUBROUTINE SUMMARY

REAL MBAL ,MOBAL,MDOT

COMMON IC(6),HEAD(B),RESULT(12,18@),U(122),UIC120),UP(L10R),

i H{1@B),RI(120),hP(132),S(124),STI(10B),RHOVA(LI22),RHOUACL1OD)
2 »ECLID2),2(120),R(122),Y(100),ROR(1@2) ,AREACLIEA) ,DCM{10D),

3 CCEC10D),TAUC132)

COMMON /INL/ QWM,OWl,Qw2, QN3 ,NVAR,NWALL NDJR, XLH, XLsNIV,RE,PR,

X ECyTD,YPL,N1,CA, X1

COMMON /IN2/ NQ,XQ(5@),0WALL(50),020DX(50)

COMMON /QUT/ ELI ENTH,ENERGHB HBI RN, HWI,IOUT,ITT:JJI,N,P,PI,

z QW QWI,RET,X» XMASS, XMOM, XHOMI,FSRL,FBRL NG, MDOT,

Z EBAL ,MBAL,MOBAL sDPDX, XKE , XXEI,,FA,FAI,F3,FBI,FS,FSI
COMMON /FROPS/ TT(G),TH(S),TRO(A), TMU(S),TCP(6),TC(6)

i tNRO, NMUSNC,NCP,NH NT

COMMON /TAB/ JCOLC(12),CHEADC12), THEAD(B) ,NRV(12)
COMMON /TRANSP/ BL,DELTA,MODEL,YPL,CAPPA, TMODEL(B)

2003 FORMAT(LHL)

3221 FORMAT(IN /Z/1X12A11)

3022 FORMAT(IH ,17,11111,77)

3024 FORMAT(1HN ,12(iPE11.3)/71X)

3026 FORMAT(1rMD,24X8410)

3232 FORMAT(1H ,18X7HEXPA = ,59,4,9H, EXPB = ,69,4,9H, EXPC = ,69,4,9H,
1 EXPD = ,G2,4)

3232 FORMAT(IM ,29HTURBULENT TRANSPORT MODEL*%x ,8A10)

3834 FORMAT(IH ,30HBOUNDARY CONDITIONS*%* NVAR = ,12,10H, NWALL = ,12,
19H, NDPIFR = ,I2,7H, GM = ,G9,3,8n, QW1 = ,69.,3,8H, QW2 = ,69,3,8H4,
2AW3 = ,69,3)

3236 FORMAT(IH ,28HINITIAL CONDITIONS%x* NIV = ,12,8H, REIl = ,62.4,8HM,
{ PRI = ,G9.4,10H, MACHI = ,G9,4)

3238 FORMAT(1H ,17HGEQOMETRY*% L/D = ,611,4,9H, LE/D = ,69,4)

3242 FORMAT(IH ,22HGRID CONSTANTS** TD = ,F5.1,7H, N = ,13,7H, Y1 & ,0
19,4,7H, X1 = ,G9.,4,8H, BLF = ,69,4)

3242 FORMAT(IH ,23HCONTROL VECTORxx IC = ,65(I2,2Hs ))

WRITE(2,2723) .
WRITE(2,3026) HEAD
WRITE(2,3726) THEAD
IFC(REGT.RET) WRITE(2,37232) (TMODEL(K),K=1,8)
WRITE(2,3234) NVAR,NWALL,NDIR,QWM,QN1,Q0W2,0W3
WRITE(2,3236) NIV,RE,PR,EC
WRITE(2,3238) XL,XLH
WRITE(2,3242) TD,N1,Y(N),X1,CA
WRITE(2,3242) IC
IFC(JJEQ.2) RETURN
WRITE(2,3221) CHEAD
WRITE(2,3€22) (NRV(J),J=1,12)
IF(JJ.G6T.42) GO TO 1441
WRITE(2,3024) ((RESULT(I,J),I=1,12),J0=1,JJ)
GO TO 1442
1441 WRITE(2,3%224) ((RESULT(I,J).,I=1,12),J=1,40)
WRITE(2,3821) CHEAD
KRITE(2:3222) (NRV(J),J=1,12)
WRITE(2,3824) ((RESULT(I,J),I=1,12),J=41,J0)
1442 RETURN
EMD
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(d) SUBROUTINE TPROPS

