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Abstract

The problem of forced convective heat transfer to a suspension

of small solid particles in a liquid is treated by developing a 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-dimensional baplace equation, using

a finite difference technique, to give a steady state temperature distrib-

ution for boundary conditions derived from consideration of the Fourier

rate equation. Effective thermal conductivities of several aqueous

metallic powder suspensions have been experimentally determined using

the relative plane horizontal layer methed. Overall mean errors in

prediction of 2.55 and 6.64 per cent were obtained for the two models,

Theoretical and experimental results from previous studies have been

used in a comprehensive examination of prediction methods.

The second section develops the homogeneous flow model. An existing

numerical 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
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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. Evaluation of the technique, using the experimental

results of Orr and Dalla Valle 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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“Preface

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

liquids 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 rigorous definitions it has been

found that they are a useful concept in applying experiments1 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 a starting point,correlations of experimental data are the

least sophisticated of techniques availsble for analysing two-phase

flows and although they have the virtue of being easy to use they

provide little insight into the basic phenomena nor into ways 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 snalyticeal 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 a homogeneous type in which the components are

treated as 2 pseudo-fluid with average properties and without the
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requirement for a detailed 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 values for each component then we may term the analysis 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 examination 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 techniques, the development of en

analytical model which removed certain restrictions on previous work

end en experimental investigation. A similar investigation into the

viscosity of a suspension whilst certainly required was considered to

form a sufficiently detailed project of itself and in consequence

could not be attempted during this investigation. Sufficient information

on this topic was available to be able to utilise the homogeneous flow

model and to examine its validity whilst the incorporation of the

results of any subsequent investigations into the viscosity of sus-

pensions or the actual rheological constants measured experimentally

would be expected to improve further the accuracy and applicability of

the model.

This work therefore is in two distinct sections, the first being

an investigation of the effective thermel conductivity of suspensions

with the second being the development of a model for predicting the
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heat transfer performance of 4 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 thermal conductivity investigation link the two

sections closely.



Section A

The Thermal Conductivity of Solid-Liguid Suspensions.



de LITERATURE SURVEY

1.1 Introduction

The problem of designing convective heat transfer equipment for

use in situations where a es of a solid and a liquid may be

employed, is frequently encountered, especially in the chemical.

engineering 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 individual component

properties. The suspension may then be treated as a pseudo-fluid with

the mean properties being utilised in conventionel 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 thermodynemic sense, proves

to be an extremely useful concept in practice.

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 unreliable.

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 Theoreticel 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

eerenen of a heterogeneous mediun can be regarded as being embedded in an
equivalent homogeneous medium whose conductivity is then the unknown to be

calculsted.

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 equation to small values of

inclusion volume fraction. Tareev /2/, noting the similarity between

electical end thermal fields, proposed the application of the equation
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for thermal conductivity purposes, when the suspension conduc tivity

will be given by:-

wo x Peatc d c d

(1.2)

Rayleigh /3/ considered the case of an otherwise uniforn 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 as the concentration increases. Al]

but the first four terms in each series may be neglected, when the

conductivity of the suspension is given by:-

pi [ 3K. - 3Kg}, 1%2K + K,- 2Y(K~ K,)-O-523(K_- Kasse)?

5 3K. - Kali %2k.+ K+ QIK.-K,)-0-523{K- wiaecarl? ig

This is a second approximation to the expression; the first

K, = K

approximation containing the first three terms and being equivalent to

Maxwell's equation, thus the extra terms in the Rayleigh expression may

be interpreted as being corrections for interference between adjacent

spheres.

The Rayleigh equation was 2lso used by Meredith and Tobias /4/ who

included an extra term.in both the numerator and denominstor so that the

effect of particle interaction at higher concentrations may be better

represented, this gave:-
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6K +3K,| 7/32k.+Ky-2 Y(kK_-K,)+0-409(K-K,) [sean oO

Ke~ Ke 6K.-3K,| 7%
2k +k, + PIK-K)+0-409(K - Ky aK-3k, =3K,

3K-3K,| ts
— 2.133(K -K,)|-—s —-4: JERS] 6

3K-3K 'O/3- 0.906(K.- K,) aK. | Y
(123)

At low values of volume fraction solid the higher order terms

become negligible and the above equation produces substantially 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 parameter, X, which

is a function of the ratio of constituent conductivities, @, and the ratio

of the axis of symnetry 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 sre given showing the variation of X with

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

San Kae

K Ray
Ke K

(1.4)

Fricke further concluded that for a constant volume concentration

the conductivity of the suspension is independent of the size of the

suspended particles and also nearly Se ee of the form of the

particles when the difference between the conductivities of the

constituents was not large.
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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:

: K,+(n-)K -(nN-1t) O(K_-K,)K,=K, d ¢ c 4

: Kitna Kk, + OU Ki KY

(2,5)

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 case, 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 experimental data used

3; where Y is the sphericity of thecould be correlated using n =

particles and is defined as the ratio of the surface area of a sphere

with a volume equal to the particle, to the surface area of the particle.

Hamilton and 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, Fy and Fo: being functions of surface area and conductivity

of the solid material, when the conductivity of the suspension would be

given by:-

K,(S-2) La 2QK,

K=KF, ~KIS= O71 + OK, + OK, +E

(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

where 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 a 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:-

"Ig

K, ) K

eee
(Gigy))

This equation may be much simplified if K a >» Ko when:

ee
Pe hop

(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 heterogeneous 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 may 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

eases and concludes that rigorous values of thermal conductivity depend

upon the entire phase geometry and not just the volume fraction of the

discontinuous phase.

1.2.2 Unidirectional Heat Flux Models.

A second general approach to the determination of the thermal

conductivity of suspensions involves the assumption 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 parallel 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

maximum values of effective conductivity that can be obtained with

given components at a given volume fraction. With the two phases

combined in series with respect to the direction of heat flow, the

overall conductivity is given by:-

fae tag eal

5 PK +U- QIK,

(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,= (1- QIK, + Ok, lake

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:~

on -¢
Kee KK,

(1.12)

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

logarithms of the individual conductivities:-

In. Ko = Pink, + (I- Phin k,

(1.432)
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Therefore this equation predicts a linear relationship, on a log-log

plot, between the effective conductivity of a two-phase system and the

conductivity 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:-

Ka
Le =|

2/3 ‘ig
K = Kk |I-Lanp'?+ 0.48750

aig Ka
0-25 +(0-403) ~ O-5)ingz -1) (2.13)

: 
. 

s

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 PL and two-dimensional porosity Poe PL is the

fraction of the linear space occupied by the discontinuous phase parallel

to the direction of heat flow, while Po is the fraction of the area

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

phase. he 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 Po 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:-

OF
Ko+#(kKy- K.) P

° Sere Se ciers (1.14)
A solution requires the definition of a functional relationship

between PL and Poi and Tso adopted » probabslistic approach to this

problem by using the binomingl theorem end assuming that the binominal

distribution spproached the norms] distribution for this case. Thus:

P= Be ge Lae be dp,
2 o fat O f

P, (1.15)

where Le is the mean of PL and O the stendard deviation of Pe For

any given two-phase heterogeneous materiel these parameters have to be

determined experimentally and are therefore not readily obtsinable.

This approach 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 parameters PS end © are
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necessary to characterise the effective thermal conductivity of a

disordered two-phase medium 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 Pp and o, since these

parameters are not 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 constants of the parabola and the

thermal conductivity of the constituents. The parabola caintonts 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:-

1

B/2l

Kk, al(Ky-K) (K+ B(K,- K. 11?

uJ ",a (k,+B(K,-K.)]/24+1B(K,- Kk)? F (78

[kK +B(K,-K,)1/2~[B(K,-K./? kK (2.26)
c

39]?vhere B= [22] and kK, > K.
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Deshpande end Couper /15/ have slso 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 P,. This gave
2

the expression:-

Be Liretiy XEN dx
Pina (Gas)

Fi

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 Phe Three methods for the

evaluation of equation (1.17) were also proposed.

1.2.3 Further Models.

All the prediction methods considered oitue lead to an explicit

equation for the thermal conductivity of suspensions but it is possible

to relax the restriction of a unidirectional heat 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.



-16-

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 zine sulphate in lard, McAlister and Orr

/22/ performed experiments on mixtures of Aluminium and Zine powders

in grease. Johnson /23/ considered principally 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, aluminivm-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 and 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 /2h/ considers the

results of several experimental studies and concludes that for

spherical particles Maxwell's equation represents the data adequately,



ibe

ANALYSIS OF THE UNIDIRECTIONAL HEAT FLUX ASSUMPTION

2.1 Introduction.

Previous solutions proposed for the calculation of the thermal

conductivit, of two-component systems have been based, in general,

on a model having a regular arrangement of particles of the dis-

continuous phase from which an effective conductivity can be det-

ermined using the parameters 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 mathematics

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 epplic-

ability of the model.

The use of a model in which the effective thermal conductivity is

assessed following the assumption of a geometrical arrangement of

spherical particles and a unidirectional heat flux through the systen

has considerable appeal, being simple in concept and lesding to

solutions that may be readily evaluated. One such model is that

proposed by Jefferson et.al. /11/ and in the development of a suitable

prediction method a detailed 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 end Orr /22/ that

although some discrepancy exists between experimental and predicted

conductivities from this method the arguments put forward in its

derivation are apparently velid. Fidelle and Kirk /20/ maintain that

the assumption of a unidirection=l heat flux is not very restrictive,
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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 /14/ whilst apparently

differing considerably from the Jefferson model in reality differ only

in respect of their system dimensions. This srises from the assumption

of statisticel 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 thermal conductivity of each

model, as will be shown this is purely arbitrary. However given the

method used by hoth Tsao and Cheng and Vachon, of dividing the model

into elementary strips perpendicul=r to the direction of heat flow,

the subsequent re-ordering of these strips will have no effect on the

prediction given the assumption of a unidirectional heat flux. This

re-ordering of elements is merely a device to facilitate the derivation

of an explicit equation but does not in practice alter the proposed

models and their affinity to the Jefferson model,

2.2 Jefferson's Prediction Model.

The model proposed by Jefferson considered a cubic array of

spherical particles and divided the system into a number of cubic

blocks each having a sphere a its centre. A representative block

was then taken from the field and its thermal conductivity assessed

making the following assumptions:
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1) The solid particles are spherical and uniform in size and

are distributed in an 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 separates any two

adjacent layers of cubes will be isothermal.

4) 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 temperature gradient being set up along the normal plane and therefore

the presence of a heat flow in that direction. The Brannon of a

one-dimensional heat flow elso implies that, in the portion of the model

where the continuous and discontinuous phases are adjacent the heat 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 and prevent a temperature gradient in the normel 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

where 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 normal to the heat
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flow direction. The assumption of one dimensional heat flow therefore

leads to the requirement of a heat flux varying in velue 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.

22.2. Jefferson's Derivation of an Explicit 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 a number of components. Following the

assumption of a unidirectional heat flux, the model conductivity is

assumed to be the oversll conductivity of a network of the components

combined in series and in parallel. Jefferson divided his model into

a half-cube and then subdivided this unit into three components; A,

B and C as shown in figure 2.1. Component A consisted of the half sphere

with containing cylinder of liquid of the same radius end length equal

to the radius. Component B was the liquid half cube with the centre

removed *s a cylinder.

Component C was the cylinder of liquid between the end of the

sphere and the edge of the cube.

The dimensions of the mogel were determined by considering the volume

fraction solia of the system. With the solid sphere taken as being of

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

given by:

ie 0,605 See oe 211.0 (2.2)

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 conductivity of component A

had also to be considered since it consisted of both the continuous

and discontinuous phases. 4n expression for the conductivity of this

component was obtained by dividing it into elementary strips parallel

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 snd summing over the model cross-sectional area gave an

equation for the component conductivity:

2K, K, 2
K,= K,K_ | ———+s -In—! -

oe 8 PHM, Sehe ike ot K, = ee)c
(2.2)

This result is used together with the dimensions of components B

and C, both of which consist entirely of the continuous phase, to

produce an oversll conductivity prediction for the proposed combination

of components in a series/parallel network. The resulting conductivity

is then taken as being representative of 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:

mt |Kako(m+1)
K,= ——

aim+i? | Kym +k,
- k.| +k

(2.3)
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Together with the value for m as given by equation (2.1) and that

for Ky 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 4 of his model indicates

that an alternative arrangement of elements within the component

may be proposed. Such an alternative would be equelly consistant

with the assumption of a unidirectional heat flux end would provide

a different expression for the evaluation of component conductivity.

Compsrison 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 heat flow and which

therefore conteined the two phases in parellel. Figure 2.2 shows the

division of the component. 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 an elementary strip, refer-

ring to figure 2.2, is:

QY = (0-25-xX*)T
0-25 Tt

(2.4)

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

2
K K, + (0.25 - x°) (Ky - K,) (2.5)strip ~ “ec

0.25

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

ductivity of all the strips in series:

o-5

A 0-5 dx

2
0:25-Xw+ | 0-25 Jin Ko

(2.6)

Let:

O25 : (2.7)

then substituting:

4 0-5

Ka 3 dx
kK, + (0-5 WA)’ ~ (x,/Al (2.8)

°

Let: B= kK. +(0.5,/A) (2.9)

then:

Q-5

A 0-5 j

dx

B? ~ (x,/A)? (2.10)
°
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thus:

0-5
K.=
A .' O5 K dx

K J, Ba (XA)?

integrating:

ae os o.5
tee Be saXW A

2B/A B-XJA
°

Pe 0.5

A 1 jp BtO.5 VA

2B/A =B-0.5 JA

where: A= aK ae

|

B= (kK .- 0.25)?

kle
d

therefore the conductivity of component A may be determined from:

21k, (K,— KI}?
V2 Va

In Ka +(K,— K)
V2 "Ya
Kea kK.)

This equetion provides an alternative to equation (2.2) for

determination of the conductivity of component A and may 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 2.1 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 combinetion of phases as given by equations (1.9) and

(1.10). The two theoretical expressions both produce values that lie

within the lower and upper limits for a combination of phases, which

are given by the series ond parallel 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

appearing to be perfectly consistent within the »ssumption of a uni-

directional 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 ability to be extended to the full case

of » suspension. It is concluded that a unidirectional heat flux

approach is not valid for any 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 alternative combinations of constituents

which wes applied in the case of the assessment of the conductivity

of component 'A' may also be employed in the eveluation 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 end the edge of the cube. The rearranged model

division is shown in figure 2.3. As in the eevee 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 parellel with their resultant effective conductivity being

considered in a series arrangement with component C, all 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 overall conductivity of two dissimilar

materials which are in psrallel relstive to the direction of heat

flow we obtain for the combination of components 4 snd B:-

T (kK, — K.)

amet)’
+k

‘AB (2,27)
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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:-

Kap K(m +1)

ue K,,m+k
Be £ (2.18)

Substituting equation (2.17) in (2.18) eliminates the composite cond-

ductivity K ‘AB? and rearranging gives the equation for the effective

conductivity of a suspension as:

(m+ IK,
K, = Ke

m+

ALTE Kel +K, (2.29)
4(m+ 1)

where m is given by equation (2.1) and K, 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 thermal conductivity of a suspension may be produced

from the basic concepts. ‘These may be designated as follows:—

Model I - uses equations (2.2) and (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 40 per cent.

It can be seen that there is no agreement between the predictions

produced by all four models and as may be expected the divergence

becomes greater as the volume fraction solid or the pure component

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 basis for deciding which

of them gives the most accurate results for any given two-component

system. Consequently the proposal or utilisetion of any particular

model must be the result of » purely arbitrary decision unless ref-

erence is made to the actuel experimentel results for the suspension

under consideration. This gives rise to the paradoxical situation

where the actusl effective thermal conductivity of a two-component



system must be known before the theoretical prediction of this value

can be made with any certainty of accuracy if the unidirectional

heat flux assumption 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 all 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

numbered I in this report. For the graphite-water suspension an

overall mean error of prediction of 28.0% was obtained by Jefferson

as against 12.2% and 9.26 for models II and III pespecuiveyn In the
case of the Ecarnitecei icons oil suspension the overall mean error of

27.% obtained by Jefferson was reduced to 24.1% and 12.2% through the

use of models II and III. It is apparent that a 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 assumptions 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 general rule to aid this selection, but guidelines may be

given which will indicate 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 overell prediction with

a mean error, considering all cases of 5.75%. If the results of other

experimental studies are also included /11/, /20/, /23/ then overall mean

errors are obtained as Model I 13.8%, Model II 12.7%, Model III 10.94,

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 respectively. 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 experimentel

results is considered with reference only to the system volume frection

solid then it is found that the best predictions given by Model II ore

concentrated mainly in the range O - 0.1, whilst model 3 is in general

of volume fraction solid from 0.1 to 0.4. The few best predictions

produced by Jefferson's equation, designated Model I in this treatment,

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

K,/K,
c

Equation 2.2 | Equation 2.16] Phases in] Phases in

: Series Parallel

10.0 346 5252 1.89 5.71

30.0 5.21 12.37 2202 16.18

50.0 6.11 18.72 2.05 26.66

80.0 6.96 27259 2.07 42.36

100.0 7-38 35.24 2.08 52.84

200.0 8.69 59-71 2.09 105.2

300.0 9.48 84.5 2.09 157.56

500.0 10.48 131.45 2.09 262.28

700.0 11.14 176.27 eed 367.0

1000.0 11.84 21.03 2.1 524.08
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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 4 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 phases.

2) The volume concentration of the constituent phases,

3) The distribution of the phases in the system.

For the case of the extension of Jefferson's model this latter

parameter would be idealised as a regular geometric arrangement of

the solid phase but for the second model a random distribution of

this constituent is permitted.
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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.

4) Radiation 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 sre

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 results 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

disensions are then substituted into Fourier's Law to give the

required conductivity. Within the model the allowance of a tri-

directional hest 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 » suitable solution procedure, since an explicit

prediction equation cannot be derived for this situation.

If the conductivity of each phase 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:-

Cae Lely = out

x= 0 ee
X= L ax

= A% ° Le
Vee at dy

In addition the following conditions must be satisfied at a phase

interface:-

where p is the directional normal to the phase interface.

(3.1)

(3.4)

(3.5)

(3.6)

(3.7)
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3.3 Solution Procedure.

Laplace's equation is a partial differential equation of elliptic

form and hence the domain of integration for a three-dimensional

equation is always a volume bounded by a closed surface. The boundary

conditions as detailed specify the value of the function or the

value of its normal 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 was employed.

The method used divides the volume of integration by a three-

dimensional grid network formed by three sets of equally spsced lines,

esch set being parallel to one of the three cartesian co-ordinste axes.

The intersection points of the grid lines are called nodes and the

domain of each node 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 a

corner it will be one-eighth of the full domain. An approximate

solution to the psrtial differential equation is found at each nodal

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



The solution procedure requires that at each node the partial

differential equation is replaced by a finite difference approximation

in terms of the values of the temperature at the node end surrounding

nodes,

3.3.1 Derivation of Finite Difference Approximation.

When a function T and its derivatives 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, 2 co-ordinate directions:—

, Oud
Tlxtu,y.z) = Tixy.z) + UTIx,y.2) + 1 U Tisy.z)

2
(3.8)

ed Ue Ge (aye) toe
6

and:

’ a ee
Tix-u.y.z) = T(x.y.z) - UT (xyz) + LU T (x,y,z)

2

= Ie Uiatonte yeaiieeee a
6 (3.9)

adding these expensions:

Bigs OE 4

Tix wy.z) + Thx wy,z) = 2Txy.z) + UOT (x,y,z) + O(U")

(3.10)

Assuming that the fourth and higher powers of u are negligible in

comparison with the lower powers then:

4 ar !
T (x,y,z) = rax? = a Tixeu,y,z) ~ 2Tix,y,z) + T(xeu,y,z) (3.21)

wYZ

similarly:

2

at = + T )- 2T d+ TE )= a (x,y+¥.z OEy.z: KY Vez (3.12)

dy?
XYZ
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az = litre -2ttena¢ Tina
zxy.

(3.13)

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

U2

fa [Toerses) - 2T(x.y,z) Terni] +

(3.0L) ga [tsswyn - 2TIx,y.z) + Thx-v.r2)] *

Vv

| (3.14)
5] Tix. y.2 +0) - 2Tlx,y.z) + Tlx,y,z —w) = O
Ww

multiplying by u, v, w.

reser) -2T(x,y.2) +Tix-wy.2)| +

Serovar - 2TIx.y.z) + Tx, yor] +

UV :
WwW Tix.y.z+w) - 2T(x.y,2)+ Thx,y,z-w) | = O (3.25)

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

reduces to the standard seven point formula:

Tix4u,y.z) # Tlx-u,y,z) + Thxyty,2) # Tlx,y-v,z) +

Tlx,y,z+w) + Thx,y.z-w) -6T(x,y,2) = O (3.16)
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3.3.2 Incorporation of Interfacial Conditions.

Where adjacent nodes lie on opposite sides of a phase boundary

then the finite difference approximation must also satisfy equations

(3.6) and (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 at the interface by Ty, 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:

Gr= ioerenttia.y.21—Ty]= Ktseseralt, Tees vai
U/2 u/2 (3.17)

Let kK, _ be an overall equivalent conductivity between the
’

adjacent nodes so that equation (3.17) will also be equivalent to:

Kge ~ [rest Ties] (3.18)

Therefore:

Kin!
Tlx,y,z) -T, = “DZ Tbey.2) - Theu,y.2)

Kix,y,z)
ni (3.19)

Tow nLb (x+u.y,2) = Kasay Tix, y.z) —Tlxeuy,z) 3.20)

adding equations (3.19) and (3.20):

Tixy.z) -Tlx+u,y,z) = Kal ret + Sees [Tene = Towuaai| (3.21)
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which gives:

a 2Kix.y.z).K(x+u,y.z)

A Kix.y.z) + K(x4u.y.z)

(3.28)

It can be seen then that in order to satisfy the interfacial

conditions the finite difference approximation must be modified by

multiplying the temper-ture difference between adjacent nodes by

the overall conductivity of the grid line connecting these nodes.

This hes the effect of incorporating equation (3.22) into the finite

difference approximation and although it is strictly only necessary to

apply this condition when writing the finite difference equation for

nodes that are adjacent to a phase boundery, in practice it is more

convenient to consider the one equation thet will be universal in

application. Therefore combining equations (3.15) end (3.22) a general

finite difference approximation msy be written in terms of the

properties st » node and its surrounding nodes:

A, :
eer Ka T oT ea! oO
ee (3.23)

ie!

S is the number of nodes surrounding the a node, which has 4

where:

temperature of Tn

A is the cross-sectional area of the mesh normal to the gridi,n

line from node i to node n and hy a is the grid line length.
’
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Ky 4 is the overall conductivity of the grid line and is given
’

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

discontinuous phase:

K = Ky (3.24)

When adjacent nodes are both of the continuous phase:

Kena “se (3.25)

end when adjacent nodes are of different phases:

Kin ee 3 Ka

Nome dl (3.26)

In physicnl terms equation (3.23) is a heat belence 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 Boundary.