OoO0OnD

SUBROUTINE TPROPS
LE & & & A
THIS PROGRAM CALCULATES TRANSPORT PROPERTIES
LR & 6 & & £
REAL MDOT.MBAL,MOBAL,LAMDA
COMMON IC(6),HEAD(B) RESULT(12,102),UC100),U0I(120),UPC1002),H(107),

X HIC102),4HP(100),5(100),SI(100),RHOVA(1A2),RHOUACLOA),E(100)
X pZ(100),R(100),Y(100),RDR(1£0),AREA(CL1GO),DCM(100),DCE(100),
X TAU(160)

COMMON /IN1/ QWM,QW!,0W2,0W3, NVAR,NWALL,NDIR,XLHyXLsNIV,RE,PR,EC,
Y TO,YP1,N1,CA, X1

COMMON /0UT/ ELIJENTHsENERG,HB,HBI,HW,HWI,IOUT,ITT,JJ,N,P,PI,0W,
1 QWI,RET,X,XMASS, XMOM, XMOMI ,FSR1,FBRL,NG,MDOT,EBAL,
2 MBAL , MOBAL »DPDX, XKE, XKEI,FA,FAI,FB,FBI,FS,FSI

COMMON /PROPS/ TT(6),TH(6),TRO(B),TMU(E),TCP(6),TC(6)
1 ¢ NRO, NMUSNC,NCP,NH,NT

COMMON /TRANSP/ BL,DELTA,MODEL,YPL,CAPPA,TMODEL(8)
COMMON /SPLYI/ AJ(100),8J(122),CJ(100),DJC1002),FJC1UB),HI(1002),
{PJC1080),0JC103),RJI(1060)
CIMENSION UDR(3)
IF(RE.,GT.RET) GO 10 209
102 DO 120 J={,N /
HIT=3.5%(H(J)+H(J+1))
CALL TEMP(HJIT,P,TJ)
CALL VISC(TJ,P,ECJ))
CALL CONDCTJ,P,Z1)
CALL SPEC(TJ,P,CP)
Z2(J)=Z1/(CPxPR)
120 CONTINUE
RETURN
200 JDELTA={
IFCABS(BL).LT.1,0E=102) GO TO 300
DO 228 J=2,N
IF(UCL)=~U(J)LT.2,0001) GO TO 220
IF(1,@=R(J) .GE,DELTA) JDELTA=J
IF(IDELTASER.2) GO TD 219
DELTA=1,0=R(JDELTA)
IF(DELTA,GT.720,0/RE) BL=1,0
IFCABS(BL=2,0),LT,1,0E=12) GO TO 100
GO TO 389
210 BL=0,0
DELTA=1.0
JOELTA=]
GO TO 300
223 CONTINUE
IFCABS(DELTA) ,LT.1.QE=~10) GO TO 100
302 NBLP=Ni=JDELTA+I{
NS=4
NF=4
CALL DSF1(NBLP,R(JDELTA),UCJDELTA),PJC(JIDELTA),NS,NF,AJ,BJ,CI,DJ,0J
1,FJ,RILHI)
CALL DSF2(NBLP,R{JDELTA),UCJDELTA),PJCJDELTA),R(N1),UDR,AJ)
CALL TEMP(HBI,P.TB)
CALL TEMPC(H(NI) P, TH)
CALL VISC(TW.P,XMUW)
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(d) SUBROUTINE TPROPS [Cont.]

404

328

401

402

485

407

CALL DENS(TW,P,RHDON)

CALL DENS(TB,P,RHOB)

IFCIC(6) «NE,2) GO TO 404

CALL VISCCTB,P,XMU)

REX=REx*MDOT/XMU

CALL VFS(TB,P,VF)

FW=0,079/(REX%x%x0,25)
FOL=0,B79/((1.0+5,5%xVF)*xD 4B8xREX**(0,25/((1.045.5%xVF)*x*x0,15)))
VKC=SQRT(FSL/FW)*(1,02%xALOGIN(REX*SART(FSL))=0,152)/(1.,52%AL0G1Q(R
1EX%SQRT(FW))=0,152)

IFCIC(6).NE,2) VKC=1,0

TAUWS=UDRC(2) *XMUW

IFCTAUWL,LT.2,.0) TAUW==TAUWXU(NY/(Y(N)*UDR(2))
IFCIDELTALLT.N) FS=4,0xRHOB*TAUW/RE

DUDRJI=0,0

DD 320 J=JDELTA.N

CALL DSF2(NBLP»R(JDELTA),,UCIDELTA) ,PJC(JDELTA) RCJ+1),UDR,AJ)
IF(UDR(2).GT,8,0) UDR(2)=(UCJ+1)=UCJ)I/Z(R(J+1)=R(J))
PUDY==0,5%(UDR(2)+DUDRJ)

DUDRJI=UDR(2)

TAUCJII=EC(J) *DUDY/TAUW

CONTINUE

TAU(Nljzlta >

NJ=N+JDELTA -

DO 405 JR=JDELTA,N

JENJI=JR

HIT=2,Sx(H(J)+H(J+1))

CALL TEMP(HIT,P,TJ)

CALL VISC(T.J.P.XMUJ)

CALL CONDCTI,P,Z1)

CALL DENS(TJ,P.RHO)

CALL SPEC(TJ,P,CP)

DUDY=ABS(TAUWXTAUCJI/E(J))

YJzinﬂ"'RJV

FSS=FSxTAUCJ)

C2=0 ,5%*RE/XMUX*SART (D ,5*xFSS*RHO/RHOB)

YPayYJx(C2

Al=1 ,U=EXP(=YP/YPL)

EDDY=QA 5xRE*((Q,416xY =B, 790%xYIxYJ+D,654xYJaYJAkYJ)*ALXVKC)x%2%x0UDY
EC(J)=XMU+EDDY*RHO

Z(J)=Z1/(CP*xPR)+EDDY*RHO

CONTINUE

IF(JDELTALEQ.1) RETURN

JI=JDELTA=]

D0 487 J=1,J1

HIT=0 S*x(H(J)+H(J+1))

CALL TEMP(HIT,P,TJ)

CALL VISC(TJ.P,E(J))

CALL COND(TJ,P,21)

CALL SPEC(TJ,P,CP)

Z(J)=Z1/(CP%PR)

CONTINUE

RETURN

END
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(¢) SUBROUTINE TTPF

OO0

32

42

SUBROUTINE TTPF(NPH,10,WF:PRT)

= ok ok ok ok

THIS SUBROUTINE NORMALISES THE FLUID TRANSPORT AND
THERMODYNAMIC PROPERTIES

LR 2.8 &8 0]

REAL MU

COMMON /PROPS/ TT(8),TH(6),TRO(6), TMU(H),TCP(8),TC(5)

i p NROs NMUsNC,NCP,NH,NT

DIMENSION HH(B),HT(6),HCP(6),HC(6) ,HMU(B) ,HRO(E)
DIMENSION TH2(153)

NTP=6

M=6

NTPMi=NTP=1

IF(NPH,EQ,2) CALL TPUS(NTP,WF)
CALL LAGRC(NTP,TT,TH,TQ,H)
CALL LAGR(NTP,TT,TRN,TO,R0)
CALL LAGROINTP,TT,TMU,TO,MU)
CALL LAGR(NTP,TT,TC,T0C,C)
CALL LACR(NTP,TT,TCP,TO,CP)
PRT=CPxMU/C