For a node that lies within the model there will be a total of

six adjacent nodes end each node domain cross-sectional area will be

of full size. In the case of nodes on the boundary surface special

treatment of the general finite difference equation is required; the

modification incurred will depend both upon the specification of the

boundary condition at that point end the position of the node. At

those nodes where the boundary condition is specified os a temperature

a finite difference equation will not be written since the solution

is known. The other boundary condition requires that the temperature
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gradient norm=l to the model surface is zero; that is the boundary

surface is 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 domains to be used in the heat balance.

The modificstions 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 and hence five terms in the heat balance equation, with the

cross-sectional area of the domain being half of the full size for

heat flow to those adjacent nodes that also lie on » surfece, A

node on sn edge of the model will heve four adjacent nodes and in

this cese the damsin cross-sectional area 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 snd hence no finite dif~

ference spproximation is required.

3.4 Determination of Model Thermal Conductivity.

The finite difference equ»tion written »t each node is unique

end taken together form » set of equations whose simultaneous solution

will yield the stesdy state tempersture at each node. With an overall

one-dimensional heat flux being imposed upon the model through the

establishment of » temperature gradient between two parallel f-ces,

the net heat flux between any two adjacent layers of nodes normal

to the direction of heat flow will be invariant.
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The assumption that heat flow is confined to the mesh lines is

implicit in the solution procedure snd therefore the overall heat

flow between adjacent layers of nodes is obteined by considering

Fourier's 'Law of Conduction between each pair of nodes in the

given direction and 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

q = ots 2k (7 -T)
' ae nie inant cn (3.27)

n=!

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

asin-

1,N 20 (3.28)

Compsrison of the two results affords » useful check on the solution

accuracy.

With the mean heat 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 s80-5(q. + q.)\= NES
, Bi Cue) (3.29)
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This procedure was applied to the two proposed models of two-

component systems.
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“hel Introduction.

This prediction method takes the basic unit that Jefferson

proposed as representing a sample of the two-component mixture and

extends its validity by applying the condition of a tridirectional

heat flux in assessing the model thermal conductivity. The remaining

assumptions 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 constant.

3. The entire sample is confined between two constant temperature

planes perpendicular to the overall eiraction of heat flow.

The unit cell model will therefore consist of » sphere of the

discontinuous phase at the centre of a cube of the continuous phese.

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:-

-YW3
L = 0.806)

(4.1)

4.2 Simlation 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

a grid network the simulation of the model must allow the assignment



of the respective regions of continuous snd discontinuous phase to

accord with the solution technique. Any interface between phases

will lie slong the border between node domains and not along grid

lines, in accordance with the modifications msde to the finite dif-

ference equation. With a rectangular grid system and » model

consisting of a sphere within 2 cube obviously the simulation could

not be exact, it being necessary to approximate the sphere by an

array of cubes. The degree to which this approximation could be

achieved wes of necessity restricted by the limitations of computer

storage capacity and of computing time requirements.

A sphere wes simulated by talking a cube that just enclosed it and

dividing this into » block of 5 x 5 x 5 nodal domains. The edge cubes

of this block were considered to consist of the continuous phase, whilst

the remaining 81 cubes were considered to be the discontinuous phase

end to epproximate to a sphere. Whilst the simulation wes undoubtedly

fer from exact it wes thought to be sufficient for the purpose and in

the subsequent light of the satisfactory predictions produced it was

felt that no oversll benefit would ensue from sn attempt to improve it.

Within this block of cubes the grid specing was invarisnt

over ell systems and wes determined from the assumption of » unit

diameter sphere, whereupon the nodes sre 0.2 units apart. The rem-

eining portion of the model between the central block and the boundary

was divided into two nodel domains 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 and

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

end 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 slong the sxes of

symmetry, which for the purpose of the finite difference approximation

are treated in exectly the same way »s are insulated surfaces, provided

that they are not subject to a boundery temperature specification.

There are a total of 50 nodal points that lie on either of the

two psrallel planes where » temperature is specified 2s » boundary

condition, thus giving 4 remainder of 75 nodes for each of which a

finite difference equation must be written. Hence, we have a set of

75 equations which when solved simultaneously provide the steady state

temperature distribution through the model.

4.3 Solution Technique.

The solution of lerge sets of linear simulteneous equations requires

the use of » digitel computer, there being in general two techniques

available; a direct or iterative method. In this case the number of

equetions in the set was sufficiently small to sliow the use of a

direct method in 3 progrem run on en I.C.L. 1905 computer. The

following conductivity prediction model, which derives from this one,

utilises an iterative scheme and thus sllows of comparisons between the

techniques when used for this purpose,

This direct method of solution requires that the finite difference

equations given by equation (3.23) sre re-srranged in matrix form. If

the nodes for which the equetion is written are numbered consecutively

from 1 to 75, then the set of equations may be represented as:-
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where:

m

BUS A att

ae Aaa
“i (4.3)

fej

with j to m being the nodes adjacent to the a node and:

I
nyi

Bayi (eo)

Anna? eel and nea are respectively the cross-sectional area of the

node domain normal to the grid line between nodes n and i, the overall

grid line conductivity between these nodes end the grid spacing for

this case.
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Bae? xf if refer to the same variables between the

nit node and an adjacent node on the boundary face where the

and h
n

temperature is specified in the problem definition.

Because the grid spacing is not constant throughout the model

the overall grid line conductivity kK, . 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:

Te ce nes

; h, Ky + hy K (4.5)

The matrix equation may be solved to yield the model temperature

distribution by any of » number of standard techniques suitable for

use with » digital computer. For this study the method of Gaussian

Elimination with pivotal condensation was used, but being utilised as

a subroutine to the main computer progrem 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 boundsry temperatures TIN and TOUT which mey therefore be chosen

erbitrarily. The effect of the overall temperature gradient on 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
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ratio of component values since this allows of easy comparison between

different studies and systems.

4.4 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 nodal 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

making 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 12x12

nodal points whilst a 5 x 5 x 5 array was used by the author, but it

ean 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 12.3é as egainst 9.26 for the
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present work. This improvement in prediction accuracy combined with

the ccsrser 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,

4
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RANDOM PLACEMENT MODEL

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-ordinate 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 possessing an equivalent conductivity. The simul-

ation is built up by assigning sufficient of the units into the

continuous field to give the required volume fraction 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 continuous and discontinuous phases there are the continuous

phese 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 applying 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 secondly 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 end

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 technique 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 actual 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 detennining the overall 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 parallel arrangement. The general finite

difference equation (3.23) will then be the seme 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 seme conductivity). However, the estimation

of model thermal conductivity requires the assumption that heat flow

is confined to grid lines and, 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 an overestimate of mean heat flux and hence

of effective system conductivity. Although, therefore, the method used

by Schenk appears 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
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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 basic unit distribution through the three-dimensional field

was controlled by describing their position with co-ordinates 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 » uniform

probability density function. It is shown in /26/ that frequency and

serial tests indicate that the random numbers so supplied are un-

correlated and uniformly distributed.

A 10 x 10 x 10 nodel array divided the two-component system

simulation, which therefore required the number of basic units assigned

for any problem to be given by:

(5.2)

The basic unit was also divided by a nodal array of similar size

so 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 4 discontinuous phase value. In effect then,

this method has the effect of concentrating a much finer grid network

in the region in close proximity to the discontinuous phase inclusions

and sLlowing a coarser network in remoter regions, whilst avoiding the



necessity of either matching up 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 simultaneous

equations an indirect method of solution was required 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 finite difference equation (3,23) may be rearranged

to set up a Gauss-Siedal iterative scheme:

A
in rT

Ain
Kose
‘Un (5.2.Din ae

fel

where ane is the improved estimate of the temperature at the nee

node and with the latest iterates being used as soon as they are all

available. In general the order in which the node points are scenned
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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 same direction

on each consecutive plene.

An accelersted rate of convergence of the iterative process is

obtained by using the Extrapoleted Liebnannmethod given by:

amg Dug) ae (5.3)
n+ n

where Tee is the estimate given by the Gauss-Siedal scheme and the

relexation faction ii lies between 1 ond 2. The optimum value of the

relaxation factor will depend upon the particular problem snd is

determined largely by experience. For this study it was found to be

1.8. Convergence rate is also improved by assigning 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 aehabic /25/ in which each node is given a code depend-

ing upon the relevant number of terms in equation (5.3) and the orientation

of the grid lines to adjacent nodes. At each iteration the code directs

the program to the correct equation and therefore avoids the need to write

2 Separate equetion for each node or the use of imsginary nodes outside

the boundary surface. The nodsl code layout for the random placement

model is shown in figure 5.1.

Convergence of the iterative scheme to e solution wes assumed when

Successive estimates of temperature at each node differed by less than

0.01 per cent. Comparison of the hest fluxes across both non-insulated

boundary surfaces indicate that this wes a valid criterion for both the

unit cell and the random placement system.
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5-4 Comperison with Baxley snd Couper's Model.

Bexley 2nd Couper /18/ have developed 2 model for the prediction ©

of the thermal conductivity of two-component systems that also involves

a Simulation using a rendon placement of the discontinuous phase and a

tridirectionsl heat flux. The placement of the discontinuous phase was

directly as cubes within the field of the continuous phase, with no

attempt at modelling the shape of the particle being made. A wide

variance placement for sny given system resulted from this technique

and the variance increesed ss the ratio of the conductivity of the

discontinuous phase to that of the continuous increased. In order to

overcome this disadventsage and produce g reasonable prediction, the mean

of nine or ten individual predictions was taken 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 variance in prediction ond it was considered that

this was sufficiently reduced to allow the use of any one prediction as an

accurate solution. In table 5.2 the performance of the present model end

Bexley and Couper's model, when spplied to the most testing of the latter

euthors' experimental systems, are compared, Ten individusl predictions

were obtained with both models, then s mean value end the verisnce were

Calculgted using standerd formula. Since the numerical value of the

variance is dependant on the units used for the parameter under examination

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

5 a get),
MLK)

(5.4)



It can readily be seen that the present work produces a more

consistent and reproduceable result.

A further criticism of the method proposed by Baxley and Couper

arises from consideration of their solution technique whereby they

obtain 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 implication 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; further, 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 exchenge with a reduced number of

adjacent nodes. The expedient by which this boundary treatment is

accomplished is to propose imaginary cubes outside the model, 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 treatment

of the boundary condition since:

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

because the solution of elliptic partial differential

equations requires that the boundary condition must be

specified at all points round a closed surfsce which, in



2.

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 along 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 solution technique for this class of equation 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 reason and also because

the area of heat flow between bound-ry 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 underestimate

the conductivity by a factor of 539/640.

The cumulative effect appears not to be great but there is

nonetheless a conceptual error in the solution technique which must

cast doubts upon its validity.
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This same solution procedure is also 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, as 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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Comparison of the Repeatability of Random Prediction Models.

Coefficient ofPrediction Volume Fraction Mean Conductivity Variance in
Method Solid KKK, Prediction Variance Per

Cent

Baxley end Couper 0.3 4456 25-7 113.8

Baxley end Couper OW 12.552 90.93 75.97

Random Placement 0.3 2.739 0.038 7lL

Random Placement O.4 4.034 0.0002 0.339

Suspension - Aluminiun/Polypropylene Glycol System.
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EXPERIMENTAL DETERMINATION OF SUSPENSION 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 theoretical models; however, a powder containing

irregular shaped particles was also investigated for purposes of com-

parison. Pure component properties were obtained from published sources

and sre detailed in table 6.1. Particle size distributions in the

copper, aluminium and stainless steel powders were obteined by a

conventional sieving method, and are represented in figure 6.1. The

particle size of the nickel powder was quoted by the manufacturer as

being between extremely close limits. Particle shapes for each of the

powders ere illustrated by the photographs in figure 6.2. The sluninium

powder particles can be seen to be far removed from spherical in shape,

tending toward ellipsoidal or needle-like in form. With the stainless

steel powder agglomeration tends to obscure the particle shepe in some

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 thet an assumption

of spherical particle shape is reasonable. The details of the nickel

powder are supplied by the manufacturer ond indicate that the particles

are regular and close to spheres in shape.
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6.2 Theory of Experimental, Method.

A choice of experimental method to be used in this investigation,

from the multiplicity 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 » homogeneous entity. These two requirements

seemed to rule sgainst an apparatus of the co-axinl cylinder type

whilst horizontel 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

comparative steady state method was selected as being suitable for use
with e suspension and being simple in design and concept vhilst affording

acceptable accuracy of results.

The precise experimentel technique employed was the well established

relative plane horizontal layer method, first proposed in 1881 by

Christiansen /28/ 2nd since used in many experimental studies of the

thermal conductivities of geses and liquids, including two-component

systems /21/, /22/, /23/, /31/.

The procedure involves passing a steady state heat flux con-

secutively through two plene layers of two substences, one of which

is a reference stand=rd 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 liquids

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:

(6.1)

hence for the test sample in the lower layer:

DIT, - T,)
SS ae

L U ieDGlies. te? (6:2)

The thermal conductivity of the unimown substance cen be calculated

from this equation using the experiment=1 value of the temperature

drop in each layer when the conductivity of the standard substance

and the thicknesses of both layers are known. Using this method, then,

removes the need to measure heat flux end only the temperature dif-

ferences have to be measured during experimentation. Accurate v-lues

of the thermal conductivity of the reference substance must be available.

It is not necess»ry to measure the thickness of both layers in

order to determine the value of the thickness ratio Pol since by
performing the experiment with both layers filled with the reference

substance the ratio is obteined directly from:

U

DL ea ue

D Koala!

(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. Coppeyfonstantan

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 om. and 2.5 om. respectively.

Provision for expansion 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 em. 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

tubular 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 Ob = "0.0100,

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

(6.5).

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 as 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 thermal conductivity could be

regarded as isothermal between the thermocouple locations and the dise

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 standard melting ice cold junction, using a Croydon

Instruments thermocouple potentiometer.

6.4 Calibration of Apparatus.

The thermocouple calibration was carried out against 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 D/A, to be

accurately determined. From ten experiments the mean value was found

to be 1.1603 + 9:09°? with the analysis 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 water was found to be

0.984 = 0.015 end 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 gelatim lowered the thermal

conductivity of water by about 0.5% for each weight per cent added;

methocil produced about the same effect whilst various other con-

mercial gelling agents did not materially 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 obtained from the

expression presented by Powell et.al. /30/, where the results of nun-

erous experimental studies were represented by:-

kK = [-5821-871 + 63.613T-0.0797158T “1IO*

(6.4)

with a mean deviation of 0.2% and where T is the temperature in degrees

Kelvin.

The temperatures recorded at the centre of each disc were used in

the calculation of conductivity because at that position the heat 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 radiel

heat flow that approaches zero as the centre of the cell is approached

and therefore tends to an infinite resistence for radisl heat loss,

The remaining temperature measurements formed a check on radial heat

loss, and there being no discernable difference between the two
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Snperaee temperatures at each disc it was concluded that the above
expectation was confirmed. This supports the similar finding of

Kapustinsky and Ruzarvin /31/ who used an identical technique.

6.5 Effect of Convection on Conductivity Measurements.

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 pee ieee 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 contained 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 increase the conductivity of water and assume further that

it has no discernable effect, then the experimental indication of the

lowering of the conductivity of water by egar would be solely due to

convection in the upper cell. Since, however, the indicated conduct-

ivity of the gel is lower than the value for water by 2 meen 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 end is considerably 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 - 1.068%, 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 phese. A reti check on the uniformity of the suspension

was made before it was transferred to the 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 dise 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 = 3.8%.



Table 6.1 Metal Powder Properties

Material Supplier Particle Shape Nominal Particle at 30°C
Size

Specific | 9

Gravity

Copper Powder Spherical -300 mesh 8.92 647
Metallurgy Ltd

Stainless Steel B.S.A. Metal Spherical -140 mesh 7.82 26.5
Powders Ltd 

a

iNickel International Spherical Lo 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 +1.525%, -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%6

Standard Deviation 0.013

Coefficient of Variance . 1.11%

Deviation of Gel Conductivity from Water Conductivity:~

Meximum - 2.6%

Minimum - 0.052%

Mean - 1.568%
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RESULTS AND DISCUSSION

7.1 Effect of Component Conductivities on Suspension Value.

The results of the experimental determination of the thermal

conductivity of suspensions are presented in graphical form in figures

(7.1) to (7.5) and tabulated in table (7.1). 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 conductivity 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 fectors other then the conductivity of the discontinuous

phase have a far greater effect on suspension conductivity; a suspension

containing irregular shaped particles has a greater conductivity than

one containing spherical particles even though in the latter case the

component conductivity ratio is greater. Obviously then eny departure

from sphericity in the discontinuous phase will have a severe effect

upon the accuracy of any prediction using the models developed, since the

essumption of spherical 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 increase in the

conductivity of the continuous phese 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 conteining the seme discontinuous phsse material,

being the work of McAlister and Orr /22/ with an aluminium - grease

suspension and Johnson /23/ who studies an aluminium - water suspension,

A suspension from each study with similar volume fraction solid value

was compared; both works stated that the aluminium particles were

irregular in shape. However, we mey also compare suspensions on the

basis of component conductivity ratio, a procedure just es meaningful

since suspensions having the seme conductivity retio must of necessity

exhibit the seme hest flow psttern and therefore the seme normalised

suspension effective conductivity velue, always providing thet the

simplifying assumptions regarding phase interfacial effects end radiation

heat transfer can still be made. This being so it does not signify if a

change is made in the conductivity of either the continuous or dis-

continuous phase, the only parameter to consider is the change in

component conductivity ratio and this will give the measure of the

effect on the suspension conductivity. Hence, we can see that 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 ss the component conductivity ratio wes reduced, whereas

figure (7.5) indicates that a slight reduction in the effect of this

phese occurs in that the normalised suspension conductivity is lowered

by a smell smount.
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In fect, the use of the experimentel results of McAlister end

Orr in this comparison would account for this erroneous conclusion

since the author believes that there must be considerable doubt as

to the validity of these results. It appears thet the experimental

conductivity values obteined by McAlister emi Orr are considerably

below those that would be reasonably expected considering other studies.

To illustrate this point we may use ss an exemple the comparison between

the experimental results and the predicted values obteined using

Maxwell's equstion. It has been shown in this work and in other studies

/10/, /18/, /20/ thet Maxwell's equation consistently produces a pred-

iction that is an underestimate of suspension conductivity for the

ease of spherical particles and therefore would be expected to be biased

even more below experimental results for the case of non-spherical

particles. However, the results of McAlister and Orr appear to be the

only ones in the literature for which the experimental results are,

with one exception, all below the values to be obtained from the

Maxwell equation, even for the case of irregular particles. Obviously,

an explanation of this phenomenon cannot be advanced but the use of

grease 2s the continuous phese in the experiments would suggest thst

eir entrainment in the mixture may well have been a problem.

7.2 Comparison of Exverimentel snd Predicted Conductivities.

The two models developed in this study were used to predict the

conductivities of the suspensions contsining sphericsl particles thst

were used in the experimentsl work; the results sre given in toble

(7.2) together with the predictions obtained from the use of several

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 iri section 2

end also the resulting conductivity from taking the two phases in a

series combination. The error of esch prediction, expressed as a

percentage, for the individusl results is given together with the

mean prediction error for the case of each combination of components

and an overall mean error for all the experimental results considered.

In the error analysis for each suspension and for the overall case, the

mean error is the average percentage deviation of the prediction for the

experimental value. The variance of the error indicates the distribution

of the errors about the mesn error and is therefore a measure of the

consistency of the prediction,whilst the variance of prediction denotes

the distribution of the prediction about the experimentsl values thus

giving a measure of the accuracy of the prediction. The average bins

of the error denotes the amount by which the prediction, on the everage,

exceeds or underestimates the experimentel value.

As shown by figures (7.1) to (7.4) and table (7.2) the author's

predictions give good egreenent with the experimental results where

the suspensions conform with the assumption of spherical particles.

The unit cell model predicts the author'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 seme results with sn overall mean error of 6.64 per cent and is

bigsed below the experiments] values by 6.53 per cent. In the latter

case the model is subject both to the error in evaluating the basic
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unit conductivity and 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 increase as the

discontinuous phase content increased.

Bruggemen's prediction method also proved extremely accurate with

gn overall meen 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 Vachon 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 fron 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 McAlister 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 6.561 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 of 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 9.264 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 case of other

systems; this may be due to the effect of particle shape. For example,

if there is a departure fron particle sphericity and a consequent in-

crease in system conductivity, then Cheng and Vachons' model, which

tends to overestimate conductivity for spherical particle suspensions,

will be likely to produce the most accurate Deedee 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 ond may lead to the overlooking of discrepancies which

May be attributed to the departure from particle sphericity. The

effect of this sensitive parameter may best be determined by presenting

conductivities in a normalised form.

7.3 Use of Direct or Indirect Simultaneous Equation Solution Method

for this Problem.

A comparison may be made for the use of an indirect or direct

method of solving the sets of simultaneous equations that result from

the application 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 con-

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

characteristics. 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 simultaneous equations,

it is more difficult to program and once it is programed it 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 and are therefore closer to

producing a model in the full sense of the word,

Both methods appear satisfactory as regards any mathematical con-

sideration when used for this problem so that the indirect methods

appear to offer overriding advantages.