TL=TO

CT=(TT(NTP)= TO)/FLU#T(Nquij
DO 3@ J=i,NTP

CALL LAGRCNTYRP,TT,TH,TL,HL)
CALI. LAGRCNTP,TT,TRO,TL,ROL)
CALL LAGRCNTR,TT,TCP,TL.,CPL)
CALL LAGRONTP,TT,TC,TL.CL)
CALL LAGRCNTF TT,TMU, TLsXMUL)
HH(J ) =HL

HT(J)=TL

HC(J)=CL

HCP(JI=CPL

HMU (J) =XMUL

HRO(J)=ROL

TL=TL+OT

CONTINUE

DO 42 J=1,NTP
TTCJISHT(J)/TO
TROCJ)=HRO(J)/RD
TMUCI)=HMUCJT) /MU
TCCJ)=nC(J)/C
TCPCJ)=HCP(J)/CP
THC(J)=(HR(J)=R)/(CP-TO)
TH2(JI=TH(J)

CONTINUE

CALL POLY(M,NRO,TT,TRO)

CALL PCLYCMsNMU,TT,TMU)

CALL POLYC(MNC,TT,TC)

CALL POLY(HM«NCPyTT.TCP)

CALL POLY(MsNHTT,TH)

CALL POGLY(M,NT,TH2,7TT)
RETURN

END
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(f) SUBROUTINE TPOS

-

s Nglel

SUBROUTINE TPOS(NTP,WF)
mgkkkke
THIS SUBROUTINE GIVES FLUID PROPERTIES FOR A TWO=COMPONENT MIXTURE
ok o gk e
COMMON /PROPS/TT(6),TH(B),TROC6),TMU(6),TCP(6),TC(6)
i t NRO,NMU,NCsNCPsNH,NT
COMMON/VOLF/ TVF(6),NVF
DIMENSION TSC(6),TSCP(6),TSRO(6),TS(6)
DATA TSC/6%P,u1208/
DATA TERO/6%2564,46/
DATA T5CP/2.6966,0,7419,9,7871,0,8323,0,8775,0,9228/
DATA 7S8/0,0,32,92,60,2,90,2,120,0,150,0/
K=6
HL=0,9
TL=0,0
DO 10 I=1,NTP
TETTC(I)
CALL LAGRCK,TS,TSRO,T,RHOS)
CALL LAGR(K,TS,TSC,T,CONDS)
CALL LAGR(K,TS,TSCP,T,CPS)
VFEWF*TROCI)/Z((1,.0=WF)XRHOS+WF*TRO(I))
TCPCI)=SWF*CPS+(1.,0=WF)*TCP(I)
TMUCI)=TMUCI)I*(1,2+45,5%VF)
TVF(I)=VF
TROCII=VFARHOS+(1,2=VF)*TRO(]1)
TCCI)=TC(I)/(1,0mVF)I%3
HSSCPS#* (T=TL)+HL
THCI)SWF*HS+ (1 ,B=WF)*TH(I)
HL=HS
TL=T

12 CONTINUE
CALL POLY(KsNVF,TT,TVF)
RETURN
END

(g) SUBROUTINE LAGR

eNale

SUBROUTINE LAGR(N,X,Y,XP,YP)
makok ok ok ko
LAGRANGE INTERPOLATION RCUTINE
kAR XA -
DIMENSION XC(N),Y(N)
YPz=@,9
DO 585 K=i,N
XPLK=1.0
D0 518 I={,N
IF(I.,EQ.X) GO TO 519
XPLK=XPLK* (XF=X(I))/(X(K)=X(1))
513 CONTIAUE
YP=YP+XPLKxY(K)
585 CONTIMUE
RETURN
END
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(h) SUBROUTINE DSFI