7.4 Conclusion.

Prediction methods for the thermal conductivity of suspensions

that are based upon the assumption of a unidirectional heat flux contain

an 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

so 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

ease 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

eh. System: Copper - Water Suspension, © = 647

Temperature 30°C

Volume Fraction Solid KK,

0.015 1.079

0.023 1.081

0.053 1.256

0.087 1.399

0.092 1.406

0.18 1.605 °

0.173 1.912

0.231 2.3ht

0.297 2.891

Me System: Nickel - Water Suspension, @O= 146

Temperature 30°C

Volume Fraction Solid KK,

0.029 1.090

0.065 1.234

0.113 1.436

0.130 1.554

0.141 1.419

0.199 1.957

0.263 2.416
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Table 7.1 continued.

ce System: Stainless Steel - Water Suspension, © = 26.5

Temperature 30°C

Volume Fraction Solid K, Kk,

0.024 1.079

0.037 15123:

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

4. System: Aluminium - Water Suspension, O= 386

Temperature 30°C

Volune Fraction Solid K, Kk,

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
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Kolker w

547.1560 0.195

667.1566

O47 1540 0.688

Ber 1540 0.087

667.954 092

847,1540 0.946

647.1500 0.3738

647.4500 0.254
Our. A$6u 0,697

KosKe

667.156

H47.95

647.954

647.456

647.155

667,156

O47.156

647.954

647.454

MEA ERROR

VARTANCE OF E

AVERAGE T1AS 0

VARIANCE OF PRED

Kose ve

146.3655 9,029

166.3645 0,065

146,3495 0.113

166, 5495 0,130

166,3695 6,164

146,3495 1,199

166,34695 0,263

ve

9,029

0,068

6.443

0,130

ars)

146.341 0,399

146.3541 9,255

MEAN ERROR

VARIANCE 0

AVEGAGE BFAD 9

VARIANCE OF PRED®

Keep

0790

rloate

alesse

1.5993

1.6N59

y.6ue8

419474

2.5462

7.avte

CODPER=WATER SVCTEM,AUTTEREIELD

EXPERIMENTAL RESULTS AND THEORETICAL OREDICTIONS FOR K-SUSD/KeCONT

UNITY GCELe MANDUM MAXWELL RRUGGEMAN CH, % VA, JEFFERSON MODEL 2 MODEL 3
11686 1.4620 1.0655 1.0666 410791 4.9283 4.9521 1,1488
1.0758 4.6056 4.0703 1.0723 4.2240 4.0662 210528 e235
4.1922 4.1804 VL 4079 111775 1.3829 1.9256 4.1672 1.4157
Vi346R 1.2798 12866 41,3140 4.5527 1.2372 4.28460 1.6304
V.3ABS 1. 29RS 1.5026 +, 3358 4.9777 4.2556 1.3095 1.6648
1.4994 1.6152 14,5993 1.6575 4.7903 1, 3601 44653 1,827
TRI7TR 470K 16264 1. 7HRO 2.0156 1.6349 1.3247 2.2096
2.2405 2.1146 4. 2.1990 2.35930 2.0228 2.6158 2.6596
2.91380 2.7284 2, 2.A7838 2.9559 2.6362 3.4996 3.3107

PEHCENTAGE FRRURS BETWEEN THEORETICAL AND EXPERINENTAL THERMAL CONDUCTIVITY

Kernp

1,079

1.084

1,256

1,399

4.406

1,605

V.992

2,366

2.894

a8OR

F FPROR

1CTI0N

Keene

1.0897

1,2536

1, 4560

1.2542

1.6192

41,9572

2.4155

UNIT CELE RANDOM MAXWELL BRUGGEMAN CH. JEFFERSON MODEL 2 MODEL 3

3.196 3.429 3.197 3.023 R467 4.495 6.342 6.47
0.086 1,628 4.009 0,825 12.928 3.239 2.625 12.046

5.057 7.653 7,05? 6.230 10.128 10,577 8.637 12.766
3.223 8.964 8,210 6.095 10,963 11,587 8.096 16.516
2.676 7.639 7.364 6.986 12.222 10,691 6.357 18.20
6,506 11,939 12,808 9.182 6.975 15,266 9.936 13.854
4.932 90.653 15.066 7.536 5.413 14,4697 4.573 15.130
4.426 Y.79% 19.1380 6.195 2.293 13.742 3.056 13.456

0.75? 5.638 21.860 0.443 2.262 ar? 21.046 16.542

UNIT CELL RANDOM MAXWELL BRUGGEMAN CH. & VA, JEFFERSON MODEL 2 MODEL 3
3.5973 7.433 10,623 4.966 7.942 16.348 7.685 13.655
9.000 0.001 0.006 0.00% 0.001 0,002 0.003 0.00

=3,406 97,633 10.623 74.968 7.992 “10,598 =2, 329 13.655

9.005 0.022 O.nae 0.009 A.0%% 0,042 9.969 0.064

NICKEL@WATER SYSTEM, AUTTERFIELD
EXPERIMENTAL RESULTS AND THEORETICAL BRENTCTIONS FOR K=SUSP/K=CONT

UNIT CELL RANDOM MAXWELL BRUGGEMAN CH, & VA, JEFFERSON MODEL 2 MODEL 3
4.0946 41,0809 1.0877 4.0923 380 1.0573 41,0879 41,2057
1.2395 4.19460 1.2061 1.2236 1.6175 4.1549 4.1863 1.4082
1.4655 1.3776 1.3735 9.46529 1.6476 1.3133 4.4093 1.6676
1.5516 1,46506 1.6376 4.5186 1,732 V.3H07 T4983 1.7613
4.6195 1.4972 1.6809 1.5777 +3 1.4273 4.5698 14,8233
1.9094 1,8385 1.7266 1.9458 2.1425 1.7165 2.0022 2.1739
2.4879 2.3199 2.0416 2.4980 2.5503 2.1405 2.7355 2.6258

PECCENTAGE ERRURS BETWEEN THEORETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

1.190

1,236

1.635

1,554

16699

1,957

2,440

zou

F FRROW

KrEXD UNIT CELL KAKOOM MAXWELL BRUGGEMAN CH. & VA, JEFFERSON MODEL 2 “MODEL 3
9.650 0.808 U.1AN 0.239 13.613 2.5746 2.004 10,642
0.478 3.210 2.395 0.628 16.996 0.6246 3.836 14,956
1045 4,067 6,353 0.293 14.722 8.542 2.476 16.196
0.167 6.666 7.486 2.294 14.455 11.166 3.788 13.327
2. GAR 7,935 8.565 2.556 19.435 11,856, 3.562 42.505

0.623 6,065 11.782 9.589 7.937 12.243 2.297 11.029
997 $5,955 15.434 3.617 5.580 11.383 13.269 8.797

UNET CELL RANDOM MAXWELL BRUGGEYAN CH. % VA, JEFFERSON MODEL 2 MODEL 3
1,017 6.615 | 7.475 1.467 4. 9.263 4. 4b7 12.369
e| 990 0,060 9.002 0.906 a. 0.807 0.909 o.004

O80 96.615 =7.175 0.403 cm 79.261 70.005 12.348
09 O.0Ha 9.033 0.009 a 6.932 0.946 0.039

erton

MODEL &

41,3938

1.4972

1.8180

2,1552

2.2054

2.4756

3.1279

&,0198

5.5114

MODEL &

29.172
38,479

46.782

56.017

56,879

54.265

63.526

74.680

90.6246

MODEL &

55.919

0.030

$3.919
4.523

MODEL &

1.4684

1.8108

2.2520

2.6176

2.5294

3.1968

6.9798

MOPEL &

34.725

46,789

56.827

$5.556

56.196

63.335

73.064

MODEL &

35.299

9.013

55.210

4.052

SERIES
1.995?

1.0235

1.0559

4.099%

1.1044

41835

1.2088

4.2995

V,4295

SERIES

$.942

$.334

15.993

21.737

21.477

29.3465

36.782

46.553

50.830

SERIES

25.790

0.023
925.799

9,467

SERTES

41,0297

1.0490

1.1266

1.9488

41,1628

1.24663

1,35536

SERIES
5.599

13.3462

21.559

26.119

25.184

36.329
43.995

SFRIES

28.900
2.095

25.060
2.305

SNOILDIO3Yd TVDILAYOSHL SNOIYVA HLIM SNOISN3dSNS J3IDILYVd IOIYSHdS UYOs SLINSSY IVLNAWIYadXa SYOHLNV AO NOSIYWdWNOD
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KpsKe

26.5040

26.5040

26,5060

26.5046

26,5060

24,5046

eu, one

20.5040

26,5040

26,5060

KosKe

26.504

26,506

26.506

26,504
26.506

26.504

26.506

26,504

26.50%

26.5046

MEAN

AVERAGE

0

0
o

°

°

9.

0

0

0

9

0

ve

2026

1057

1056

068

ora

109

35

1195

258

+307

ve

2026

1037

9,056

°

0

0

0

4

0.

0

2068

070

2109

e335

2195

254

307

eReoR

VARIANCE OF ERROR

Korxe

1.0785

1.1228

Vi1Ees

1.2464

1.2695

1.6556

1.6166

1, bR27

2.2596

2.6966

EXPERIMENTAL RESULTS AND THEORETICAL

UNTT CFLL

1

STAINLESS STEEL*WATER SYSTEM, RUTTERFIFID

RANDOM MAXWELL BRUGGEMAN CM. & VA, JEFFERSON MODEL 2

4.0573 41,0655 1.0756 4.9563 1.0604 1, 0686
1.0926 1.4027 1.9998 1.2442 1.0664 1.0641

4.1662 41,9982 1.1887 4.2925 1.1084 4.1568
4.9785 1.1966 1.2352 1.3402 1.4372 1.1726
1.1902 4.2005 1.2652 13681 1.4622 1.1790
4.3905 1.5242 14937 1.9092 1.2486 1.3236
4.4088 1.6122 41,5651 1.5054 1.3302 4.6368
1.6783 4,65469 1.9170 18665 4.5515 1.7728

1.9A93 1, 8689 2.3799 2.1677 1.8059 2.1940
2.3639 2.1362 3.0067 2.4832 2.1156 2.7646

PREDICTIONS FOR KeSUSP/K=CONT

MOREL &

4.9165

411689

91,2450

1.2920

1.2998

1.4543

1.3539

1.8037

2.0622

2.3561

PERCENTAGE ERRORS BETWEEN THEORETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

1,079

4.123

4,428

1,266

1,264

4,435

4.615

1.685

2.251

2,097

OTRAS OF FxRUR

0,846

0.849

4.708

1,508

2.064

UNIT CELL

2.712

0.900

n1.758

KeEXD UNIT CELL RANDOM MAXWELL BRUGGEMAN CH, £ VA, JEFFERSON MODEL 2
1.906 1,176 0.269 7.240 3.536 2.768
2.690 4,789 0,272 B.14S 5.027 5.745
1,609 2.056 5.356 14,956 1.706 0.574
5.648 6.176 9.895 7.524 8.760 5.936

3.637 4.824 1.433 6.878 9.6be 6.525
8.701 7.747 1,540 4,584 13,000 7,789

12,746 12.538 4,306 6.5465 17.617 10.887
10.857 13.297 41,820 9.859 17,594 5.836
14,062 16.990 5.707 4.608 49.789 2.549

12,358 20,783 19,625 7.9495 24,554 2.515

RANDOM MAXWELL BRUGGEMAN CH. & VA, JEFFERSON MODEL 2

7.343 8.588 3.299 4.282 11.808 4.909

9.002 0.006 0.001 0.003 9.005 0.001
77.061 =8.057 1,562 3.497 944.806 74.299

0.029 0.958 0.092 0.092 0.979 0.008VARIANCE OF PREDICTION

MEAN FRROR

VARTANCE OF Eapor

AVERAGE BIAS OF FRROR

VARIANCE Of DREDICTION

9,003

UNIT CELL

OVERALL ERROR ANALYSIS

RANDOM MAXWELL BRUGGFMAN CH, & VA, JEFFERSON MODEL 2

6.640 8,942 3.379 8.179 10,607 5.766
0.004 0.906 9.00% 9.002 9,003 9.002

76,534 =8.708 -1.220 7.298 =10,607 72.4658

0,921 0,060 0.008 0,017 9.093 0,025

MODEL 3

3.3346

4.303

341

3.657

3.050

1,108

3,758

4.998

8.406

12,629

1

MODEL 3

5.458

0.001
-9,360

0.018

MODEL 3

10.156

9.002

7.928

0.040

MODEL &

4.2293

3139

1.4398

1,5146

1.5293

4.7770

1.9676

2.5792

2.8586

3.45352

MODEL &

17.022

27.695

21.675

24.244

23.804

20.624

26,371

26,961

28.087

MODEL &

22.664

o.on2

22.664

0.979

WODEL &

42.936

0.040

42.936

0.876

SERTES

4.02346

1.0569

9.0570

4.9700

1.0722

4.4972

4.4493

9.2349

4.3484

1.4193

SERIES

5.087

7.649

6.323

14,454

16.994

22.179

28.818

34.646

1.439

47,3648

SFRIES

22.264

9,024

922.264

0.333

SERIES

24.220

o.9029

726.220

0.372

[2405] 222190,
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enver “e

Se7,1560 0.095

47,4540 9,023
O47,15460 0.053

667,1540 0,687

O67, 1S40 0.092

647, 1560 0.148

647 0.475

¢,234

ou7, 43uy 0.257

MEAN ERROR

VARTANCE OF ERROR

AVERAGE BIAS OF ERROR

VARTANCE OF PREDICTION

KosKe ve

145,34615 9,029

146,5415 0,065

145,3645 0.193

166.5699 9,970

146.3625

140,3445 0.199

166.3645 0,263

KosrKe ve
145.341 9,029

140,341 0,065

166,36) 0.49195

166.547 0.450

166.361 6.169

166.341 0.199

166.341 9.263

Nan E@RaR

VARIANCE

aye

VeBIaANCE DE

EXPERIMENTAL RESULIS AND THE

CAOPER-WATER SYSTEM, AUTTERETELD

MAXWELL BRUGGEMAN Cu, & VA,
4.0655 1.nLoa 114701 1.9283

1.0708 1,07¢3 4.2240 4.0462
1.1671 4.4775 413829 11234

1.2866 41.3740 4.5527 1.2372
1.5026 1.3353 4. St77 4.2556
1.5993 1.4575 4.7903 1, 5699

1.6244 4, 7ABO 2.0355 1.6349
1.8958 2.1990 2.3980 2.0228
2.259% 2.8783 2.9959 2.6362

JEFFERSON MODEL 2

4.9521

4.0528

4

ce

.

1,
4.

2.

3.

21572

2340

3095

4453

B267

4158

4996

RETICAL PREDICTIONS FOR K=SUSD/K=@CONT

SOrEL 3

1.4K

1.2391

114157

4.6306

VEGI

1.8271

72.2096

2.8596

3.3107

ERRURS BETWEEN THEORETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

K-EXO UNIT CELL Rawpon
VG79N 1 4eSk 10820

2.6842 1.0738 4.0036

2.258? 4.1972 1.1404

1.5993 4.3466 49,2795

1.6059 1.3465. 9.2985

71,6048 4.4004 1.4952

319424 RITA 4 7D Aw

2.3462 2.2405 2.1140

2.4911 2.9130 2.7204

PERCENTAGE

KeEWP WNIT CELL RANDOM

1,079 5,416 3.429

ne ORY 0.686 1,628

+256 5,037 7.4r3

3.923 8,564

2.67% 7,639

6.586 11,939

4.932 40,053
4.626 Y.796

0.757 5.638

UNIT CELL RANDOM

3.573 7,433

0.000 0.004

“5,606 7,433

6.005 0,022

weEKD

1.0897

223346

360

+3542

1.6592

1,957¢

2.6155

1

MAXWELL BRUGGEMAN CH, & JEFFERSON MODEL 2
3.107 3.023 BL 467 4,495 4.362
9.009 0.825 12,928 3.239 2.625
7.057 6.230 10.126 10.3577 8.637
8.210 6.094 10.965 11,587 8.096

7,361 4.986 12,222 10,697 6.857
12.805 9.982 6.975 15,240 9.936
15.066 7.536 S.411 14,497 4.573

19.130 6.495 2.293 13.742 3.054

21,860 0.4643 2.262 5.347 24.046

MAXWELL QRUGGEMAN CH. & VA, JEFFERSON MODEL 2

10.623 4.966 7.992 10.598 7.685

0.006 0,004 0,001 0,002 0.003

710,623 =4.960 7.912 =10,518 72.329
0.084 0,009 0.01% 0,942 0,069

NICKEL@WATER SYSTEM, BUTTEQFIELD

MODEL 3

6.474

42,096

12.746

16.516

98.201

13.856

19.130

13.4656

14,592

MODEL 3

13.655

0.004

13.655

0.064

EXPERIMENTAL RESULTS AND THEORETICAL PREDICTIONS FOR K=SUSP/K=CONT

unIT CELL

1.09466

4.2395

1.4635

1.5946,

4.6995

1.9096

2.4879

RANDOM

1.08609

1.1940

1.5776

1.4506

1.4972

1,8535

2.3199

MAXWELL BRUGGEMAN CH. & VA,

1.0877 41,0923 4.2380 4.0573
1.2061 4.2236 1.4175 4.1519
1.3735 1.4329 1.6674 9.3133
1.4376 4.5136 1.7320 1.3407
1.6809 4.5777 1.7882 4.4273
1.7266 1.9458 2.1523 1.7165
2.0414 2.4980 2.55903 2.1405

PEOCENTAGE ERRORS BETWEEN THEORETICAL AND EXPERIMENTAL

KmEXD UNTT CELL KAKDOM MAXWELL BRUGGFMAN CH.

1,090

1,236

1.634

4,956

dente

1,957

2.449

OF Error

AGE Tas ne ERROR

PREDICTION

9,450 0,808

0.478 5.210

A095 4.06?

6.167 6.556

O,45R #, 338

a.023 0.065
2,997 5.955

UNTT CELL RANDOM

1,01? 4.615

0,990 0.000

6.8950.83

1

4

+

4.

u,

4

2

2.

0)

JEFFERSON MODEL 2

0679
1863

4013

£953

35618

+0022

2355

2.004%

3.834

2.476

3.788

3.542

2.297

33.249

ova, JES EERSOM MODEL 2
0.180 0.239 13.635 2.
2.395 0.628 14.906 Sie
4.353 0.293 14,222 8.542
7. 6Aw 2.291 14.438 14.166
8.543 z.566 19.638 71,886,

41.732 0.584 7.937 12.283
15.434 3.617 5.560 99,383

MAXWELL BRUGGEMAN CH. & VA, JEFFERSON x

FATS 1.407 14.233 9.201
9.092 9.906 8.003 9.601

“7.275 0.403 19.233 “9.261

9.033 9.001 629 9,032

MODEL 3

1.2057

1.4082

1.6676

41.7643

4.8233

2.1734

2.6258

THERMAL CONDUCTIVITY

MODEL 3

10.642

14,456

16.316

13.327

42.605

11.029

8.707

MODEL 3

12.369

0.901

12.346

0.0939

EAPERIMENTAL FESULTS, THEGRETICAL PREDICTIONS 440 ERROR ANALYSIS FUR THERMAL CONDUCTIVITY OF SUSPENSIONS

MODEL 4

+, 3938

114972

1.8180

2.1552

2.2056

2.46756

3.1279

6.0198

$.5911

monet &

29.472

38.479

26.782

54.017

56.879

34.265

3.586

71.680

90.626

MODEL &

55.949

0.030

55.919

1,523

MODEL &

1.4681

9.8108

2.2520

2.4176

2.5294

3.1968

4.1798

MODEL &

34.725
46.789

56.827

$5.556

56.196

63.335

73.964

MODEL &

55.210

9.013

58.210

1.952

SERIES

4.0152

4.0235

1.0559

4.0954

4.1019

4.9336

1.2085

1.2998

V.4295

Seates

5.942

3.336

15.993

21.737

21.477

29.365

36.782

6.555

56,839

SERTES

25.790

0.023
925.790

9667

SERTES

41,0297

1.0690

Ve1264

1.94683

1.4028

1.2603

4.35356

Series

5.549

13.342

1.559

26.199

2R.186

36.329

45.95%

SFRIES

25.990
9.015

25.960

9.305

SNOISN3dSNS ATDIILYVd WOld3SHdS YOS SSILIAILONGNOD GaLldidadd GNV IWLNSWId3dXxX39
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EXPERIMENTAL RESULTS AND

STAINLESS STEEL=waTER SVSTEM,BUTTERELELD

RANDOM

1.0873
1.0926

1.1442

4.1785

4.1902

4.3195

1.4088

1.6763

4.9893

2.3439

MAXWELL

1.0658

1.1027

VL15A2

114966

1.2005

1.3262

1,4122

1.6544

1, 80B9

2.1382

BRUCGEMAN

1.0756

1.9193

118A?

4.2352

1.25352

V.415S?

4,5454

1.9170

2.3799
3.0047

Cha VAs

1.1563

Vi2t62

1.2925

1.3402

4.5684

1.5012

1.6058

4.6665

2.9477

2.4832

JEFFERSON MODEL 2
1.0406

119466

1.1086

T1372

4.1422

12488

4.3502

4.5595

1.6059

2.4156

40486

419844

V.1548
914726

1.4790

91,3236

1.4388
1.7728

2.1940

2.7664

THEORETICAL PREDICTIONS FUR KeSUSP/K@CONT

MODEL 3

PERCENTAGE ERKORS BETWEEN THEORETICAL AND SXPERTMENTAL THERMAL CONDUCTIVITY

<orKe ve KeeEXD UNIT CELL
25,5040 0,024 21,9785 1.0597

26,5040 V.037 14,1226 1.1156

24,5060 0,058 4,1288 4.1824

29,5060 0.968 1, 2446 V.227h

26,5040 0.070 41,2613 41,2355

25,5040 0,199 9.6356 1,5959

24,5040 0,488 4.6164 1.5136

26,5060 0.199 T.0h27 14,0234

26,5040 0,251 2.2546 2.1808

26,5060 0,307 2.6964 2.6422

Ko/ke ve KeEKD OMIT CELL
26,506 0.026 1.079 0,816

26.504 0.037 1.123 9,819

26.506 0.056 4,128 6.768

26.504 0.068 1,246 1,508

26,506 9,070 1,261 2,064

26.506 0.199 4.435 2.752

26.506 0.135 1,615 4,268

26.504 0,195 4,885 3,155

26.50% 9,259 2,254 3,134

26.504 0,507 2.697 1,832

UNIT CELE

MEAN ERROR eet ve
VARTANCE OF EaaoP 0.00

AVERAGE BIAS OF FRROR 91.758

VARIANCE OF DREDICTION 0.093

EXPERI

Kore ve KeFKD UNET CELL
4062,F690 9 196 7545 1.9699

9062,8690 0.25% 2729 2.6292

1062,6600 0.340 3.9346 3, 0936

1062,8600 0,375 3.1770 4, 3488

1062,8600 0,423 6.2600 6.2117

PERCENTAGE

KORE ve Keevp MrT ces
1062,960 0.196 2,756 25, a02
4062.8460 0.251 3,223 26.475

1062.60 0,310 3,931 21.316

1962,860 0.375 5,177 16.002

1002.863 4,423 6.2460 9.496

BNET CELL

MEAN EROOR 1R.290

VARTANCE OF EmROR 9.910

AVERAGE alas MF E2RIR =t4 290

VARIANCE OF DREDICTICN 0.532

RANDOM MAXWELL BRUGGEMAN CH, & VA, JEFFERSON “ODEL 2 MODEL 5
1,966 1,476 0.269 7.240 5,536 2.768 3,336

2.690 1.789 9,272 8.145 3.627 3.745 4.103
1.699 2.856 5.356 16,556 1,766 0,574 10.34

448 4,176 7.526 8.760 5.936 3.657

637 6,826 6.378 Yi. bbS 6,525 3.050
8.701 7.767 4.584 13.000 7.789 1.108
12,766 12.538 6,545 17.617 10.887 3.758

10,897 13.207 0.859 17.591 5.836 4.198
11,642 16,990 6.608 19,789 2.549 8.406
12.336 20.763 7.918 21.556 2.515 12.629

RANOUM MAXWELL ARUGGEMAN CH, & VA, JEFFERSON 49DEL 2 MODEL 3

7.343 8.588 3,299 6.282 11,805 4.909

o.902 0,006 5.001 0.009 0,905 6.901

“7,051 -8,0S7 4,562 3.497 =11,868 =4.294
29° 0,058 0,012 6.012 v.a79 0.008 0.048

GRAPHITE=SILICONE OfL SYSTEM, JEFFERSON

ENTAL RESULTS AND THEORETICAL PREDICTIONS FOR K~SUSP/K=CONT

RANDOM MAXWELL BRUGGEMAN CH, 8 VA, JEFFERSON MODEL 2 MOMEL 3

1.8931 9.7196 4.9098 2.1543 1.7805 2.0129 2.4472
2.3739 2.0096 2.3799 2.5654 2.2205 2.70926 2.9238

2,9062 2, 3625 3.0661 a7 2.8695 3.8326 5.5842
3.63545 2.7919 4.0969 3 3.8637 6.1527 4.5745

4.2276 3.1886 3.2056 4. 4.9792 9.7498 3.6003

ERRORS GETUEEN THEORETICAL AND EXPERIMEYTAL THEAMAL CONDUCTIVITY

RANDOM MANWECL BRUGGEMAN CH, & VA, FERSON sOneL 2 MODEL 3

32.357 37,568 30.600 21.786 39.357 26.700 12,260
37.096 26.137 20,4643 31.202 16.563 9.29
40. 22.574 20,967 27.520 2.516 8.832

46. 20.844 23.591 25,360 18.550 414,638
43. 16.577 22,682 20,335 $6,267 10.252

RANDOM MAXWELL BRUGGEMAM CH, £ VA, JEFFERSON “ODEL 2 MODEL 3

29,747 4.171 23.389 24,958 27.936 24.095 10.45
7.987 9.002 9.000 -903 C e990

929,75? 242.979 224.988 =27.935 S.966 919.451

1.821 4.017 1,004 2.292 2.849 219

MODEL &

1.2243

4.5139

4.4398

4.5168

41,5293

4.7776

4.9676

2.3792

2.8584

3.4532

MODEL &

15.2446

17.022

27.605

21.675
21,264

23.801

MODEL &

22.661

0,002

22,644

9.179

MOMEL &

3.4665

4.4796

6.0172

9.0236

13,5229

76.303

918.796

MODEL &

61.716

9.162

61.746

14.850

SERTES

4.0236

11 n349

1.0570

4.0700
4.0722

1.4172

4.1693

4.2310

1.3984

4.4193

SERIES

5.087

7.649

6.323

46,954

16.994

22.170

28.898

34,616

1.439

47,368

SEQTES

22.264

0,025

+264

-333

SERIES

9.2606

4.3347

1.4687

1.5999

4.7349

SERTES

$4,964

58.547

63.954

69.442

72,265

SERTES

63.612

0.006

263.612

9.929

=2TT-
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Koske if Keexe
287.9390 0.1961 2.4080
237.9390 0.2467 3.0090

287.9300 0,321 3.8040

GREDNITESWATER SYSTEM. JEFFERSON

EXPERIMENTAL RESULTS AWD THEORETICAL PREDICTIONS FOR KeSUSP/KMCONT

UNIT CEL) RANDOM MAXWELL BRUGGEWAN

as

2.

s

7365

5656

2155

PERCENTAGE

KOsKE ve Keep

237.930 0.164 2.498

287,939 0.267 3,009

287,930 0,321 3,806

MEAN ERROR

WARTANCE OF ERROR

AVERAGE BIAS OF ERROR

VARIANCE OF PREDICTION

korKe ve KmexD

700.0090 0.965 1.2100
700.0009 9.097 41,4000

700,000 9.187 4,61400

799.0090 9.192 4, ?000

799.0099 0.218 2.1309

FOL0000 Ocha 2.3100

790.0090 9.390 2.9200

1.9245 4.5086 1.6932

2.2959 4.9796 2.5422

2.9969 2.3968 3.1964

FPRORS BETWEEN THEORETICA

UNTT CELL RANDOM MAXWELL BRUGGEMAN

i?

Ave

ase

6238

sas

512

22.936 25.538 19.676

26.384 34.510 22.162

23,647 37.027 16.0469

JATT CELL RANDOM MAXWELL BRUGGEMAN

18.

o.

173

a4

998.473

0.

NOT

1,
rs

af

Ws

ee

ey

300

eha

3924

4424
429

1362

3535

9524

26.322 32.375 19.302

0,000 9,002 0.001

@26.322 =32.375 -1%.302

0.558 1,418 0.330

COpvE

L RANDOM MAXUELL BRUGSEMAN

1.2940 1.2076 1.2236

4,5297 1.3207 4.3581

1.5600 91,3577 1.4048

1.5499 1.5350 1.6399

2.0079 YASIR 2.0911

2.23500 91,9628 2.3146

2.7533 2.2779 2.9955

PERCENTAGE ERINRS JETWEEN THEORETICAL

ve KeexD

0,065 v.28

0,997 1,404

0.107 = 4,410

0.952 1,200

0,248 2.930

0.266 2.396

799,900 9,300 2,920

EAS ERAR

VA@YANCE OF FRaOR

AVERAGE BTAS OF ERROR

VARIANCE OF POEDICTTON

UNET

ie

o.

2

ae

as

RELL RANDOM MAXWFLL RRUGGEMAY

340

$16

312

533

204

ARS

5

0,746 0,198

5.593 $062

3.346 3.706

7.996 9.206

3.732 14,002

3.463 15.034

5.558 21.990

UNTT CELL RANDOM MAXWELL BRUGGEMAN

4 359

o.d00
4

o.

035

aot

4.517 19.962 1,459

0.900 0.065 9.009

Th.517 910.062 $1,089

9.970 0.096 o.u0t

CH, & VA, JEFFERSON MODEL 2 MODEL 3

1.9246 1.5439 4.7159 2.0262

2.46835 2.0784 5843 2.6506
311675) 2.7869 «= 31957533567

AND EXPERIMENTAL THERMAL CONDUCTIVITY

CH. & VA, JEFFERSON MODEL 2 MODEL 3
8,499 26,758 18.404 3.280

47,472 30.605 16.116 19,942

17.302 26.775 3.980 TtR06

CH. VA, JEFFERSON MODEL 2 MODEL 3

94.697 25.066 12.231 9.200

9,002 9.900 0.006 0.901
956.499 28.066 "9.578 “9.200

9.268 0.735 0.119 0.142

ATER SYSTEM, JOHNSON

EXPEPIMENTAL RESULTS AND THEORETICAL P ICTIONS FOR KeSUSPD/K=CONT

CH. & VA, JEFFERSON MODEL 2 MOREL 3

114639 1.1626 1.1926 1.4969
1.6938 1.2753 3344 1.6986
1.654660 1.3150 49,3853 1,762)
18952 9.5229 1.6639 2.0607
2.3072 1.9295 2.2634 2.3607
2.4979 2,4323 2.5694 2.7682
2.9389 2.6793 3.5708 3.3636

AND EXPERIMENTAL TRE@MAL CONDUCTIVITY

CH. & VAL JEFFERSON MODEL 2 MODEL 3
19,328 3.916 4,653 23,438

16,556 Biv oe 4.708 21.304
736 4,752 24.973

19.462 2.426 21.229

9.415 6,248 20.224

7,698 12.986 20.700
8.266 22.286 15.190

CK, & VA, JEFFERSON MODEL 2 MODEL 3

14.946 7.997 7.237 21.036
9.900 0.008 0,094

-7.907 4.308 21.036
0.038 oe? 9.975 6.148

MODEL &

2.8767

6.1466

3.9301

MODEL &
36.465

37.742

55.808

MODEL &

43,338

0,008

43.338

2.434

MODEL 4

4.9603

2.2606

2, 3660

2.8686

3.8046

6.2754

5.6170

MODEL &

60,393

6E 758

78,620

85.068

92,3463

MODEL 4

73.473

0.013

73.473

2,499

SERTES

41.1944
2.8268

4.4703

SERTES

43.496

35.915

61,368

SERIES

53.593

01006

53,593

3.942

SERIES

1.0694

1.4072

1.1196

4.4789

1.2783

91.3224

4.4277

SEPTES

11689

20.994

20.596

30.650

39.988

42.766

54.106

SERIES

34.090

O.n47

n34.099

0.627

EL 2190,
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KosKe

124,0009

124.0000

124. 0n08

Tet. 6006

121.0000

121.0000

124.0000

MEAN

ve

0.056
a.1n3

o.159

nies

9.285
0,562

0.389

ve

9.050
0.103

0.159

0.244

0.¢A3

0.342

9. $89

ERROR

Krevo

1.2070
114160

UNET CELL

1.1757
1.4907

117428

2104075

2.6775

3.4798

4.5029

ALUMINASPLASTE® SYSTEMS EIDELLE AND KIRK
EXPERIMENTAL RESULTS AND THEORETICAL PREDICTIONS FOR K-SUSP/K=CONT

HANOOM MAXWELL BRUGGEMAN

1453

13286

25959

8996

52

ery

+5156

1

1

4

2

3

3

1.1558

13859

4.5508

1.27706

2.9642

2.5022

2.8349

1.1604

1.3456

4.6642

2.0360

2.7130
3.5404

4.3844

cK

4

1

f)

ie

2
3

3

+ 3 VA. JEFFERSON “OnEL 2 MODEL 2
23404 1.4085 1.1398 4.5358
25909 12726 1.3475 1.5952
8719 4,500 1,673? 1.9009
21749 2.7006 2.7156

6862 3.0052 2.73246
22470 &.2352 3.2634
83570 5.8496 3.7899

PERCENTAGE ERRORS GEIWEFN THEORETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

3.070
3.600

VARIANCE GF FR|nR

AVERAGE BIAS oF ERRo@

VARIANCE OF pREDTETION

Koske
625.0000

625.0090

625.0090

625.0000
625.0000

625.0090

625.0009

Kore

625.090

625.000

$25,000

425.006

625.000

625.000

625.900

MEAN

ve

0.109

0.157

0.215

9.259

0.399

0.573

0,444

“¢

0.100

0.45?

0.215

9.259

o,404

o.373

O.att

ERROR

VARTANCE OF Evana

S AVERAGE gtas

VARIANCE OF pREeDICTION

2.593

0,233

6.420

0.743

4.877

13,055

25.084

5.929

6.040

11,999

0,562

3,94?

307

2.346

UNIT CELL Rakoom

5.076

0.907

5.97%

oat

6.406

5.877

13.459
12.564

16.012

181495

21.253

MAXWELL

13.109

0.093

213.409

0.172

3.368

2.012

6.185

0.965

6.265

16.336

21.779

BRUCGEMAN

7.727

9.005

4.423

O.921

cH

1

1

cH,

« BVA, JEFFERSON MODEL 2 MOnEL 3
4.025 4.160 6.231 9.092
2,599 9.999 4.702 92.845
4.459 16.246 6.604 6.075

6,794 12,813 3,326 8,973
5.216 11,043 17.736 7,027
5.765 7.897 37.953 6.299
6.386 3.427 62.264 5.275

AVA, JEFFERSON MODEL 2 MODEL 3
7.479 40,222 19 7.925
9.9074 0,001 0.063 o,001
7.479 9 90.222 16,820 7,925
9,026 0.951 9.965 0.028

CARBORUNDUM@PLASTER SYSTEM,FIDELLE AND KIOK
EXPERIMENTAL RESULTS AND THEORETICAL PREDICTIONS FUR K=SUSD/K=CONT

KEXP UNIT CELL RANDOM MAXWELL BRUGGEMAN
1.6000 1, 4073 506 1.3316 1.3797

1.9200 4.7982 7442 1.5556 16692
2.287) 2.4720 1.9469 4.8967 2.0672
2.93306 2.4925 2.3509 2.9618 2.46578
$.0530 2,9436 2,742 2.2430 2.9280
5.9000 6.2758 35,5500 2.7749 4.0369
$5870 5.5991 &.yt69 5.0764 6.8939

PERCENTAGE ERRURS BETWEEN THEORETICAL

KeEKO VINTT CELL RANDOM MAXELL BRUGGEMAN

1,609 12,046 15.690 16,777 16.236
1,920 10.519 10.799 418.982 13.95
2.287 7.652 14.993 20.566 9.609
2,638 5.346 10.714 221653 6.656
3.653 2.935 90.319 25.220 4.995
3.900 9446 9.68? 28.945 4.026
4,567 21,942 12.045 $2,638 7.158

UNIT CELL RANDOM MAXWELL QRUGGEMAN

19,909 1,984 23.455 6.410
d.903 9.000 0.043 0.094

OF FARR =),987 941,984 923.655 5.215

OL 1a3 9,120 9.495 8.049

cH

1

4

2

2

2

3
4

AN

ch

cw

R VA, JEFFERSON MODEL 2 MODEL 3
16176 1.2653 1.3486 1.7099
292496 4.54659 1.6991 2.084646
22835 1.9022 2.2266 2.5197
6938 2.2537 2.3064 2.9086
29966 2.9768 3.5861 3.3477

8755 3.9945 5.9665 4.3369

5274 6.4575 8.3602 5.9393

D EXPERIMENTAL THERMAL CONDUCTIVITY

« 3 YA, JEFEERSON MODEL 2 MODEL 3
1.100 19,637 15.712 6.868
0.086 44.486 14.506 6.561

0.154 19.827 2.642 10.975
0.729 14.467 6.499 10.607
1.936 12.326 17.397 9.658

9.629 5.276 $2.474 V4.454
0.374 2.398 83.057 10.3462

~ 8 VA, JEFFERSON MODEL 2 MODEL 3
9.786 12.908 27,064 9.602

2 one 4.075 9.006
908 18.509

t06 2.745

MODEL &

4.6500

2.1244

2.67246

3.28909

4.4540

3.9683

7, 7089

MODEL &

36.706

50.222

49.429

64,784

74.462

92.654

446,052

MODEL &

68,490

9.066

68.400

4.512

MODEL 4

2.2848

2.9205

3.7408

4, 5644

3.6434

8.6610

11,4453

MODEL &

42.797

52.407

-569

= $42

-020

-56S

154.350

MODEL &

84.533

SERIES

92.827

21,233

33.759

37.795
65,568

Sv0,708

$6,775

SERIES

36,662

9.620

734.662

7.248

SERTES

4.1109

1.4859

9.2733

4, 3488,

1, 4206

1.5936

1.9959

SERTES

30.564

3a,235

4.328

LB.776

53.173

50.146

62.865

SERIES

62,455

34.455

2.808

[340d] €-2 219d)



Koren ve weep
241.0090 0,100 1.6960

241.9900 9.200 2.2200

244,0000 9,300 3.3650
264.0090 0.400 5.4760

ALUMINASPOLYESTER SYSTEMPFIDELLE AND KIRK

EXPERIMENTAL RESULTS ANC THEGRETTCAL PREDICTIONS FOR K=SUSP/K@CONT

UNET CELL RANDOM MAXWELL BRUGGEMAN CH, & VA, JEFFERSON 4ODE

T.805K 4.5266 21,3208 4.3717 4.6004 1.2737
1.9846 BAS? 14,7385 Wess’ 2.1692 1.7529
2.9192 2.6871 2.2632 2.9155 219187
5.0075 3.7570 2.9502 6.5296 6.1815

e
4.3421

2.0387

3.6480

6.9882

MODEL 3

1.6396

2.2627

3.9862
4.3250

PERCENTAGE ERRORS BETWEEN THEORETICAL AND EXPERIMENTAL THBRMAL CONDUCTIVITY

KovKe ve KaeKO

244.000 9,100 1,096

244.000 0.200 2,220

244.000 0,360 3,565
241.000 0.400 5.176

MEAN ERROR

VARTANCE OF ERROR

AVERAGE BTAS OF ERROR

VARIANCE OF PREDICTION

MEAN FRRO®

VARTANCE OF ERAOR

AVERAGE BIAS OF ERROR

VARIANCE OF PREDICTION

UNIT CELL RANDOM MAXVELL BRUGGEMAN CH. & VA. JEFFERSON MODEL 2

17,252 «27,899 21.653 19.119 5.657 24.903

49.623 15.959 24.699 3.189 21,0462

13.268 20,946 32.7446 13.263 2a,

3.216 27.348 42.607 19.182 25,429

20.867

8.165

2.446

35.006

UNIT CELL RANDOM MAXWELL BRUGGEMAN CH, & VA, JEFFERSON MOMEL 2

41.035 21.338 29.724 13.755 19,323 24,023
9.003 5.002 0,001 0.006 6,000

211,635 921,338 913.755 919.523 24.023

9.094 0.684 9.169 9.300 0.705

OVERALL ERROR ANALYSTS

16.626
0.014

UNIT CELL RANDOM MAXWELL BRUGGEMAN CH, & VA, JEFFERSON MODEL 2
6.569 99.690 16.716 7.487 9.264 43.779

0.007 0.096 9,004 0.007

919,662 =4,655 2.054 “43,779

0.255 0.128 9.133 +0.260

92.763

0,026

3.569

9.757

moveL 3

3.339

4.921

8.345

16,409

MODEL 3

7.506

0.003

76,543

0.201

MODEL 3

10.943

0.003

6.274

0.988

Monel &

2,2006

3.345%

5.2354

9,767

MODEL 4

29.753

50,680

$5.585

83.161

MODEL &

$4,795

0.036
$4,795

5. BRS

MODEL 4

56.931

9.078

56.93%
6.462

SERIES

1.1106

1.2687

$2426

1.4621

SERTES

34,547

63,752

57,622

67.877

SERIES

50,9462

9.046

950,962

4.345

SERIES

35.9946

0.034

935.996

1,934
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EXPERIMENTAL RESULTS, THEGHETICAL PREDICTIONS AND FRROR ANALYSIS FOR THEAMAL CONDUCTIVITY OF SUSPENSIONS

ALUMINTUMeWATER SYSTEM, BUTTERFIELD

EXPERIMENTAL RESULTS AdD THEU@ETICAL PRROTCTIONS FOR K=SUSP/K@CONT

KosKe ve KeEXD UNIT CELL @ANDOM MAXWELL GRUGGEMAM CH, 2 YA, JEFFERSON SODFL 2 MODEL 3 MODEL & SESTES
36,1789 9.962 4.2479 1.1664 4.1206 1,9305 1.1374 4.3295 1.0926 1.1090 1, $238 41,6798 1.04637
BROLI7A9 0,062 1.2527 1.1464 1.1204 1.1505 1.1574 4.5215 4.0926 ~1090 4.3238 1.6798 40437
3HO.1789 0.095 1.6918 4.3848 1.9255 1.3422 15471 4.9356 1.2614 3216 1, 5658 11ne7
386.9789 G.a¥5 1.0866 14,3998 1.5295 1,5422 1.36979 1.261% 1.3214 +104?

386.1789 0,133 2.0602 1.5775 14,4972 1.4564 1.9366 1.4173 1.5303 ‘
386.4789 O.VSS 2.0642 14,5775 4.6972 9.4561 1.5344 1.4475 1.5303 1
3B6,1789 0,165 2.4690 41.7638 14,6692 41,5873 1.7477 1.3746 1.7523 1,

386.9789 0.215 2, 8544 2.1297 2.6052 1.8284 2.0999 1.4967 2.24643
3B6.17A9 9,286 3.752R 2, 76R7 2,550R 2.1887 2.7673 2.4595 3.2335

386.4789 9,299 87735 2.9258 2.4665 2.2655 2.9030 2.5949 3.49346
386.1789 0,299 3.7700 2.9255 2.6455 2.2655 2.9030 2.5949 TAIT 5.4116

PERCENTAGE ERRORS BETWEEN THEORETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

i ko/ke KeEXP UNIT CELL RANDOM MAXWELL BRUGGEMAN CH, & VA, JEFFERSON mODEL 2 MODEL 3 MODEL & SERIES
386.179 4.268 8.136 10,217 9.499 8,857 $.900 42.462 14,436 6,086 34,609 46.362

] 386.179 1,253 8.486 10.561 9.758 4.206 5.696 42.777 14,676 5.679 34.093 16.682
q * 386.179 1,692 18.553 21,654 22.4656 20.255 6,288 25,643 71,893 2.720 30,907 34,706

386,479 5 18,102 21.410 22.397 20.099 3.999 25.213 24.682 2.420 30,408 36,505
386,979 23.652 27,538 29.527? 25.737 13.853 31.404 25.935 9.059 25,582 66,200
386.979 23.726 27.609 29.595 25.809 43.936 31.470 26.004 9.46? 25,444 64,296

386,179 28.562 33.5828 35,709 30.430 28.735 34.232 29.028 15.663 29,196 $4,519
$86,179 25,506 29,824 36.058 26.283 19,948 33.652 24.69% 43.579 29.906 55.303
386,179 2753 26,223 © 32,079 41,678 26.793 24,723 34,662 13,837 46.193 35.126 42.748
386,479 3.775 22.468 29.382 39,959 23.085 24.890 31,304 7.497 45.096 43.448 52.236
386,979 3,770 22.404 29,279 39.996 22.998 24.872 34.248 7,336 15.022 43,566 62.207

UNIT CELL RANDOM MAXWELL BRUGGEMAN CM, & VE, JEFFERSON SODEL 2 MODEL BS MOMEL & SFaTES

MEAN ERROR 20,510 24,816 28.768 = 24,319 16,604 27,780 47,928 40.226 32.032 64,0462
VARIANCE OF FERVOR 0.906 0.996 0,092 0,006 4.095 9.004 9.006 9.903 0.905 3,928

AVEQAGE ALAS OF FRROR 20.510 =24,816 =28.748 -21,819 917,529 927,786 7.928 <8. 085 32.032 746.62
VARTANCE OF ORERLCTION 9.375 9,568 0,898 0.499 0.273 9.677 9.206 0.4346 0.868 2,104

ALUNTNLUM OXTMESDGLYPROPYLENE GLYCOL SYSTEM, BAXLEY
EXDERIMENTAL RESULTS AND THEGETICAL CPEDTCTIONS FOR K=SUSP/K=CONT

KosKe ve KeEXD UNIT CELL RANDOM MAXWELL BRUGGEMAN CM, & VA, JEFFERSON MODEL 2 MODEL 3 MODEL & SERTES
45B2,0000 0.100 17,6940 1.408R 1.3404 41,3520 1.3747 1.6256 1.2947 4.3515 4.7674 2.32428 7.9940
4582.N008 4,409 3.4050 2.0052 1.9253 1.7482 4.9559 2.1935 1.8367 2.0824 2.5119 3.5816 2498
1582,0090 0.390 6.4300 4.4579 2.8355 2.2822 2.9455 - 3.0137 2.7687 316965 3.5405 $7494 4.4282

1582.0909 9,400 19,5700 5.1420 6.0307 2.9937 4.6296 6.3842 6.5199 77769 $.24638 9 14,4572 660

PERCENTAGE ERRORS JETWEEN THEOWETICAL AND EXPERIMENTAL THEBMAL CONDUCTIVITY

Karke KeEXD UNET CELL RANDUM MAXWELL BAUGGEMEN CH, 4 VA, JEFFERSON aOnFt 2 MOREL 3 MODEL & SERTES

1532.000 1.494 15,688 20,758 24.293 48. Baa 3,869 22,439 20.97% 6.504 37.480 34,297
1982.99 3.405 &I.NIA 63,457 68.057 42.664 35 % 46.498 38.835 26.252 5.181 3.295
1582.9 B.630 30.046 55,953 64.906 $4,659 53 $5 .944 43.787 46.875 10.418 77.782
1552,900 0.400 94,570 55.385 $5,142 74.425 59.994 52.107 64.004 32.726 54.678 3.568 R5.60%