OO0

SUBROUTINE DSFI(NO; XY MpKS; KN, H, LAMDA,MU,D,Q,U,0D:DDN)

w ko ok k-

THIS SUBROUTINE FITS A CUBIC SPLINE FUNCTION TO

A SET OF TABULATED DATA

ook ok ok ok

REAL MU,M,LAMDA

DIMENSION XCNO),Y(NO) MCNO) HC(NO),LAMDACNO) yMUCNO),D(ND),Q(NDC),

ﬁU(NU)rDD(KS)rDQN(KN)

16

105

106

125

126

136

N=NO

DO B I=2,N

HCI)=X(I)=X(I=1)

CONTINUE

Ni=N=]

PO 15 J=2,N1
LAMDACI)=NCI+L)/CHCI)+H(I+1)) \
MUCI)=1,0«LAMDA(L)

DCINSE AR CCY(I+L)=YCI))/HCI#L)mCYCI) Y CI=)))}/HCX))/(HCTI)+H(TIHY))
CONTINLIE

KS1=KS=1

KNL1=KN=]

DO 185 I=1,KS1
DDCI)SCY(I+1)=Y(I))/H(I+L)
CONTINUE

DO 186 I=1,KN{
DONCI)=(Y(N+1=I)=Y(N=1))/H(N+1=1)
CONTINUE

SUM=DD (1)

SUMN=DONC(1)

DO 115 MN=2,KS!

JEKS=MN

Do 125 I=1,J
DOCI)I=(DOCI+1)=DOCIN)/Z(XCI+MNI=X(I))
CONTINUE

ADD=DD (1)

DO 135 L=2,MN

ADD=ADD*(X(1)~X(L))

CONTINUE

SUM=SUM+ADD

CONT INUE

DO 116 MN=2,KN|

JEKN=MN

DO 126 I=1,J
DONCI)=(ODNCI)=DONCI+L1))/(X(N+L=1)=X(N+1i=1I~MN))
CONTINUE

ADDN=DDNC(L)

DO 136 L=2,MN
ADDN=ADDN* (X (N)=X(N+1=L))
CONTINUE

SUMN=SIJMN+ADDN
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(h) SUBROUTINE DSFI [Contl]

116 CONTINUE
LAMDA(N)=2,.0
MUCN)=L,0
DC1)=6,2/H(2)A((Y(2)=Y(1))/H(2)=SUM)
DIN)=6,B/H(N) X (SUMN=CY(N)=Y(N=1))/H(N))
Q(l:‘:'ﬂ.s
UCi1)=D(1)/2,9
PO 25 I=2.N
P=MU(I)*Q(TI=1)+2,0
- QCI)== _AMDA(I)/P
UCI)=(DCI)=MUCI)*U(I=L))/P
25 CONTINUE .
MCN)=UCN)
DO 35 I=1,N1i
JEN=]
MCJI)=QCJ)*M(J+1)+UCJ)
35 CONTINUE
RETURN
END

(i) SUBROUTINE DSF2

o000

SUBROUTINE DSF2(NoXs YoMy XINT,F,H)
(12 5 % & I
THIS SUBROUTINE INTERPOLATES WITHIN A SET OF
DATA USING THE RESULTS FROM DSF!
whknhkhkw
REAL M
DIMENSION XCN),Y(N) s MIN) ,H(N),F(3)
XI=XINT
IFCXIaLlToXC1) 0R XILGT,X(N)) GO TO 999%
DO 5 I=2,N
HOI)=X(I)wxX(1=1)
IF(XI-GE.XCI~1J.AND.chLE.X(IJJ 0 TO i5
5 CONTINUE
!Sngtiiﬁfi-l)/(E.ztu(I))*(t(I)-YI)**3+MfIJ/(6.3thI))*cxz-xcl-lJJ**s
+ *1)=M(Imt )AHCI)*HA(I) /042 %CXCI)=XI)/HCI)+CYCT)mM(T)%H M
2/6,0)*(XI=X(I=1))/H(1) 1 e g
Ft2)=H(IJ/(2.G*H(IiJ*(xI-ch-l))**2-“(I-1)/(2.“*H(IJJ*rx =X 2
Le(Y(I)=Y(Im1))/HCT)= (ML) =M(I=t))XH(I)/6,D 1 ke
F(3):M(I-1)*(X(I?”XIJ/H(I)+H(IJ*(XI'K(I'11J/HfI)
RETURN
099 WRITE(2,323)
3722 ;g$345{1H pSOHX#%*x=EXTRAPOLATION HAS SEEN ATTEMPTED IN DSF2mkkk)
RA
END
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(j) SUBROUTINE POLY