UNET TELL RANDOM MAMUELL BRUSGEMAN CH. & VA, JEFFERSON wODFL 2 MODEL 3 MOMEL & SEOTES

MEAN ER2OR 33.967 46,329 52.120 44.069 BRL435 33.874 32.576 44,152 65.24%

YARTAKCE OF Eaane 9,920 0,028 0.940 wines 9.049 4.908 0.037 9.019 G. 03%

AVERAGE ALAS OF FARUR 35,947 946.321 852.120 946.044 -38,935 Ss. 874 30 7.169 9 45.240
VAPTANCE DF DNEDTCTION 19.769 WALH22 -28.40R 15.4338 16.997 4.065 12.288 9.263 32.922
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ALUMINTUM*POLYPRODYLENF GLYCOL SYSTE,PAXLEY

EXPERIMENTAL RESUITS AND THEQRETICAL OREDICTIONS FOR H USP/K=CONT

KOsKe vE KeEXD UNIT CELT @ANDOM MAXWELL APUGGENAY CH. & VAL JEFFERSON “OnEL 2 MOrEL 3 MODEL & RERTES
277.8996 0.100 1.4150 1.46062 4.5257 41,3296 1.3717 1.6035 1.2757 1.2434 4.6508 2.2170 4.4407
277 Bory 0.290 3.0630 1.9992 9.8899 9 Penn 1.9531 2.4560 1.7607 2.0448 2,2868 3.3744 41,2689
277,A299% 9.400 5.2289 2 a P8973 2.2649 2.9155 2.9348 2.5550 247046 B.1265 $3036 41,4264
277.8909 0.400 4.5460 S.94N9 8.7773 2.9005 46296 4.2094 559535 7.0874 4.6023 9.6832 4.6827

PERCENTAGE ERRORS SETWEEN THEORETICAL AND EXPERIMENTAL THERMAL CONDUCTIVITY

Kose ve KeexXD UNTT CELL RANTOM MAXWELL BRUGGEMAY CH, £ VA, JEFFERSON MODEL 2 MODEL 3 MODEL & SERTES

277,899 0.190 4,445 0. 768 o.341 6.952 3.087 43.327 9 RES 5.959 16.664 56.679 21.508

277.350 0.200 3.063 34.992 38.952 45.196 35.235 29.691 42.547 33.245 25.405 10.234 59,227
277.890 0.300 5,288 46,574 2 57.766 44,867, 44.558 51.685 24.369 40.943 0.295 73.826
277,800 0.490 8,514 40,990 55,628 65.184 45.623 50.362 54,094 16.758 43.293 43.733 89,474

UNIT CELL RANDOM MAXWELL BRUGGEMAN CH, 2 VA, JEFFERSON MODEL 2 MODEL 3 MODEL & Seetss =
MEAN FREOR 30,356 37.473 42.895 32.4645 34.515 39 545 22,356 32.494 20.235 BRLSSR 5

VARTANCE OF ERaOR 9,030 0,036 0.954 0.930 9.024 934 0.045 0.046 0.0467 0,852
AVERAGE QIAS OF FRROR =30, $36 =37,474 =42.89$ 932.465 =27,851 939.5158 222.355 24,484 20.235 @SR.55R

VARTANCE OF DRENTCTION 4.745 7.5464 10.422 3.488 6.236 7,533 1.595 5.562 9.527 96.399

OVERALL ERROR ANALYSIS

UNTT CELL RANDOM MAXWELL BQUGGEMAN CH. & VA, JEFFERSON MCDEI 2 MODFL 3 MODEL & SERIES

32,007 36.447 28.735 23.893 34,276 22.247 19.686 25.786 $1,573
VARTAYCE OF ERROR 0,625 0,936 0,022 9,030 9,021 O.082 6.025 0.022 6.962
AVEGAGE AIAG OF FARIR @25,R32 952,907 = 36.647 928.735 =24.251 954.276 22.247 948220 26,316 54.57%

VARTANCE OF PREDICTION $083 5.7320 7,662 4.69% 4.880 5,654 16726 3.836 0.669 49,394

MEAN ERROR

[3¥09] wZ 21g0L
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Section B

Turbulent Hest Trensfer to Solid-Liquid Suspensions



PIpke

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 contiwm 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 be smell

for suspensions of inert solids at sufficiently low concentrations,

Later studies were concerned with extending relationships to fluids

that exhibited appreciable non-Newtonian characteristics, of which

concentrated solid-liquid suspensions formed merely a sub-set. A

major consideration has been the definition of a suitable viscosity

term for use in dimensionless groups, the selection of a viscosity term

for heat transfer correlations hes usually followed from studies of

turbulent flow pressure drop characteristics.

8.2 Prior Heat Transfer Correlations for Two-Component Suspensions.

8.2.1 Early Studies.

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

slurries of precipitated chelk in water and derived a correlation of
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experimental 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, as well as the possibility of using the viscosity of

the suspending mediun, in order to remove the need for rheological

measurements 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:

a L.

Be ph (8.1)

In treating the heat transfer data it was found that a plot of

NP - 1/3 against Re, with the percentage of solid by weight as a

parameter, showed thst the value of NP. - 1/3 decreased with an

approximate linearity as the solid content of the mixture was increased

and that the effect was more pronounced at lower Reynolds numbers. The

empirical equation developed was:

“1/5 0.758

ho [Co, BS
Serr ie = -0438 =D SN

“ t Ke t t

(8.2)



where the subscript f refers to the mean film temperature; 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 leed to the

prediction of zero or even negative heat transfer coefficients within

the range of the author's 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 applicable

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- j

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 leminar flow curves for the various fluids; they were

teken to demonstrate approximate Newtonian cheracteristics and, further,

that curves for esch suspension plotted on the basis of fluidity as a

function of concentration were of the seme general shape. By normalising

the variables it was found possible to obtain an approximate expression

which covered all suspension viscosities in the form of the Newtonian

relationship:
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Le
uw, = Te 9..)"

(3)

where Droa 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 "3 0.14

te = 0-027 DU, Pp, |, Cp, ¢
kK, H, K, Beew

(8.4)

which is not recommended for use below Reynolds numbers of 10 or The

authors do not give limits of accuracy for this equation but Salamone

and Newman /37/ state that this expression correlates the dste within

approximately 20 per cent.

The use of a turbulent viscosity as suggested by Alves et.al. /38/

and Binder end Busher /39/ was adopted in the study by Salamone snd Newnan

/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 diameter 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

number 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 fron 1.5 to 56 microns. The expression derived was:

62 0.72 0-05 0-05 0:35

oo... DU,P, eCe. Ka D Ceg
K. LL K K. d Cp,

(8.5)

Thus the equation contains a Nusselt, Prandtl and Reynolds number

based upon an apparent viscosity and suspension density; the last

three terms sre 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 that under these conditions the effect of these groups

is small.

The average deviation of the experimental data 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 (8.5) since no term

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 unrealistic importance

on the dimensionless groups containing density and viscosity. Equation

(8.5) is considered untenable therefore in two respects:

1. The unusually high value of the exponent on the Prandtl number,

which is indicated to be incorrect by all prior work on both

suspensions and single-phase 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

usually observed,

8.2.2 The Generalised Dimensionless Group Approach

A more rigorous approach which includes not only the case of dilute

suspensions but is slso appliceble for fluids which exhibit highly non-

Newtonian behaviour was provided following the definition by Metzner and

Reed /h1/ 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 (8u,,/0) is some unique

function of the wall shear stress only:
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(8.6)

where the fluid consistency index Ke and the flow behaviour index n’

are, in general, not constants but vary with 8u,/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 /h1/ defined

a generalised Reynolds number as:

nf |, 2-n/

Ae RUE 8
!

Re
‘ ro

k 8 (8.7)

Metzner, Vaughn and Houghton /42/ considered that the dimensionless

groups used in Newtonien heat transfer correlations could be generalised

for applicetion to non-Newtonian fluids if a judiciously chosen 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:

Dik PaO ul"

Ko Ny.

(8.8)
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where v = kK’ a !

This gives:

n’-1

2 Up

Mi ‘: Dd (8.9)

substitution into the conventional Prandtl number gives:

n’-1

Pr s ice Us
K Dd

(8.10)

and a dimensionless consistency ratio analagous to the Sieder-Tate

viscosity correction factor is suggested as Wu

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 heat transfer to suspensions:

0-8 4 Ors. O14

hb OM pies {u)"

we 6028 | ogee dete, | lye

(8.12)

This expression has not been subject to extensive experimental

evaluation.
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A difficulty arising in practical application of a method involving

generalised variable groups is that laminar flow data 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

arise from consideration of the phenomenonof'effective slip' near the

tube wall.

The generalised Reynolds number concept was used by Dodge and

Metzner /1,3/ in extending the Newtonian logerithmic resistance formula

of Von Karman to the case of fluids of the power law type and thereby

providing one of the necessary inputs for an analogy between heat and

momentum transfer for such fluids developed by Metzner and Friend /hi/.

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 and a theoretical anslysis analogous

to that performed for Newtonian fluids yielded » generel equation. The

unknown coefficients in this equation were determined empiricelly by

experiment using aqueous polymer solutions and slurries of Attasol.

The finel expression was:

| — 4.0 , I-07 0.4NK, 42 tn [re (f) i: TM"
(n’)

(8.12)

Although the analysis was based on the assumption of a power law

function describing fluid leminar flow properties the result can be used

for fluids that do not conform to this relationship by using the property

parameters n’ and k’ . It is considered that these Parameters should
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be evaluated at the existing value of the wall shear stress.

Metzner and Friend /44/ developed a turbulent heat and momentun

transfer analogy for purely viscous non-Newtonian fluids by extending

the relationship due to Friend /40/ for Newtonian 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 along 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.

4, The fluid is time independent end free from viscoelasticity.

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

The empirical two constant power law was again.used to represent

rheologicel 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 for the

Newtonien case would represent the heat transfer dsta adequately.

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:

f/2

1.20 +11-8,/f/2 (Pr, - Pry) O8?

St =

(8.13)

The relationship between the Prandtl number evaluated using the

apparent viscosity at the wall and the generalised Prandtl number is

given as:
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Pr’

Pry y (n’~ ye ,
16 f (3n'+1)

Re’ 4n’

(8.14)

The expression derived represented the experimental data with

an average deviation of 17.6 per cent sand a standerd deviation of

23.6 per cent and was shown to be a significant improvement over the

the relationship proposed by Metzner et.al. /h2/.

Since the development of equetion (8.14) was confined to an

'isothermsl' coefficient of heat transfer it was suggested that cor-

rection to actual flow conditions could be obtained through multiplication

by factors analogous to that of Sieder-Tate (ViNeleua or Krieth-

Sunnerfield (Vinee

Again although the power law was used to develop equation (8.14) the

authors regard it as applicable to all time-independent non-elastiec fluids

since the second term in the denominator is ususlly much greater then

the quantity 1.20 end because the friction factor may be evslusted for

these fluids es previously outlined.

Peterson end Christiensen /45/ extended the heat and momentum

trensfer anelogy of Metzner and Friend to non-isothermel flow by:

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

2. Evaluation of the Prandtl number at the bulk fluid temperature.

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

were isothermal at the bulk fluid temperature fi, where :

=H hye (8.15)
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4. Correction of the data for » trend with flow behaviour index

by normalising the critical Reynolds number for non-Newtonian

flow to 2100, which is the value for Newtonian flow. Hence a

more characteristic Prandtl number is yielded:

Re W.c.

Pr.| 3100-0 ane

where the subscript W.C. denotes evaluation at the well sheer stress

end critical flow rate.

Hence the correlation is emended to:

Us O-l

ee

fi [Pr-1]

2 [Pr]°33

f;

St

1.24118

(8.17)

The authors claim that the standard deviation of Metzner and

Friend, 23.6 per cent, is reduced to 16.2 per cent by this correlation.

In addition, Petersen -nd Christisnsen /45/ have presented an

extension of this analogy to the transitional flow region with « similar

accuracy in prediction of experimental dats.

8.2.3 Later Studies.

Thomas /46/ in studying the heat and momentun transport character-

istics of aqueous thorium oxide suspensions found that the Binghem plastic

model would adequately represent the laminar flow data obtained in a

capillary tube visconeter. This mcdel gives:
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T = ty +7 au cpiceely
dr

Qs U
r

° : T<T,

(8.18)

Consideration was given to various definitions of non-Newtonian

viscosity terms; friction factor and heat transfer data were plotted,

for a particular slurry, as a function of a Reynolds number calculated

using two different viscosity terms given by:

1. The effective viscosity corresponding to the particular value

of the wall shear stress.

2. The limiting viscosity at high rates of shear; for the

Binghem plastic model this is simply the coefficient of

rigidity, y s

Good agreement was found, using both viscosities, between the laminar

flow pressure drop in various tubes and the theoretical laminar curves.

In the turbulent region it wes shown that turbulent heat transfer end

pressure drop data for a given suspension can be correlated uniquely,

independent of tube diemeter, provided the experimentally determined

limiting viscosity at high shear rate is used in calculating the

Reynolds and Prandtl numbers. The use of the effective viscosity was

found to give s pronounced dismeter effect in turbulent flow correlation.

Except for the displacement in critical Reynolds number due to the

non-Newtonien laminar characteristics the thorium oxide suspension heat

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

number is at least four times the critical value.

j ns h Cp, 1] ps Tw inl 0.027 DU, Pe ee
[CesUb Pel | Ks Wastes q

(8.19)

The slurry heat capacity was considered to be an additive function

of the pure material heat capacities and thermal conductivity wes 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-

stantial agreement with the Colburn, Prandtl, Von Karman, Metzner and

Friend and Martinelli heat and momentum transfer analogies. The best

fit nee observed with the Martinelli analogy which correlated the

experimental data within + 17 per cent and - 36 per cent. It may be

written as:

Ey < [pr] 2/3 Bt atc

: Eu sit

€ Re |fEssien] oan =
Eu 60,/ 2

(8.20)

Considerable simplification is afforded by using the tabulated

velues of parsmeters given by Knudsen and Katz /k7/. The ratio of

eddy diffusivities was taken as unity.



-138-

The Von Kerman anslogy was also recomended as the scatter of the

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

i pos [f \

145 [E flere tne Ste. mn] (8.21)

Friction factors sre obtained through a correlation of turbulent

gives:

flow date with a Blasius relationship:

f= BRe?

where ul aoe

B=0.079|—*
7y

O-15

Du= 0-25 He (8.22)
y

An additionel term is included in the expressions for the Blasius

coefficient and exponent for slurries having » high yield stress but

for moderate velues this term contributes less then 5 per cent and can

be neglected.

Mitzushins and Kuriwaki /48/ considered turbulent heat transfer to

suspensions whose rheologicsl 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 almost 211 the resistance

for momentum and heet transfer in the turbulent flow of highly viscous
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fluids exists in the laminar film and so the apparent viscosity evaluated

at the wall shearing stress may be the characteristic property. Therefore,

if the viscosity term of the Reynolds and Prandtl numbers in the equations

for Newtonien fluids is replaced by the spparent viscosity at the wall

those equations may be applied to non-Newtonian fluids.

The Newtonian friction factor equation of Koo was taken to be a

sufficiently accurate approximation after consideration had been given

to the expression developed by Dodge and Metzner. Assuming the Chilton-

Colburn analogy to be valid for non-Newtonian fluids then for power law

fluids the following expression was derived:

S(n¢2)/[3(4n40) ,4ine2)/13(4n4i) M3
Nu = 0.023 Re Pr

(8.23)

where the Reynolds end Prandtl nunbers are equivalent to the generalised

terms defined in equations (8.7) and (8.10). The power law flow behaviour

index nm is defined by the rheological model:

dul”

TS ay (8.24)

For fluids represented by the Bingham plastic model the equation derived

Was?

7, 0-8 1

Se odasf. = "*| pus Pel” [cre]?
K, Tw q Ke

(8.25)



These equations are claimed to represent the experimental data,

obtained from studies using-polymer solutions and cement Slurries, better

than the expression given by Metzner and Friend, equation (8.13).

Thermal and momentum diffusivity profiles were also experimentally

determined for non-Newtonian fluids from measurements in a rectangular

duet. It was found that eddy diffusivities at any transverse position
were proportional to Reynolds number. 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 /1,9/ have compared the heat transfer characteristics

of flocculsted 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 rheologicel 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= Hlexp(BY) 
(8.26)

where B is a constant ideally obtained from laminar flow experiments in

en appropriate tubular viscometer. On this basis the slurry pressure

drop characteristics were found to agree with the Thomas friction factor

plot given by equation (8.22).



Differences between the heat transfer performances of the two slurries

were resolved by empiricel means. For flocculated suspensions the ex-

pression derived was:

2/3 -0.2
h ||Cp, Lexp(BY) DU, /,

Je Cp.G Ks peer HLcexp(BYW)
(8.27)

which correlated the experimental deta within + 19.3 per cent and - 17.8

per cent. For the non-flocculated suspensions:

2 0-2

h_ ||Cp, eexp(BY) eh BY! - o.0085| OU» Ps
ceG K, os jl-expBy)

(8.28)

correlated the data within + 17.8 per cent and - 11.1 per cent.

Experimental data was obtained for both heating and cooling of the fluid

but no difference could be determined between the respective points,

The remaining suspension properties were obteined using Maxwell's

equation to determine thermal conductivity with the usual 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 measurenents

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



experiments. 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 floceulated slurries had a greater

effect on heat transfer than on momentun transfer.

Kiyohashi, ewaahicg and Ishihama /50/ have recently conducted
experimental work in cooling heat transfer fron aqueous 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 all of the slurries, except in low

concentrations, exhibited the characteristics of Binghem 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 attributed to Taylor /51/:

H. = Well + 22.4)

(8.29)

This expression has also been 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 empirical 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

MPs Goose? ete Cos He
Ks Ls K.

(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 mey be important in the transport of

solid particles by hydraulic methods.

8.3 Purpose of this Study.

There sre many areas of study in the field of solid-liquid suspensions

and the problems cen be approached from different viewpoints and with

varying degrees of rigour of treatment. 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 thet there exists a need for a method

of determining heat transfer information 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 suitable relstionship determining leminar flow
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properties from the constituent component properties. If such a

relationship is aveilable then the laminar flow curve may be related

to the flow conditions existing at a11 points throughout the fluid in

turbulent heat transfer.
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9 THE HOMOGENEOUS 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 and the resultant energy losses. These forces sre 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 analysis 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 all the usual equations of single component flow,

Differences in velocity 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 cen be assumed that

equilibrium is reached. Thus the average values of velocity and temp-

erature are the same as the velues for each component and we have

homogeneous equilibriun flow, The standard methods of fluid mechanics

can then be applied; 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 approximations in differential

form with solutions being obtained by numerical techniques, it may be

expected that the assumption of homogeneous equilibrium flow enables the
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solution for a two-component fluid to be approached in the same manner.

It is implicit in the homogeneous flow model that the effects of inter-

action between the phases are contained within the relationships for

effective suspension properties. The average properties that are

required in this case are density, viscosity, thermal conductivity and

specific heat together with a model that represents the turbulent

transport properties of the two-component mixture.

For the techniques used in anslysing single-component turbulent

flows to be applied +6 two-component flows it is sufficient that the

flow is locally homogeneous; one velocity and temperature profile is

determined for both components together. To solve the equations it is

necessary that the suspension properties be determined as a function

of position. Ususlly these properties ere given as functions of volume

fraction solid, thus the definition of a flow regime in terms of a

concentration profile and the properties of the components enables the

required suspension properties to be calculated everywhere. The turbulent

transport model presents more difficulty because comprehensive empirical

expressions for two-component flows have not yet been established.

Difficulties in the simple definition of a two-component flow regime

May occur because:—

1. The concentration is not always an adequate means of describing

the local two-phase properties, there may be significant dif-

ferences in the behaviour of various sizes of particles within

a suspension.
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The concentration of a perticular phase may be neither

uniform nor symmetrical.

There may be relative motion between the phases on a scale

which is lerger then the distance at which a continuum des-

cription is meaningful; two velocity profiles would therefore

exist, one for each phase.

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

scope of this treatment but in e large mumber of cases useful information

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

assumptions.

9,2 Assumptions and Limitations of the Model.

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

ae Intrinsic assumptions which contain constraints inherent in the

homogeneous equilibrium flow model.

Dependant assumptions which relate to the conditions under which

the effective suspension properties are evaluated from the

constituent component properties.

The first group of assumptions are:-

1)

2)

3)

4)

Each phase has identical profiles of velocity and temperature

and velocity and temperature gradients.

The solid particles follow the fine structure of turbulence.

Heat and momentum transfer due to particle collision with the

pipe wall or with each other is negligible.

Each solid particle is small and maintains a uniform temperature

because 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 approximately 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 available it can readily be incorporated into the comput-

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

a fully suspended transport regime. Factors which must be taken into

consideration include particle size and density, concentration, fluid

velocity and density, flow orientation and pipe diameter. Following

the concepts introduced by iiilson /53/ the distinction commonly made in

the literature is to divide the flow of solid particles in a liquid into

homogeneous and heterogensous regimes. The former occurs when the solid

particles are finely divided and the settling tendency is so sm2ll that

the mixtures may be regarded as non-settling. According to Graf /5h/

these are characterised by a settling velocity celow 0.002 to 0.005

feet/sec., the settling velocity depending on the concentration as well
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as on the usual parameters. Heterogeneous flow is characterised by

larger particles and 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 camon definition of homogeneous flow and a

homogeneous flow model, since if the level of turbulence is such as 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 homogeneous flow model intrinsic as-

sumptions as, for example, the relative velocity between the phases will

be significant. Again, for settling suspensions in vertical flow although

the concentration and velocity profiles may be axisymmetric and sensibly

uniform, the model assumptions may not be satisfied especially for larger

dense particles.

Durand /55/ studied the flow of slurries through horizontal pipes

and classified suspensions according to the solid phase particle size.

He considered particles up to 25 microns diameter geve rise to sus-

pensions behaving as homogeneous fluids. An intermediate range of

particle size from 25 to 50 microns and a sub-division of the heter-

ogeneous transport regime with particles less than 200 microns and

obeying Stoke's Law of settling may also be expected to be suitable

for treatment with a homogenecus flow model under certain conditions.
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Newitt et.al. /56/ stated that homogeneous flow was characteristic

of suspensions of particle size less then 30 microns and the following

relationship, which should hold for the flow to be homogeneous, was

given:

1800 gDU,

3

UL “2 (Os)

Enpirical relations are presented by Spells 157/ giving the mean minimum

and standard liquid velocities for settling suspensions. The minimum

velocity is that at which the particles will all be just in suspension

with a concentration gradient in horizontal flow. At the standard

velocity the flow becomes homogeneous.

Cairns et.al. /58/ measured concentration profiles in dilute sus-

pensions of small 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 vebicerd It was also found that the concentration
in vertical flow was substantially uniform after a distance of four feet

from the start of the vertical section.