s leN el

13

21

23
ez

4p1
429

4@5

41@

502

321

SUBROUTINE POLY(NU,M,X,Y)
-k ok

THIS SUBROUTINE FITS A POLYNOMIAL TO A SET OF TABULATED DATA
LS8 & & &

DIMENSION X(NU)»Y(NU),ACL11,11),B(C11),P(20)
MX2=M%2

DO 15 I=1,MX2
P(I)=0,0

DO 13 J=1.,NU
PCIX=PCId+X(J)%xn]
CONTIMUE

CONTINUE

N=M+ L

DO 32 I=1,N

DO 35 J=i,N

Kel+J=2

IF(K) 29,29,28
ACI,J)=P(K)

GO TO 35

ACL,1)=NU

CONTINUE

CONTINUE

B(1)=0,0

DO 21 J=i1,NU
BC1)=B(1)+Y(J)
CONTINUE

DO 22 I=2,N
B(1)=0,0

DO 23 J=1,NU
BCIDSB(Id+Y(J)*X(J)xx(I=])
CONTINUE

CONTIMNUE

NMi1=N=1{

DO 300 K=1,NML
KPi=K+1

L=K

DO 420 I=KPi,N
IFCABSCACI,K))~ABSCACL,K))) 4¢D,4202,421
L=1

CONTINUE

IF(L=K) 502,502,405
DO 418 J=K,N
TEMP=A(K,J)
ACKeJ)=ACL,J)

ACLp JISTEMP
CONTINUE

TEMP=B(K)

B(K)=B(L)

B(L)=TEMP

DO 329 I=KPi,M
FACTOR=A(I,K)/ACK,K)
ACI,K)=2,0

DO 381 J=KPi,N
ACTInJd)=ACI,J)=FACTORXA(K,J)
CONTINUE
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(j) SUBROUTINE POLY [Cont.]

BC(IX=B(I)~FACTOR%B(K)
302 CONTINUE
YCN)=B(N)ZACN,N)
IT=NMi
710 IP1=1+14
SUM=2,8
DO 782 J=IPi,N
SUMSSUM+ACI»J)*xY(J)
702 CONTINUE
YCI)=(BCI)=SUMY/ACI.I)
In]=]
IF(I) 800,800,710
802 CONTIMUE
RETURN
END

(k) SUBROUTINE TEMP

SUBROUTINE TEME(HL,P,T1)
COMMON /PRQOPS/ TT(8),TH(B),TRO(E) ,TMU(B),TCP(6),TC(E)
1 s NROpNMU NC o NCPyNH NT
TI=TT(L)
DO 1@ I=1,NT
TI=TI+TT(I+L)*H1%xx]
1 CONTIMNUE
RETURN
END

(1) SUBROUTINE ENTPY

SUBROUTINE EMTPY(T1,P,H1)
COMMON /PRQOPS/ TT(6),TH(E),TRO(6),TMUCS),TCP(6),TC(6)
| lNODJNMUINCfNCprthT
H1=TH(1)
DO 12 I=i,NMW
HI=HI+TH(I+1)*Tixx]
19 CONTINUE
RETURN
END
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(m) SUBROUTINE DENS

o

SUBRNDUTINE DEINSCTL,P,RHO)
COMMON /PROP3/ TT(6),TH(6),TRO(6),TMU(B),TCP(6),C(6)
1 » NROy NMU s NCoNCPyNH,NT
RHO=TRO(1)
DO 10 I=1,NRO
RHO=RHO+TROCI+1)*T1x%x]
10 CONTINUE
RETURN
END