Thomas /59/, /60/ has presented relationships for the minimum trans-

port velocity of floceulated 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 relstive size of particle

and pipe flow zones of leminar sublayer and buffer region, with transport

relations being given in terms of the ratio of particle 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 assessing the validity of the model it is hoped to give

some further guide to its limitations in this situation,

9.3 The Basic 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

two-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 varied and hence obviates the need for then

either to conform to experimental conditions or be sn spprox-

imation.

2. Extensions to problems outside the range of experimental evidence

have greater validity.

3. Information on velocity and temperature profiles, friction

factors, locel Nusselt numbers, etc. may be obtained fron

the one treatment.

4, Updated correlations for average properties of suspensions

may be simply included in the treatment if they become available

and their effect mey be readily determined.

The boundary layer approximations for steady turbulent flow are red-

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

average terms, to a form that can readily be solved. Simplification of
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the basic equations using an order of magnitude evaluation is detailed

in most standard textbooks, of which reference /61/ may be quoted as

an exemple. Where flows heave a predominant direction, such that cross-

stream gradients are much larger then streamwise gradients the truncation

of the Navier-Stokes and energy equations 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 adopted sllows 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 temperature

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 veriable

property treatment it was felt worthwhile retaining this festure.

As is usuel with forced convection body forces sre neglected, also

viscous dissipation will be small and msy be omitted from the energy

equation; hence the boundary layer spproximations may be written:

a. continuity

atup) | 1 aver) _

dx tar (9.2)

b. momentum in streamwise (x) direction

1a , ou oP pte! | pvt

dr) ode dx ax dr
(9.3)
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c. energy

ia Ket dH dH dH
Te = Vv
raricp ar| Ota dr Gs

The equations may be normalised by dividing variables by their inlet

values as defined in the nomenclature and becane:

T

(9.5)
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(9.6)

4 1a leew, 7 3% peade. <= On
-— = pu + 2pV

ResPrt aF|é> a ax F

(9.7)

In addition the integral continuity equetion is required for internal

flows to provide sufficient equations to enable the pressure gradient

to be calculated.

(9.8)
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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:

Xi 1VSO - Geeeav (Xa =. OUl

qlei =o7 °
QqFi x!° w ° < xX° u °

Q at Q wl

for specified wall heat flux:

+

aig) s qk) Ree Pr, Cp :

af 2K.

and for specified wall temperature:

H(X,1) = Cp (7 (X) - 1)

(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:

UtONr = Usttis = V(Cpmian Va(r)

P(O,T)=P,(r), Hlo.r) = A(T)
(9.10)
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The relationships of the fluid properties with temperature are not

specified as part of the solution procedure and may be supplied to suit

any particular situation. This allows the specification of the properties

of a real fluid or of a pseudo-fluid when considering either one or

two-component flow; in the simplest analysis this will entsil consider-

ation of the volume fraction solid and component properties as additional

parameters:

(9.21)

The effective viscosity and thermal conductivity are to be evaluated

so as to include the effects of molecular exchange and the exchange due to

turbulent eddy motion. It is necessery 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

momentum and heat are used as follows:

A = €
Lett = LL + as

(9.122)

Cp En
Ree = RII + Pr, no =

(9.12b)
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Where the eddy diffusivities ere generally functions of position

and dynamic variables; any suitable method for calculating effective

transport properties could be employed in the treatment but as 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

number 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-canponent

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 reglistic 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/, /64/, /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 development 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 tube on

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 end 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 as the well is approached; these locations

are then kept fixed throughout the solution although the number of radial

nodes may be varied as desired. Solution of the equstions is by a

marching procedure where the equations sre solved in the cross-stream

direction at one particuler axial station before moving downstream to

the next station. Axisl step lengths are varied fron an initial spec-

ification as the boundery lsyer thickness varies or the rate of convergence

diminishes.
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The finite difference equations were obtained by essentially

rederiving the governing equations for the macroscopic control

volumes; this procedure is equivalent to integrating the governing

equations over the control surfaces with the assumption that the

dependent variables vary linearly in the exisl direction and are

uniform in the radiel direction. This method produces finite dif-

ference equations that are conservative, whereas derivations based

on Taylor series expansions of the partial differential equations

sometimes feil. in this respect. The basic situation considered in

developing the energy and momentum equations sre shown in figure 9.1.

Conticel: 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 and momentum equations ere linear and implicit. To do this

all the known values are grouped into the coefficients of recurrence rel-

ations, so thst the energy belence becomes:

Aj (Ria jel + 8) fF) + Ap CFs j-114D, = ©

(9.14)

The momentum equation becomes:

AU yell : BU) A AU icine! * Cio 2) aj

(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 exiel convective terms are used

in the coefficients of the unknown quantities to ensure stability in the

recursive solution.

The continuity equation is defined as:

. Pes =~ = an Veo 72Me j-12 = Ne jeia* (Bist j Gia, j F By 0, Mien Fue)

(9.16)

and the integral continuity equation is:

A N+I 3

aie x Pig ist, aT ee e riewa) mt

(9.17)

Boundary conditions are either formed by the appropriate balance

in the same manner as the equations for the interior control volumes ,

or the on will be specified directly.

The governing equations are solved sequentially at each axial step

and ere .iterated until the solutions converge. From the predicted values

of the variables, effective viscosity and thermal conductivity values sre
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calculated at the control surfaces using a given turbulence model. The

energy equation is solved for A(F) by applying the recurrence rel-

ations presented by Richtmyer /77/. The x - momentum and the integral

continuity equation sre solved simultaneously for UF) and Pp

For the integral continuity equstion p(t) is calculated fron H(F)

found with the energy equation. Finally the continuity equation is solved

" from the well to the tube centre to obtein PVF) 3 the most recent

velues of p(t) and U(F) sre used. Predicted vslues of the variables,

necessary in the coefficients are revised et each iteration. Once

converged the results for step i+! ere taken for the first set of

predicted values for the next step. The energy balsnce and the rate of

change of pressure gradient are used as convergence tests during iteration

at each step; in eddition a maximum number of iterations is specified.

Correct selection of grid parameters appears to be ea matter of ex-

perience end compromise; no general rules have been formulated for their

selection. <A balance must be drawn between computer requirements of

storage and execution time and the solution accuracy; some indication of

useful starting values is given by Bankston and McEligot /62/.

9.5 Additions to the Solution Procedure.

The nunericel solution method outlined above wes implemented by

Bankston end McEligot in s computer program written using the FORTRAN

IV lenguage for execution on a ©.D.C. 6600 computer, Adeptation of

this method consisted in the mein of the provision or re-writing of

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

@ number of turbulence models; in addition several redundant segnents

were removed from the program. A major change was the inclusion of

routines providing average suspension properties when the boundary

layer equations are to be solved for a pseudofluid ideslisation;

single component flow wes made a subset of the generel solution technique,

having a zero volume fraction solid. The changes necessary to utilise

the homogeneous flow concept snd the selection of property correlations

will be covered in subsequent chapters.

Apart from minor progremming modifications the solution procedure

was changed in only one respect, extending it in allowing for the

specification of a wall temperature boundary condition in addition to

a wall heat flux specification, since this would sllow easier comparison

with experimental results as well as being more flexible.

Specification of 2 wall temperature simplifies the pountice procedure

in that it removes the necessity for forming an energy balance for the

control volume adjacent to the wall. The given value may be substituted

directly into the recurrence relationship and the enthalpy field st the

axiel station, obtsined directly by successive substitution starting at

the wall. Values of well heat flux snd bulk enthslpy must now be cal-

culated using this condition. To evsluate the wall heat flux the thermal

gradient at the wall is required; methods by which this may be approx-

imated include:

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

gradient over the helf-shell adjacent to the wall.
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2. using a divided difference technique incorporating as many

nodes from the wall as desired.

3. fitting e quadratic through the well and two adjacent nodel

temperatures,

Whilst the second method is most accurate it introduces unnecessary

complications snd the first method is en oversimplification. Using the

third condition:

dt f Yaoi Tetnet ~Ttn) ~ Yo eo

q r ve Vn-t ( Yi rT Voc)

(9.18)

when the well heat flux will be given by:

qt = Ki n+l aT
we = Pr af r Weal

(9.19)

If the well boundsry condition is » specified heat flux then the

fluid bulk enthalpy msy be simply obteined by considering the energy

added at the wall by integrating over the boundary surface for the

axisl step. With a specified well temperature the average heat flux

over the step length could be assumed to be the mean of the heat fluxes

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

hence:

- °

H, =

PUl(2TLT) dF

°

(9.20)

which becomes:

Ne

XM, His, j
ae j=l
H =

Ae tn

(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 elways 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 auxiliary relationships, in particular

a turbulence model and, secondly, to test the method against established

relationships and experimental 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 developing 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 spparatus was

similar to that used in many other heat transfer studies 136/, 137/;

/16/ being recirculating system with heating and cooling sections

to enable steady state measurements to be made. An outline diagram

is shown as figure 10.1.

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

nominal bore and 20 s.w.g. The working fluid was passed through the system
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by a Safran single stage 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 diameters was constructed by enclosing the test

circuit within a steel pipe of 3 inches diameter 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

admitted by throttling. A throttling calorimeter was fitted to the steam

supply line. Condensate passed from the heater through a float control-

led steam trap, which incorporated a thermocouple, a multi-tube cooler

to prevent 'flashing' into steam 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 reservoir or, for flow measurement,

diverted to 4 weigh tank. Glass fibre insulation Was used on the heated
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section and calming length to cut down heat loss.

The wall temperature of the test circuit within the heated section

was determined by means of thermocouples located at intervals along the

outer surface 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 end 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 silicon tubing and led out of the steam space through

a glend. A copper wire affixed to the test circuit outside the heater

completed the high temperature side of the ‘thermocouple circuit. All

the constantan leads of the thermocouples in the circuit were led to

a Cropico SP6 selector switch, to enable each reading to be obtained in

reference to a single 'melting ice' cold junction, A solartron IM 1420.2

digitel 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 wall static pressure tapping, are shown in figure 10.2. A

micrometer traverse enabled the pitot radial location to be accurately

determined whilst the fluid dynamic pressure wes measured using a

Honeywell 1028 diaphragm type inductive differential pressure transducer

of range 0 to 35 KN/n?. The transducer output was amplified by a carrier

amplifier and the reading obtained on a Solartron digital voltmeter. A

linear relationship between pressure differential and transducer output

allowed the instrument calibration to be expressed by a simple regression
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dine obtained by the conventional analysis. 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 suspensions. For the latter case it was

found only possible to consider very dilute flows (J < 0.03) before

problems of tube blockage became pronounced, in spite of the incorpor-

ation of sediment traps and the adoption of backflushing. As will be

discussed later, no significant difference between these velocity profiles

and 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 homogeneous flow model using this equipnent.

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 axial station fluctuated rapidly by

amounts of up to 30°C and that megn values between adjacent stations could

vary by up to the seme amount. This was especially noticeable at 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, on 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 initially on the lower tube surface and 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 although a modification was made within the limitations of

the existing equipment, a significant improvement could not be effected

without substantial alteration. Limitations of time and manpower neces-

sitated the abandonment of these heat transfer testse

10.3 Solution for the Isothermal Flow of Water.

Velocity profiles were measured for the fully developed flow of

water through the test circuit at Reynolds numbers from 7.9 x ao to

21x 10°, These profiles were first compared with the conventional

logerithmic velocity profile relationship due to Nikuradse:

u’ = 2.5 ny” + 5.5 (10.1)

and 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 4@ 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 actual solution under consideration.

An entry length of 45 diameters was found to be adequate both for uniforn

velocity or approximate fully developed initial conditions. The required

property relationships were provided by the input of tabular data for

water from those given by Mayhew and Rogers /67/. Property values at



-170-

inlet to the test section were determined using a Lagrange interpolation

routine end the tabular values were normalised by division by the inlet

value and then expressed as a polynomial 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 radial 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 aS many nodal points as desired; in general four were found to give

Satisfactory results.

The mixing length model used initially was that recommended by

Benkston end McEligot /62/ and was the Ven Driest /68/ modification of

the original Prandtl mixing length assumption which provides for a

damping of the turbulent fluctuations near to a wall. The mixing length

is given by:

eck yon expl-y*/A,])

(10.2)

where K* is the Von Karman constant 0.4 and Ay is usually taken as a

constent with value typically 26.0. Further from the well the mixing

length approaches Prandtl'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 exponential term since

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

y* = = /Tly)p

(10.3)

Using this turbulence model the solution procedure produced an accurate

estimate for experimental friction factor but when tested against the

criterionof velocity profile wes found to be in error by a considerable

emount es 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:

-_ u Rey 2) Oke Yeo Ay, / k*

(10.4)

Ay ‘ Ay, /K*< y
; (10.4)
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where y, is a representative distance and x lies between 0.07 ond

Onl2. The value of xt traditionally 0.4, is given as a range from

0.35 to 0.6. A modification wes made in using the Van Driest damping

factor in place of the simple linear relationship of equation (10.42).

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 a good agreement.

It was felt necessary to obtain agreement of experiment and

prediction for the two criteria of pressure loss and velocity profile

in isothermal flow of a single-conponent fluid before considering the

heat trensfer problem. Schlichting /71/ has noted that since the simple

assumption of a linear relation for mixing length does not seem to be

suitable for the whole pipe diameter it appears preferable to deduce the

dependence of mixing length on distance directly from experiment. This

procedure was now followed,

10.4 Experimente1 Determination of Mixing Length Distribution.

For fully developed pipe flow, inertial terms being zero, the

radial shear stress distribution is linear:

(10.5)
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and by definition:

2{du| |du

(10.6)

Combining equations (10.5) and (10.6) we obtain an expression for the

variation in mixing length:

Vy.- 2

tes eal es y) ay a
= es

p du du

dy y

(10.7)

The mi

measured

over the

is obtsi i by a simple momentum balance:

(10.8)
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Differentiation 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 pass through the given set of tabular

co-ordinates and, since these were subject to experimental error, could

result in considerable inaccuracies in the estimation of radial velocity

gradients. The method adopted was to fit a curve of the form:

B= [es cs - yey - 97?

(10.9)

to the set of experimental readings CY; 5 U; ) for each velocity profile.

A generalised Newtons method was used to find the coefficients C such

that:

N

i EilcHy Ul is g minimm.

ist

The procedure was iterative and the significance of the determined

coefficients was ascertained by consideration of their standard error

estimates. In all cases this was less then one-tenth of the value of

the coefficient, sample curves are shown in figure 10.14. The velocity

gradient may now be expressed es:

du = ee Ca
oat CIC, + Call - YI? (2 - 29M 2V- FP)?

c U
~ 2c,(1-yM2y-y7) ? j— (10.10)
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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

Same generalised Newton's method and with the wall boundary condition

of zero mixing length constraining the equation by forcing a zero con=

stant term. It was found that a third order equation would adequately

represent the data, indeed a fourth order expression proved less suc-

cessful. As the coefficients of each equation obtained appeared to vary

only between limits that could be attributed to experimental error and ‘

as there did not appear to be any effect due to the flow Reynolds number

over the experimental range,one universal distribution equation was ob-

tained by taking the mean of the coefficients. This gave:

T= 0.4167 - 0.799) + 0.654y°
(10.21)

This equation and typical experimental points are shown in figure (10.4),

while table 10.1 enumerates the maximum and standard deviations for each

coefficient ani gives confidence limits for their mean values. The

agreement of this expression with the Prandtl assumption of T = 0.4 y

in the wall region is shown in figure 10.5.

When this expression is used to give the effective viscosity values

for use in the boundary layer solution for the isothermal flow of water

it produces velocity profile predictions in cood ssreenent hn the

experimentally measured proiiles, This was hardly surprising, since the



mixing length distribu those same profiles but it

does confirm the velidity of the basic equations and the solution tech-

nique. It was noted, however, that the pressure drop characteristics

is Was co red to be due to thewere not accurately p

failure of the distribution to take account of the effect of Kinematic

viscosity on the turbulence near the wall. Consequently the Van Driest

dsmping factor was incorporated into the mixing length correlation to

give:

Ts (1- expl-y*/26-0])(0.416y-0.7997 + 0-654y ) (20.12)

where the local shear stress is used in vie

Comparison of the experimental and predicted velocity profiles obtained

using this distribution are showm in figures (10.6) and (10.7).

Also shown on figures (10.4) and (10.5) are the experimental mixing

length distributions due to Nikuredse /72/ who gave:

7 ai a) ec oe)
[=0-49-0.449°+024y - 0.067 (10.23)

and that obtained by Maise and McDonald /73/:

Y<O-l: l= 0.41(1- expl-y*/26.01)V (10.142)

O.1<Y<0.6: T= 0.41(1 - expl-y*/26.0))7 ~ 1-53506(f- 0.1)"

+2:75625(7-O.1) = 1-88425(V-O1)° (20.248)

O-6any owl = 0-089 (10.14c)
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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 velocity distribution in the

region Y > 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 calculated values. Although the experimental mixing length dist-

ribution produced in this study was derived for use with the heat transfer

circuit measurements, it Was subsequently found to be at least as satis-

factory for other flow situations as the other distributions and con-

sequently it was reteined as a feature of the solution procedure,

10.5 Vplidity of Mixing Length Distribution Outside Experimental Range.

The mixing length distribution given by equation (10.12) was derived

from experimental evidence in the Reynolds number range of 7.9 x 10% to

2.1 x 10°. Later consideration of flow outside this range led to the

requirement of evaluating the validity of extending its use to these

situations. This was done by solving the boundary layer equations for

isothermal single-component flows outside the experimental range of

Reynolds number and compsring the velocity 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 lew profiles of Nikuradse. A test at

a very high Reynolds number is shown in figure (10.9) with again 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 fron

10+ to 10° are given in figure (10.13) together with the curve obtained

by Nikuradse:

1
— 0.86InNR 4f -0-.8Jat ae

(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, some indic-

ation of a fall in the accuracy 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

number 10 to 108,

It remains only to define the relationship of the eddy diffusivity

for momentum to that for heat to complete the relationships for sincle-

component fluid flow. Considerable experimental uncertainty and con-

flicting evidence exists on this point withy in general, the ratio of

diffusivities being taken as a constant value between 0.8 and 1.0. In

celeulation procedures the ratio is often taken as unity since in the

light of uncertain evidence the simplest case has that one advantage;
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since satisfactory results have been claimed using this ratio it was

adopted in the numerical 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 nunber of

10° and 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 also indicate equal diffusivities of momentum and heat for tur-

bulent pipe flow of liquids of moderate molecular Prandtl number,. 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= Ciy¥+C, y? + Cy y?

Coefficient Cj: Volue = 0.416

Maximum Deviations. + 6.06, -3.37%

Standard Deviation. . = 0,013

Limits at 95% Confidence Level. 0.402, 0.430

Coefficient C3 Value = -0.799

Maximum Deviations = + 9.89%, —h.88%

0.043

0.848, 0.750.

Standard Deviation

Limits at 95% Confidence Level

Coefficient Cae Value = 0.654

Meximum Deviations = +8.1%, -1..286

Standard Deviation = 0.028

Limits at 95% Confidence Level = 0.686, 0.622
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EXTENSION OF SOLUTION TO TWO-COMPONENT FLOWS

11.1 Effective Property 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 function of component

densities and volume fraction solid:

. p. = PP + (1- IP (0-1)

The suspension specific heat is obtained from the weight fraction

of the solid and the component specific heats:

Mite aig rg cee oe (22.2)

Volume fraction solid and weight fraction solid are linked simply

by the component densities:

wp,

‘ (1=W)p, * WP,
(12.3)
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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-

ictions 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 a 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 developed 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 applicable for this purpose. The equation

due to Maxwell /1/ has been much used in previous work, although 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 was used to derive suspension con-

ductivity values for use in the homogeneous flow model of this study.

11.1.3 Suspension Viscosity.

Previous studies concerned with the determination of the heat end

momentum characteristics of solid-liquid suspensions have treated the

problem of defining an effective suspension viscosity in a number of

different ways. These have ranged from assuming that such mixtures exhibit
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behaviour that is approximately Newtonian to f itting 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-Newtonian liquids and points out that even the available

literature is often contradictory, with no definite criteria set as yet.

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

number of studies are in existance in which the viscosity of e 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 range of classification which probably extends

from non-settling to pseudohomogeneous and even to the heterogeneous regime,

a relation that will be approximate for mest of the materials is taken.

Thomas /78/ has presented relationships which fit the laminar flow

curves of suspensions with the Bingham 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 Kaolin in water and with 4 perticls 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 proportional to the
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volume fraction solid with, in addition, for the smaller particles a

dependancy on particle diameter; for the larger particles the ratio

wes almost independent of particle size. An expression was derived

that asymptotically approached the theoretical viscosity relationship

of Einstein for large particle size:

- = exp(k,)

Jia (.4)

where the particle shape factor W may be taken as unity for spherical

particles. For large particles and dilute suspensions the expression

reduces to the Einstein /79/ equation:

N = Ul + 2-5)
(11.5)

Thus the Bingham coefficient of rigidity, which is also the limiting

viscosity at high rates of shear, is reported to approach the theoretical

. Newtonian viscosity for a suspension of large spherical particles.

Thomas /46/ has shown that the limiting viscosity is most appropriate

in defining a characteristic Reynolds number for Bingham plastic flows and

since the regions of most importance in heat and 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
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the seme relationship may be used to cover Newtonian and non-Newtonian

fluids so that the laminar flow properties do not have to be determined

experimentally. This approach neglects any valve 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 performence. It may also be remarked that

some doubts have been expressed as to the existance of a true yield stress

aS required by the Binghem plastic model.

It has, however, been widely reported that Einstein's equation does

tend to underestimate effective viscosity and several authors have produced

different expressions which, also, are claimed to be appropriate for higher

concentrations. These include the equation proposed by Roscoe /80/ and

Brinkman /81/:

= HL(1 - yg) (12.6)

and that due to Happel /82/:

pL =p (1+ 5-59) (11.7)

Equation (11.7) was found to produce slightly better predictions when

used in the homogeneous flow model, so that this study assumes as a first

approximation and until further relationships become available:

q a e ef eas oa (11.8)
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11.1.4 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-conponent 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 Wasp, Aude, Seiter and Thompson

/83/ and in accordance with the assumption of Soo /64/ end 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 4 given

length of pipe to reduced mixing length due to dissipation by the particles.

Since the effect of solid parameters on demping the mixing length is not

known the result must be deduced from flow data correlations.

Wasp et.2l. 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 Colebrook function:

I 1.5 0-182i a — In(re fF) - Ke

(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

for 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:

fei 7. BiRes

where

0.48

Z
B=) 07079

q

0-15

(11.10)

It may be noted that Hanks end Dadia /87/ have produced a theoretical

friction factor chart for suspensions in which the Hedstromnunber is a

paremeter 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 diameter. It is suggested by Hanks end Dadia that scatter in the

results of Thomas could have justified his assumption but as no experimental

evidence is offered for the proposed Hedstromnumber dependance, 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/(145.59)0!5
Ff =0.079(1+5-5 Q) Re

(22..2)

The Blasius equation is used to give the friction factor for a Single-

component fluid:

f. = 0.079 Re 70-25 (11.12)

Hence by rearranging the Colebrook equation and expressing the

results for single and two-component flows as a ratio:

k* /f, |I-52 lnreJf,- 0.152
=

k* /f,|L-52 Inpe/f, - 0-152

(11.13)

This gives the Von Karmen constant for a solid-liquid 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 tz Ryu -exp -y/ 26.0)

then:

= —2k*® = 0.416 -0.799Y + 0.654c y y (11,14)
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Substituting for Kya in equation (11.13) and 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 - 0.79997+ 0.654y°) (1 - exp-y726.0).

f, 1-82 InpeJf, - 0.152

f= InRe/f, = Oiac

(11.15)

This mixing length correlstion is used to derive eddy diffusivity

profiles for turbulent solid-liquid flows in the homogeneous flow model

solution procedure. The reduction in the Von Karman constant through

the introduction of solid particles into the flow, eas 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 main program.

Solid component property values are given to the routine in tabular form

and are combined with the relevant fluid properties, using the specified

relationships, to give tabular suspension property values. The suspension

property relationships may 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 end ere normalised and expressed as polynomial

functions of temperature as described for single-component flow. The

necessary relation of enthalpy with tempersture 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 elso 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 Solution Evaluation for Two-Component Flows.

The computer program, listed in appendix 3, and embodying the hono-

geneous flow model was used to predict the experimental heat transfer

performance of various solid-liquid suspensions. 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 Orr and Dalla Valle /36/. These results

are obtained from heat transfer experiments in vertical flow and are

comprehensive in covering a wide range of materials and particle sizes.

In addition they include the details of the experimental 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 values of

the solids were obtained from the reference sources given by Orr and Dalls

Valle. :

A comparison of the bredicted end experimental heat 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 and is a 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 temperatures, which being equal for both

calculation and experiment, serves to moderate any discrepancies between

the results.

The values compared are tabulated and discussed in the succeeding

chapter.
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Table 11.1

Solid Particle Physical Property Values.

Material Density Ke/fn? Specific | Thermal Particle
Heat KJ/Kg ~C Conductivity size.

Kiv/n °C

Copper 8323.6 McAdams /88/ Mchdams /88/ | 3.3 microns

Attapulgus 256b05 0.754 37.8°C ) | 0,023 1-2 microns
Clay 0.921( 148.8°C)

No. 18 Glass 2891.7 0.7536 0.0017 35 microns
Bead

No. 9 Glass 2891.7 0.7536 0.0017 260 microns
Bead

Acheson 2012.0 Perry /89/ Powell /90/ 200 mesh ©
Graphite (75 microns.

Aluminiua 2700.7 McAdams /88/ MeAdems /88/ 325 mesh
(50 microns.



1-01

1-O0--

*
KF 0-99-+

0.98-+

0.97+

0.96+

0.954

0.944

0.93+

0-924,

o.o1+

0-90 +

ts 1

t 1 t

3.4

J j 4 1
1 1 T !

1

|

9 2 3°44

4

8
5

iO

Oe roe w Nes aie obs whee
210° 10°

Reynolds Number

VARIATION OF VON KARMAN CONSTANT WITH TWO-COMPONENT FLUIDS
Figure {1-1

Sate

Oe:-o07—



-209-

12 RESULTS AND DISCUSSION

12.1 Treatment of Results

The boundary layer equations were solved, using the procedure

previously outlined, with parameters obtained from the experimental

turbulent heat transfer results given by Orr and Dalla Valle /36/.

The experimental conditions of a fully-developed flow at entry to

the heat transfer section, which had a length to diameter 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 datum 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 accuracy; this will be fully dis-

cussed later. Also given for each semple group are estimates of mean

error, error bias and mean temperature increment ratio, which is the

ratio of the predicted to the experimental rise in bulk temperature,

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 always 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 © .2,33:Ss 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 aluminium 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 12.2 the overall accuracy of the solution procedure is

shown; considering all the heat transfer results the experimental values

of outlet bulk temperature were predicted with an overall error of 7.52

per cent and the overall mean temperature increment ratio was 1.055.

This in itself represents a significant improvement over the correlation

given by Orr and Dalla Valle, but the analysis of the results on the

basis of temperature increment ratio for each sample group provides

further information on the validity of the solution.



12.2 Prediction and Validity of the Solution

12.2.1 Results for Single-Component Fluid

The solution of the boundary layer 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;

a 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 circuit. Thus, this value was determined at some

distance from the actual entry point and since the fluid was above ambient

temperature, the effect of any héat 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 en 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
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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 actual

increases 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 accuracy for single and two-component fluids.

12.2.2 Significance of Results for Sample Groups.

As can be seen from table 12.la - g, mean prediction accuracy varies

by a considerable degree between sample groups. It-is to be expected that

the homogeneous flow model would only be appropriate for those situations

where the flow rates are sufficiently high and particle size sufficiently

smgll for the flows to be considered after the manner of, a homogeneous

fluid, where the lack of q detailed description of the flow pattern is

not of importance and where the suspension property relationships are

adequate.

An analysis based on statistical methods, which are outlined in

appendix 1, was performed to determine whether the differences between

the prediction performance for each suspension could be attributed to

experimental variation or whether the result indicated that the homo-

geneous flow model was not applicable for any particular case. The

difference between the sample 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

the 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 and

No. 18 glass bead results whilst not invaliding any further conclusion does

point out that this cannot be firm and must be used judiciously. In

considering the significance of the difference in mean terperature 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 number range of water, then the implication can be drawn that it

will also be valid for a two-component fluid if the prediction accuracies

are compareable,



On the basis given above the homogeneous flow model can be seen

to be inappropriate for the aluminiun powder/water 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 leminar

flow measurements. From consideration of the other results it is not

likely that particle size, being less than 50 microns, would be a factor

in the model failing to represent this suspension.

A'significant' 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 Bhases would assume some importance

and it would also not be expected that the particles would follow the

turbulent fluctuations in the manner of smaller particles. Thus, at

least for Reynolds numbers below 10°, the assumption of homogeneous

flow for suspensions containing particles of this size has been shown

to be inadequate.

The prediction method, when employed for the flows 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 was 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

accuracy 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 accurate results.

_ For the ettapulgus clay suspensions the ‘highly significant! dif-

ference indicates that the homogeneous flow model 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 agglomorations, which would again be a factor in the

failure of the model to represent the date.

Flocculation may also be responsible for the 'significant' difference

between the mean temperature increment ratios of copper suspensions and of

water. The mean particle size was 3.3 microns; Thomas /91/ gives a

particle size of 5 to 10 microns as being a point where the forces

responsible for the distinctive behaviour of colloidal materials are of

importance and notes that flocculation has been observed with particle

sizes of up to 20 microns. Orr and Delle Valle /36/ in reporting their



experimental results do not give eny consideration to deviations in

the flow patterns for individual suspensions, so that there is no

evidence to support this explanation.

As noted by Thomas /78/, particle size will be a factor in the

viscosity correlation when considering particles in the above mentioned

range. 4A modification to the solution procedure, to attempt to allow

for this factor and the agglomeration 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 4.45 per cent

below that for water, so that the effect of discrepancies is not as 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 allow 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 liquid 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 smallest 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 determination 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 5 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:

1. 58 per cent of predictions are accurate within 5 per cent.

2. 88 per cent of predictions are accurate 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, 3.41 per cent below the mean prediction for

Water.

Confidence limits for the mean temperature increment ratios of all

the samples and of the overall values sre given in table 12.2b and indicate

the limits within which the actual values can 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 /49/ 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 several sus~

pensions but fails for the case of a suspension containing particles of

3.3 microns diameter, This indicates that the property relationships are

not adequate for this case or the existance of a4 fundamental difference

between the two flows.

The results for the copper end 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 as 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 consideration 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 taken to be the same

magnitude in both flocculated end non-flocculated flows; this improves

the prediction slightly but not above the original figures for the un-

modified solution.



-219-

Consideration must also be given to the flow pattern where the

particles are likely to form agglomerates, Michaels and Bolger /92/

describe two flow regimes for flocculated suspensions; at low shear

rates the particles are assumed to be contained in aggregates formed

by mutual attraction, at high rates of shear these aggregates are

broken down completely with the shear forces pulling the clusters apart

a8 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-flocculated

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 equation (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

momentum exchange characteristics the value given by this method was

used.

The modification is seen to be a 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 accuracy 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 ere not significantly different. This

suggests that » 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.

12.4 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 used the results for those fluids for which the homo-

geneous flow model has been shown to be satisfactory. These were

graphite, No. 18 glass bead and copper suspensions, together with the

results for water alone. For each test the results were divided into

groups covering » range of Reynolds number or concentration, each range

being defined arbitrarily to give a reasonable semple size,

The mean temperature increment ratios for each Semple group divided

on the basis of volume fraction solid are shown in table 12.6, while the

results given in teble 12.7 demonstrate that there is no significant

difference between any of the values for the individual groups nor

between their variance. 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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Sample 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 made in the

homogeneous flow model not being satisfied at Reynolds mmbers lower

than 5.0.10", However, there is no reason 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 individual temperature increment ratios with

Reynolds number and with volume fraction solid for the fluids considered

is shown in figures 12.3 and 12.4; the analysis 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 comparison; 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 convective heat cost itovent 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 that as the various fluid

bulk outlet temperatures are of the same magnitude for a given set of

boundary conditions then the comparison on the basis of convection

coefficients will be very similar to that presented.

The ratios between the suspension and water energy transfer rates

were evaluated using the relationships given in appendix I. Comparisons

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 volume flow rates water is shown to be a slightly better

heat transfer medium than all the suspensions except for the one contain-

ing the densest solid phase. With equality of volume flow rate the

ereater 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 volune Ergeron solids and denser solid phase are the most

effective.



With the basis of comparison is equal Reynolds number the greater

suspension viscosity means that the mass flow 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

indicates that the suspensions are better heat transfer mediums than

water, with the higher volume fractions and denser materisls producing

the greatest enhancement.

At equivalent mass flow 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 better on this besis. Metzner /33/ arrived at a similar

conclusion for a comparison on an equivalent mass flow basis from a con=

sideration of the experimental data of Sglemone end Newman /37/.

Orr and Dalla Valle /36/ gave a comparison between an aqueous copper

suspension and water based on their correlation of experimental results.

They concluded that at equal volume flow rates the suspension proved the
better heat transfer medium by about 22 per cent, while at equal Reynolds

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 both cases, with a 34 per cent

improvement at equal volume flow rates and a 12 per cent at equal Reynolds

number. The contradiction between the comparison made using the equation

given by Orr and Della Valle and that made using the homogeneous flow model

is partially due to the different viscosity models employed and partially
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because the above authors include results that are not sdequately

represented by an effective suspension property approach.

Fron table 12.10 it is also noted that the ratio of suspension to

water pressure drop characteristics is in all cases greater than 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

Suspension at the same Reynolds mumber. 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 values 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 end found that they were essentially the same as for Newtonian

fluids when normslised with respect to the mean velocity. Neither a

Reynolds number nor a non-Newtonian effect was discernable. An exam-

ination of the curves for suspension profiles presented by these authors,

however, does indicate that at the centre of the Pipe the experimental

points lie above the standard 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 temperature at any axial position. This msy

be interpreted to indicate that the increase 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 to demonstrate

how the use of a homogeneous flow model for suspensions incorporated in a

numerical solution of the governing equations can produce design inform-

ation that is more comprehensive than that obtained from simple correlations.

By implication if the technique is suitable in predicting certain paremeters

then the other information produced can be accepted although no experi-

mental proof of this has been obtained.

12.6 Conclusions.

1. The results show thst the homogeneous flow model will provide

a Valid solution technique for turbulent 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 fron 2 to 8.5. It can also be used for certain

suspensions that tend to flocculate with a reasonable accuracy

but is not strictly velid for these cases. The model will not

be appropriate for irregular particle suspensions, particle

sizes above 260 microns and for solids that are not inert.

2. Suitable relationships for the evalustion 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 ae 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 Work.

A major handicap in studies inwlving solid-liquid suspensions is

the need for experimental evidence in determining the rheological prop-

erties of each individual fluid. There is a 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 idealised 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 agglomerates, together with the associated
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properties would enable the simple homogeneous flow model to be modified

to accommodate such fluids,

Where so much of the fundamental 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 measurable intrinsic

property of non-Newtonian fluids is related to the damping of turbulence.

The specification of suspension property relationships where the

particles shepes are irregular would enable the homogeneous flow model

to encompass such mixtures. A possible method of extending the numerical

simulation model for thermal conductivity evaluation has been Suggested

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 12.1-A

FLUID - WATER ONLY

TEST | REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMBER FRACTION | FRACTION % INCREMENT

x % EXPERIMENTAL PREDICTED RATIO

1 92506.0 0.000 0.000 1.564 ASS 4.787 1.048

6 116255.0 0.000 0.000 43.475 1.503 5.895 1.059

7 58269.0 6.000 0.000 1.738 1.764 Sele 4. G35

8 102223.0 0.000 0.000 A515 1.541 5.458 1,055
29 559 0 G0, 0.600 0.000 4.697 1.654 Dn SOG 1.060
42 69319..0 0.000 0.000 1.586 A566 7.463 1.075.
71 97316.0 0.000 0.000 1.435 1.485 11.494 eee)

v2 68369.0 0.000 0.000 1.5246 13562) f hese 1 e013
73 18548. 0.000 0.000 2.250 e.coe 0.720 1.007

MEAN ERROR = 5.84% , ERRUR BIAS = 5.84%

STANDARD DEVIATION OF ERROR: SAMPLE = 2.78% » POPULATION = 2.95%

MEAN TEMPERATURE

STANDARD DEVIATION: SAMPLE

INCREMENT RATIO = 1.

0.028 .

058

POPULATION = 0.030

=87C=



TABLE 12.1-8

FLUID = ATTAPULGUS CLAY/WATER SUSPENSION

PARTICLE SIZE = 1-2 MICRONS ’

TEST | REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE

NO NUMBER FRACTION | FRACTION % INCREMENT

% % EXPERIMENTAL PREDICTED RATIO

e 66037.0 0.308 0.790 1.661 1.634 4.085 0.959
3 $4602.60) 1.5525 3.340 1.709 1.678 4.372 0,956
4 51443.0 2.098 5-250 1.684 1.640 6.433 0.936

5 47677.0 269 12 7.180 4599 ee 4.508 05955

MEAN ERROR = 4.85% »« ERROR BIAS =-4.85%

STANDARD DEVIATION OF ERROR: SAMPLE = 0.93% , POPULATION = 1.07%

MEAN TEMPERATURE INCREMENT RATIO = 0.952

STANDARD DEVIATION: SAMPLE = 0.009 ».PUPULATION = 0.011

—666—



TABLEQH2.1=€

FLUID - COPPER POWDER/WATER SUSPENSION

PARTICLE SIZE = 3.3 MICRONS

TEST | REYNOLDS VOLUME WEIGHT | NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMBER FRACTION |FRACTION % INCREMENT

& % EXPERIMENTAL PREDICTED RATIO

106210.0 0.086 O.71e 1. S22 Toooe Tae A: TdF
10 42656.0 0.086 9.710 1.896 13895 0.142 0.999
11 106776.0 0.085 0.710 415581 1.602 3.614 47.036
12 370000 014-07, 0.830 2.104 2.004 9.058 0.909
43 69902.0 0.100 0.830 1.750 Vier 0.400 0.996
V4 1458199 0.099 0.830 1.380 VoSTe 3.684 1.037
13 151268.0 Oi Eos. 1.260 1.5L0. 1.07 0.270 1.003
16 68486.0 0.153 1.260 &) Ga.5 Ve65e 2.764 1.028
we 25927 00 T2995 14,600 4.449 1.463 30098 1.031
18 80555. © E934 14.200 1.465 1.2453 2.581 0.974
19 142670.0 1/854 13.700 4.00% 1.341 ta St 1.076
20 V479.93..0 1.848 13.700 W289 1.369 8.861 Os 94:4
24 118398.0 4.852 13.700 1.430 TESOGAS 35955 0.960
23 93689 .0 3.984 25.800 1.4612 1.424 2.995 1.029
24 87011.0 1.946 14.400 256 1.358 0,000 1.000
25 120164.4 5.829 34.300 1.349 Te? 2.865 1.029
26 51984.0 6.314 36.000 1.649 1.691 6.471 1.065
ae 104437.0 ata e 39.200 1.596 15431 8.838 1.988
28 26087.0 7.000 38.600 1.664 1.644 3.012 0.970

—Cec—

MEAN ERROR = 3.79% 4 ERROR BIAS = 0.84%

STANDARD PEVIATION OF ERROR: SAMPLE = 2.91% ¢ POPULATION = 2.99%
MEAN TEMPERATURE INCREMENT RATIO = 1.008

STANDARD DEVIATION: SAMPLE = 0.047 4 POPULATION = 0.048



TABLE 12.1-0

FLUID - NO 48 GLASS BEAD/WATER SUSPENSION

PARTICLE SIZE = 35 MICRONS

TEST | REYNOLOS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE

NO NUMBER FRACTION | FRACTION % INCREMENT

% % EXPERIMENTAL PREDICTED RATIO

30 50035.0 3.066 8.390 1.682 1.656 3.812 0.962

31 124725.0 2.130 5.980 1.388 1.400 S- Or2 1.031
ae 1096410 623353 16.500 1.398 1.407 22.61 1 2G25

33 55014.0 6.679 17.200 eget 1.664 A599 1.020

34 31082.0 Super 14.500 1.780 1. 26> 2.779 0.973
35 93865.0 10.310 25.100 L455 544 17.471 Tele

36 S207 h..0 9.638 23.600 1.649 4.695 7.088 1.071

=tc—

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



TABLE 12.1-€

FLUID - NO 9 GLASS BEAD/WATER SUSPENSION

PARTICLE SIZE = 260 MICRONS

TEST [REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE

NO NUMBER FRACTION | FRACTION % INCREMENT

z % EXPERIMENTAL PREDICTED RATIO

Se 99345.0 9.696 23.900 1.356 12390 9.551 1.096

38 58551.0 8.626 27.600 1485. 1.514 S979 1.960

39 68730.0 21, 16 43.900 1.448 1.530 18.304 4 485

40 37914.0 1503 T4 34.500 AZ615 1.700 13.821 1.138

41 82701.0 220228 45.700 12226 Vse5F 13.01% Toe

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 DEVIATION: SAMPLE = 0.042 . POPULATION = 0.047

Lom
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FLUID - ACHESON GRAPHITE/WATER SUSPENSION

PARTICLE SIZE = -200 MESH

TEST] REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE
NO NUMBER FRACTION | FRACTION % INCREMENT

X h EXPERIMENTAL PREDICTED RATIO

43 66406.0 1.866 3.700 1.534 Tor 6.180 1.062
44 62869 .0 4.645 9.010 1.384 1.404 5.208 1.052
45 O18535-..0: 4.619 9.010 422358 15263 10.504 1.105
46 94693.0 4.663 9.010 1.471 1.507 7.643 1.076

47 883832.0 7.042 13.300 1.501 ‘eys4 4.192 1.042
48 55623.0 74,095, 13.400 1.507 l2e> 3.550 1.036
49 25948.0 Beto 13.400 12933 1.909 Zone 0.974

50 101006.0 8.862 16.500 1.456 The 5) 6.798 0.932
51 119690.0 8.314 16.500 Teese 1.254 11.404 1.114

52 69096.0 10.582 19.400 1.389 4.407 4.627 1.046
a 32396.0 10.627 19.409 1.520 4.5342 1.538 0.985
54 67568.6 13.887 24.700 1.342 1.957 4.386 1.044
55 86816.0 13.874 24.700 1.418 41.401 4.067 0,959
56 77007.0 16.782 29.100 1.350 1.398 13.7 1:4 At oe.
58 69796.0 18.663 31.800 $2539 41.409 20.649 1.206

Ectc—

MEAN ERROR = 7.14% , ERROR BIAS = 5.14%

STANDARD DEVIATION OF ERROR: SAMPLE = 46.88% , POPULATION = 5.05%

MEAN TEMPERATURE INCREMENT RATIO = 1.051

STANDARD DEVIATION: SAMPLE = 0.070 » POPULATION = 0.072



TABLE (2iterG

FLUID - ALUMINIUM POWDER/WATER SUSPENSION

VEC-

PARTICLE SIZE = -325 MESH

TEST] REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR |TEMPERATURE

NO NUMBER FRACTION | FRACTION h INCREMENT

% ’ EXPERIMENTAL PREDICTED RATIO

61 96521.0 1.494 4.010 1.350 1.462 14.857 4.149

62 117742.0 1.489 4.000 1.423 1.483 14.164 1.142

64 121303.0 2.098 Ds SEO, 1.348 aoe 9.770 1.098

65 109840.0 3555 9.900 $355: 1.422 18.873 At8F

66 61658.0 aoe 9.900 1.489 wor 17.226 to72

67 105403.0 3.478 9.030 72550 1.400 20.084 1/208

68 48889 .0 Su 49S 9.030 Veo18 1.595 14.865 1.149
69 936602.0 5.321 13.400 Neo oe 1.410 25.000 1.250

70 41788.0 5.340 13.400 1.480 1.606 26.250 43205

MEAN ERROR =17.90% 4 ERROR BIAS =17.90%

STANDARD DEVIATION OF ERROR: SAMPLE = 5.00% +» POPULATION

MEAN TEMPERATURE INCREMENT RATIO = 1.179

STANDARD DEVIATION: SAMPLE = 0.050 , POPULATION = 0.053

u 5.30%
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Table 12.23

Overall Error Anslysis Comparing Predicted and

Experimental Temperature Increments

De All Samples :-

Mean Error = 7.52 %; Error Bins = 5.51 %%

Standard Deviation of Error = 9.68 %

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 %, Error Bias = 3.43 %

Standard Deviation of Error = 4.2 4%

Mean Temperature Increment Ratio = 1.034

Standard Deviation = 0.059

c. Copper Powder, No. 18 Glass Bead snd Acheson Graphite Samples

Mean Error = 5.29 %, Error Bias = 2.9 4

Standerd Deviation of Error = 4.42 %

Mean Temperature Increment Ratio. = 1.029

Standard Deviation = 0.063

Mean Error for Samples Compared to Prediction

Accuracy for Water only = 3.42 %

Error Bias = -3.41 ¢@
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Table 12.2 b

Confidence Limits for Sample and Overall Mean

Temperature Increnent Ratios

Sample Mean Temperature Confidence Limits
Increment Ratio

95% 99%

Water 1.058 1.079 1.089

1.037 1.027

Attapulgus Clay/ 0.952 0.967 9.979
Water 0.937 0.925

Copper Powder/ater | 1.008 oe 1.039
0.985 0.977

No. 18 Glass Bead/ 1.037 et eles
Water 0.976 0.946

No. 9 Glass Bead/ | 1.123 1.175 1.209
Water 1.07 1.037

Acheson Graphite/ 1.051 see Bao
Water 1.013 0.998

Aluniniun Powder/ | 1.179 acter soaee
Water 1. 1.123

Oversll (211 1.055 oe per
samples) 1.036 1.029

Copper Powder, No. 1.029 2-059 See
18 Glass Bead, 0.999 0.990
Acheson Graphite

Suspensions



Table 12.3
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Significance Tests on Differences Between Sample

Variance ond Mean Temperature Ratios.