(n) SUBROUTINE VFS

SUBRAUTINE VYFS(T,P,VF)
COMMON/VOLF/TVF(6) ,NVF
VF=TVF (1)
DO 1@ I=1,NVF
VFEVF+TVF(I4+1)%Tax]

{2 CONTINUE
RETURN
END

(o) SUBROUTINE SPEC

SUBROUTINE SPEC(T1,P,CP)
COMMON /PROPS/ TT(6),TH(6),TRO(6),TMU(CE),TCP(6),TC(6)
1 ¢ NRO# NMU G NCH)NCPyNHyNT
CP=TCP(1)
DO 18 I={,NCP
CP=CP+TCP(I+1)*Ti*x%x]
12 CONTINUE
RETURN
END

(p) SUBROUTINE VISC

SUBROUTINE VvISC(T1,P,XMU)
COMMON /PROPS/ TT(63,T7ri(0),TRO(B)» TMUCE),TCP(6),TC(6)
1 ¢y NROSNMU,NC,NCP s NHeNT
XMU=TMUCL)
DO 1@ I=1,NMU
XMUSXHUSTMUCI+1) AT %]
12 CONTINUE
RETURN
END
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"

(q) SUBROUTINE COND

10

SUBROUTINE COND(T1,P,E1)

COMMON /PROPS/ TT(6),TH(5),TRO(6),TMU(B),TCP(6),TC(H)
{ P NRO,NMUSNCyNCPpNH,NT

Ei=sTC(1)

DO 1@ I=i,NC

EISEL+TC(I+#L)*Tixx]

CONTIMUE

RETURN

END

(r] BLOCK DATA SEGMENT

BLOCK DATA

COMMON Z0UT/ ELI,ENTH,ENERGoHRB,RBI MW, HWI, ICUT ) ITT+JJsNsPsPI,OW,GW
1IrRET:XsXHASS.X”OH;!MG"I.FSRI:FBﬁl:NGpHDOTrEbﬂL:HBAL;MOBALsDPDX.
eXKE)XKEI,FA,FAI,F8,FBI,FS,FSI

COMMON /PRINT/ XOUT(52)

COMMON /PROPS/ TT(6),TH(S),TRO(B),TMULK),TCP(6),TC(6)

1 rNROSNMUSNC/NCP,NHoNT

COMMON/VOLFZ TVF(B),NVF

COMMOMN /TRANSP/ BL,DELTA,MOCEL,YPL,CLFPA,TMODEL(E)

DATA CAPPA,YPL,BL,RET/Y,416,26,0,2,0,2102,0/

DATA (TMCDEL(K)sK=1,8) /18m D,Be MIXI,1@4NG LENGTH 1 10HCORRELATIO,
110HN WITH VAN,18H DRIEST DA, 1dHMPING FACT,10N0R + SPALD,19HING MQD
e /

DATA(XOUT(K) ,K=1,18) /Pe21241424592,0,12,2,32,2,60,0,10¢,3,187,02,2
152,8/

DATA T7/23,2,49,2,65.0,95,2,132,2,182,2/

DATA TCP/4,163,4,179,4,188,4,213,4,27,4,42/

DATA TH/83,9,167,5,272.2,358,9,546,2,763,15/

DATA TRD/998.2;992.2.983.4.901.5,934.5;856.5/

DATA TC/2,2006¢3,2,0205632,2,0C0658,0,020678,2,820658,2,007676/

DATA TMU/0,321292,2,020551,0,02043,2,030294,0,780211,2.,200149/

DATA NRO,NMU,NCsNCPyNH,NT/5,5+5,5,5,5/

DATA NVF/5/

END