Ssmple Groups : (2) Water only (2) Attapulgus Clay

(3) Copper Powder (4) No. 18 Glass Bead

(5) No. 9 Glass Bead (6) Acheson Graphite

(7) Aluminium Powder

ae Significance of Difference in Variance

Sample Degrees of Freedom Variance Ratio Significance
Groups Ny Np F

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 4 8 2.528 not significant

1/6 14 8 5.957 significant

1/7 8 8 3.228 not significant

2/3 18 3 20.376 probably significant

2/h 6 po 43.289 significant

2/5 4 a 19.212 probably significant

2/6 1s 3 45.6279 significant

2/7 8 3 24.539 probably significant

3/4 6 18 2.124 not significant

3/5 1s 4 1.061 not significant

3/6 14 18 2.222 not significant
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Sounds Degrees of Freedom Veriance Ratio Significance
roups Ny XN, F

3/7 8 18 1.204 not significant

4/5 6 4 2.253 not significant

4/6 14 6 1.046 not significant

4/7 6 8 1.764 not significent

5/6 14 4 2.957 not significant

5/7 8 4 1.277, not significant

6/7 1h 8 1.845 not significant

b. Significance of Difference in Mean Temperature Increment Ratio

Semple Degree of Estimate of Pop“ Student | Significance
Groups Freedom Stendard Devietion aoe

1/2 nu 0.0257 6.9119 | highly significant

1/3 26 0.0434 2.8461 | significant

/h 14 0.051 0.83 not significant

1/5 12 0.036 3.184 significant

1/6 22 0.06 0.278 not significant

1/7 16 0.043 5.966 highly significent

2/3 a1 0.0449 2.3042 | probably signif-
icant,

2/h 9 0.0578 2.3597 | probably signif-
icant.

2/5 7 0.0361 7.0679 | highly significant

2/6 17 0.0655 2.7114 | probably signif-
icant.
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Sample Degree of Estimate of Pop * Student Significance
Groups Freedom Standard Deviation it?

2/7 n 0.0455 8.3136 | highly significant

3/k, 2h 0.055, 1.1820 | not significant

3/5 22 0.048 4.7315 | highly significant

3/6 32 0.06 2.0781 | probably significant

a7 26 0.05 8.4630 | highly significant

4/5 10 0.062 2.358 probably significant

4/6 20 0.072 0.439 not significant

4/7 14 0.061 4.613 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 4.607 highly significant
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Table 12.4

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/iater Suspension = 0.94, Standard Deviation = 0.014

Copper Powder/ater Suspension = 0.998, Stendard Yeviation = 0.044

Significance of Differences Between Prediction for Water and Suspensions:-

Semple Groups 1) Water 2) Attapulgus Cley/Vater

3) Copper Powder/ilater

a) Significance of Difference in Variance

Sample Degrees of Freedom Variance Ratio Significance

Groups % XN, F

1/2 8 3 3.54 not significant

1/3 18 8 2.358 not significant

b) Significance of Difference in lean Temperature Increment Retio

Sample gree of Estimate of Pop! Student | Significance
Groups Freedom Standard Deviation sou

1/2 n 0.026 7457 highly significant

1/3 26 0.041 3.612 Significant.



TABLE 12.4 CONTINUED INDIVIDUAL PREDICTION RESULTS
(A) FLUID - ATTAPULGUS CLAY/WATER SUSPENSION

PARTICLE SIZE = 1-2 MICRONS =hye—
TEST REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE ERROR TEMPERATURE
NO NUMBER FRACTION FRACTION % INCREMENT

a % EXPERIMENTAL PREDICTED RATIO

2 67785.0 0.308 0.790 1.661 1.633 4.236 0.958
x 61209.0 ie 325 3.340 1.709 1.671 5.360 0.946
4 61776. 2.098 5.230 1.684 1.630 895 0.921
S 61657. 2.9 %2 7.180 1.599 4.560 C58 O'.935

MEAN ERROR = 6.00% » ERROR RIAS =-6.00%

STANDARD DEVIATION OF ERROR: SAMPLE = 1.36% , POPULATION = 1.57%
MEAN TEMPERATURE INCREMENT RATIO = 0.940

STANDARD DEVIATION: SAMPLE = 0.014 , POPULATION = 0.016



TABLE 12.4

FLUID Copp(B)

CONTINU

PARTICLE SIZE =

ED INDIVIDUAL PRE

3.3 MICRONS

DICTION RESULTS
ER POWDER/WATER SUSPENSION

TEST | REYNOLDS VOLUME WEIGHT NORMALISED OUTLET TEMPERATURE | ERROR TEMPERATURENO NUMBER FRACTION | FRACTION 
% TNCREMENT% % EXPERIMENTAL PREDICTED RATIO

g 106640.0 0.086 0.710 1.322 tS32 1.9%6 1.01910 428290 0.086 0.710 1.896 1.395 Oa171:2 C5999.1 107208.0 0.085 0.716 1.581 4.602 3.644 1.03612 37176.6 0.101 0.830 2.104 2.004 9.058 0.90913 70234. 0.100 0.830 1.750 127457 0.409 0.99614 146506.0 0.999 9.830 1.380 1.394 3.684 1.037Vs 152354. 0.155 1.260 1.370 sya! 0.270 1.00316 689824 0.155 1.260 4635 ae 6Se 2.764 1.02817 136897.0 A995, 14.600 1.4649 1.459 2ecer 1-02218 886830 1.231 V4.200 1.465 1.450 3.3226 0.96819 156413. VBS 13.700 oT 1.338 6.625 1.06620 162224.6 1.848 13.700 Tase5. oor 9.620 9.90421 129811.0 1 2852 13.700 1.430 1.470 4.651 0.95323 115414.0 3.984 25.800 4.412 1.414 0.485 1.00524 95867.0 1.946 14.400 Ac S58 4. oo 0.838 0.99225 164966. 5.829 34.300 1.349 1.350 0.287 1.00326 73502.0 6.314 36.000 1.649 Aone 3.544 Ve032ah 155208.0 Tete 39.200 1.396 Voste 5.303 AP28 38474.0 7.000 38.606 1.664 1.625 nos 0.941

MEAN ERROR = 3.39% , ERROR BIAS =-0.16%
STANDARD DEVIATION OF ERROR: SAMPLE = 2.82% ¢ POPULATION = 2.90%MEAN TEMPERATURE

STANDARD DEVIATION:

INCREMENT RATIO =

SAMPLE = 0.044 ,

0.998

POPULATION = 0.045

=696=
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Table 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 = 4.566, Error Biss = 1.22%

Stendard Deviation = 2.7%

Mean Temperature Increment Ratio 1.012

Standard Deviation = 0.052

2) Low Volume Fraction (0.085 - 0.153 per cent)

Mean Error = 2.736, Error Bias = 0.336

Standard Deviation = 2.75%

Mean Temperature Increment Ratio = 1.003

Standard Deviation = 0.039

Significance Tests on Differences Between Mean Temperature

Increment Ratios:

Somples Degree of Student 't! Significance
Freedom

Water/High Vol. 18 2.28 probably significent
Frac.

Water/Low Vol. at 3.2 highly significant
Frac.

High/Low Vol. 17 0.38 not significant
Frac.



-244—

Table 12.6

Comparison of Experimental and Predicted Temperature

Increment Ratios on the Basis of Volume Fraction Solid.

a) Volume Fraction solid between 0 and 0,015

Mean error = 2.736, Error bias = 0,336

Standard deviation of error = 2.76 %

Mean Temperature Increment Ratio = 1.003

Standard deviation = 0.039

b) Volume Fraction Solid between 0.015 end 0.03

Mean error = 4.61%, Error bias = ; 0.21 4

Standard deviation of error = 2.86%

Mean temperature increment ratio = 1.002

Standard deviation = 0.054

ce) Volume Fraction Solid between 0.03 and 0.06

Mean error = 4.78 %, Error bias = 3.26%

Stendard deviation of error = 2.71%

Mean temperature increment ratio = 1.033

Standard deviation = 0.044

d) Volume Fraction Solid between 0.06 and 0.08

Mean error = 4.11%, Error bias = 2.72%

Standerd deviation of error = 2.226

Mean temperature increment ratio = 1.027

Standard deviation = 0.038
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Table 12.6 cont.

e) Volume Fraction Solid between 0.08 and 0.11

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 = 10.7%, Error bias = 8.676

Standard deviation of error = 6.936

Mean temperature increment ratio = 1.087

Stendard deviation = 0,094

g) Overahl

Mean error = 5.29%, Error bias = 2.9%

Standard deviation of error = 4.42%

Meen temperature increment ratio = 1.029

tandard deviation = 0.063
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Table 12.7

Significance Tests on Differences of Variance and Mean

Temperature Increment Ratio Between Suspension Sample

Groups Divided on the Basis of Volune Fraction Solid.

Semple Group Volume Fraction Solid

(1) 0.0 - 0.015 (2) 0.015 - 0.03 (3) 0.03 - 0.06

(4) 0.06 - 0.08 (5) 0.08-0.12 (6) 0.11 - 0.19

a) Significance of Difference Variance

Sample Degrees of Freedom Variance Ratio - Significance

Groups I YN F

aL Za

1/2 6 7 2.013 not significant

1/3 % 7 13 not significant

1/4 7 7 1.0297 not significent

475 5 i, 4.4784 not significant

1/6 3 7 6.823 not significant

2/3 6 7 1.548 not significant

2/h 6 a 2.073 not significant

2/5 5 6 2.22h not significant

2/6 3 6 3.389 not significant

3/l 7 Ze 1.339 not significant

3/5 5 4 3.443 not significant

3/6 3 " 5 .2h6 not significant

4/5 2, 7 4.611 not significant

4/6 3 7 7.026 not significant

5/6 3 5 152k not significant



Table 12.7 cont.
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b. Significance of Difference in Mean Temperature Increment Ratio

Sample Degree of Estimate of Bopen Student Significance
Groups Freedom Standard Deviation sae

1/2 13 0.05 0.0481 not significant

1/3 a 0.04 1.3293 not significant

L/h ly 0.042 1.1614 not significant

1/5 12 0.065 1.4438 not significant

1/6 10 0.069 1.9879 not significant

2/3 13 0.053 1.125 not significant

2/k 13 0.05 0.9731 not significant

2/5 un 0.073 1.2699 not significant

2/6 9 0.079 1.7184 | not significant

3/h 1h 0.0K4 0.2561 not significant

3/5 12 0.067 0.5799 not significant

3/6 10 0.071 1.239 not significant

1/5 12 0.064 0.764 not significant

4/6 10 0.068 1.4253 not significant

5/6 8 0.096 0.5338 not significant
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Table 12.8

Comparison of Experimentsl and Predicted Temperature

Increment Retio on the Basis of Reynolds Number

a) Reynolds Number between 1.0.10 and 5.0.10%

Mean Error = 2.74%, Error Bias = -2.51%

Standard deviation of error = 2.75 &

Mean temperature increment ratio = 0.975

Standard deviation = 0,029

b) Reynolds Number between 5.0.10* and 7.0.104

Mean Error = 5.66%, Error bias = 5.1 &

Standard deviation of error = 4.45 &

Mean Temperature increment ratio = 1.051

Standard deviation 0.051

c) Reynolds Nunber between 7.0.104 and 9.0.10+

Mean Error = 5.17 %, Error bies = 2.95%

Standard deviation of error = 4.29 @

Mean temperature increment ratio = 1.03

Standard deviation = 0.06

d) Reynolds Nunber between 9.0.10" and 1.1.10°

Mean Error = 6.65 4%, Error biss = 5.42 %

Standard deviation of error = 4.43 %

Mean temperature increment ratio = 1.054

Standard devistion = 0.059
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Table 12.8 cont.

e) Reynolds Number between 1.1.10 and 1.3.10?

Mean Error = 5.83 %, Error bies = 4.7 &

Standard deviation of error = 3,386

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 deviation of error = 3.38%

Mean tempersture increment ratio = 1.007

Standard deviation = 0.061

g) Oversl1

Mean Error = 5.39 %, Error Biss = 3.436

Standard deviation of error = 4.18%

Mean temperature increment ratio = 1.034

Standard deviation = 0.059



=230>

Table 12.9

Significance Tests on Differences of Variance and Mean

Temperature Increment Ratio Between Sample Groups

Divided on the Besis of Reynolds Number

Semple Group Reynolds Number

(2) 1.5.10% - 5.0.10" (2) 5.0.10" - 7.0.10" (3) 7.0.20% - 9.0.10%

(i) <9..0n10 = ay) 10° (5) 10? — 2,3:107 4 (6) 1.3.10? = 16.107

ae Significance of Difference in Variance

Semple Degrees of Freedom Variance Ratio Significance
Groups Ny Ny F

1/2 lh 6 2.764 not significant

1/3 5 6 4.348 not significant

1/h 10 6 3.788 not significant

1/5 6 6 2.712 not significant

1/6 3 6 4.904 probably significant

a3 5 1h 1,573 not significant

2/k, 10 14 1.372 not significant

2/5 1s 6 1.019 not significant

2/6 3 1, 1.774 not significant

3/. 5 10 1.148 not significant

3/5 5 6 1.603 not significant

3/6 3 5 1.128 not significant

4/5 10 6 1.397 not significant

4/6 3 10 oak not significant

5/6 3 6 1.809 not significant



Table 12.9 cont.

S516

b. Significance of Difference in Mean Temperature Increment Ratio

Sample Degree of Estimate of Pop!” Student Significance
Groups Freedom Standard Deviation ao

1/2 20 0.047 Bs5e1 highly significant

1/3 aa. 0.05 1.961 not significant

1k 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/h 2k 0.057 0.142 not significant

2/5 20 0.053 0.164 not significant

2/6 by 0.056 1.403 not significant

3/h 15 0.063 0.768 not significant

3/5 an 0.059 0.534. not significant

3/6 8 0.068 052k not significant

4/5 16 0.058 0.254 not significant

4/6 13 0.064 ery not significant

5/6 9 0.059 1.096 not significant



Table 12.10

aoe

Comparison between Single and Two-Component Fluids.

1. Energy Transfer

Test Solid g fe Equal Volume Equal Reynolds Equal Mass
No. Material oe Flow Rate Number Flow Rate

27 Copper Tle 1.02 1.34 0.67

36 Glass 9.64 0.97 1.24 0.82

4a Glass 2262 0.92 1.41 0.64

55 Graphite 13.9 0.93 1.42 0.82

59) Graphite 18.78 0.92 1.53 0.77

2. Pressure Drop

27 Copper 7.12 1.41 2.70 0.74

36 Glass 9.64 Beeeo 1.94 0.91

AL Glass 22.2 1.51 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 alone.
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Appendix I: Anslysis of Hest Transfer Results.

ae Definition of Terms,

Let:

Ty = bulk temperature at inlet to heater

T = bulk temperature at outlet from heater

E = error th prediction as fraction of temperature increment

R= mean temperature increment ratio.

» and where subscript:

p denotes predicted value

e denotes experimental value

then:

; : 7 FeT; P T; x

Vee al

Ty
¢

R = kK a

T; P

I: - 7,

T; ;

1 ae

Variance of error = ra Dte-€)

hence 2 =
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Varience of mean temperature increment ratio

a2

Vib= Rape

b. Significance 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 fron different sources is

significant of » real difference between the parent sources. The best

estimate of the population variance is obtained from » pooled estimate

on the null hypothesis that the two samples are drawn from populations

identical as to mean and variance.

a2 1

ees wen engea.| iNet Dada,2

ny nz pre number of observations in the sample.

The best estimate of the standard error for the difference of the

means of two semples of this size is:

O-5

aatet |
—_—_t —

nn, 0 n, nsQa '

Dp! ' yp!
Nn
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where the number of degrees of freedom is nj + ny. Be

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 sample variance:

A logical precursor to 't' test which determines if the sample

variances are sufficiently alike to warrant assuming that they are

independent estimates of the same population variance is given by the

'F! test.

The variance ratio 'F' is defined as:

ie greater estimate of variance of the population

lesser estimate of variance of the population

The estimates are the best estimates srrived at by applying Bessel's

correction to the sample variances:

The degrees of freedom are (ny -1) ond (ny - 1), with the significance

being determined fron variance ratio tables,

iii) Confidence levels for meen values:

If the values for the population, of meen and standard deviation, are

unknown the sample mean, m, provides an estimate of populstion mean and

the semple standsrd deviation, s, provides an estimate of the population

variance.
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The magnitude of s/f NM provides a measure of uncertainty in the

value of m 48 an estimate of the population velue. This uncertainty

can most simply be expressed by means of a confidence interval:

PLm-ti(p)siM<L<me tlp)s//M] = (100-p) %/o

This expression states that, with a confidence expressed as a probability

of (100 - p) per cent, the unknown mean value lies within the given

interval.

c. Comparison of Energy Transfer Rates.

1. Suspension and pure fluid having the same volume flow rate:

ss G) P fet |-lw “*e ifet Abmes ilar tals - ke

e. Pp, Cp, AT,

2. Suspension and-fluid having the same Reynolds number?

G. Cp, Ne
—— = (l+ 5.50))}w -1f+t }-——
e. Cp, Ate

3. Suspension and fluid having the same mass flow rate:

e, - ie Cc Py A ite

é. Cp AT
c ¢
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Appendix II

Computer Program 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 approximation 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 enable anyone desiring to do so to follow the program

listings or without any need for study of the programs to utilise then

as they stand. :

The programming language used is FORTRAN IV and the computer used

was an I.C.L. 1905; some features of 1.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 CELL MODEL

Program name MESH, subroutine name SYLV

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 16,000

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 cards required are:-

Ast and (n + 2) card contain the values of KI, TP

where KI is an integer control value

if KI>0 program execution continues

KI <0 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+ Ba ecard

V is the volume fraction solid of the system under

consideration.

c) Program Output

Line printer output gives values of TP, TS, V, QIN, QPUT under

relevant headings

where TP is component conductivity ratio

TS is normalised suspension conductivity
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V is volume fraction solid for the system

QIN is the heat flux input to the model

QQUT is the heat flux output fran the model.

a) Parameters Defined in DATA Statement.

TL +: will be equal to unity if TP is the component conductivity

ratio. If absolute 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. i

The division of the unit cell model into a grid network is

permanently fixed to givea5x5x 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 S¢LV 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 segnent 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 equation (3.29).
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2. RANDOM PLACEMENT MODEL.

Program name RACZ

Subroutine names SETX, TNC, S@LVE

Function name FFMCRV

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 I.C.L. 1905 computer with the given nodal division.

The random number generator is provided by the function segnent

FPMCRV 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 congruential method

for pseudo-random nuaber generation.

b) Program Input,

Data input to the program is on cards using a free format.

The cards required are:

Ast and (n+ 2) card contain the values of MC, KS

where MC if positive is an integer giving the number of nodes per

co-ordinate direction.

if zero - program execution ceases

KS - real; velue of the component conductivity ratio for the

system under consideration.

n cards each containing one value of M, VF

where M is an integer control value

if M is non-zero, program execution continues
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y th
if M=0O 3; control returns to input of (n+ 2 card

VF is the system volume fraction solid

c) 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, OY are given

where KS : is a real and is the velue of the component conductivity

ratio

KCUBE +: a real, normalised conductivity of the basic unit

CV@L is the basic unit volume fraction solid

IT is the nunber of iterations performed in reaching a solution.

QI, QY are the heat fluxes across the model boundary surfaces,

ii) Details of the suspension conductivity; values of KS, KSUS, VF,

SVF, IT, QI, Q@ are given

where KS is the component conductivity ratio

KSUS is the normalised suspension conductivity

VF is the system Rorae fraction solid specified

SVF is the system volume fraction actuslly assigned

IT is the number of iterations performed in reaching a solution

QI, Q are the heat fluxes across the model boundary surfaces.

ad) Paremeters Defined in Data Statements

In the master segnent:

TIN, TUT : model boundary temperstures; may be chosen arbitrs-rily

to give a temperature gradient across the model

KL : real velue equal to unity if conductivities are in

normalised form; if actual conductivities are used

KL is the continuous phase value.
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In subroutine SZLVE

ACF : iteration relaxation 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

increase in core storage, run time and a re-definition of the dimension

statements contained 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 oi cell and for the case of the suspension system

by assigning basic units within the field of the continuous phase

according to a randon 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 initislly to

the continuous phase value.

Subroutine TNC assigns an initial temperature to each node based upon

a linear tempersture 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

simultaneous equations involves the use of an indirect method; a

Gauss-Siedal iterative scheme with Liebmann extrapolation being

utilised. The iteration process scans the nodal field sequentially

end 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 estimates of temperature

at each node sgree within a specified smount. Equations (3.27) and

(3.28) are used to give the heat fluxes and equation (3.29) gives the

effective thermal conductivity.
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UNIT CELL MODEL PROGRAM

(a) MASTER SEGMENT

anaaas
e220

20

ona

MASTER MESH

ke

PROGPAM COR DETERMINING EFFECTIVE THERMA! CONDUCTIVITY OF

TWOMCOMPONENT MIXTURES WHICH CONTAIN SPHERICAL PARTICLES

USING UNTT CELL METHOD DETAILED IN RESEARCH MEMORANDUM MLegD

THE CUTY UNIVERSITY + LONDON

wee

DIMENSTON €¢75¢76)

whee

TCe TF APE ARRITRARY ROUNDARY TEMPERATURES

whe

DATA FLeTCe TEL AS420+10+0°0+0-002/
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nh ee
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YECKEY, V9 9 1949

49 WRITE C2630)

meu

VTS SYSTEM VOLUME FRACTION SOLID

eet ee

495 READ(1479) MTV

UFCM1 >) "950457. 16

16 DO 100 Ma1,75

PO 104 Kat,75

C(OM,N) 30,0

104 CONTINUE

400 CONTY UF

wth kee

NETESMIAR SYSTEM DIMENSIONS

whee
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UNIT CELL MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]
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NODAL TEMPERATULES

ASSIGN COERFTICIENTS OF ¢
nett him

COS 614) CEAB EAB 1004 G 049) C046 13) 064 23) 06150 413) CO45 15) CON
15099) 6 C64 B eG) 6C61BG2) CC 20079 FCC 2V 7) 6 C6160 1R) CO $3 142) OO3Z G26
26 BA O7Y LOO RH DBP) ACOH G7) OOO AP 34) CORT AGR) O42 4 33) 0 OOKI0 B58) OOGD
BrB9V COAT AAG 00635462) COUT s BH) 606 O22 37) 60062167) 10663159) 106631 33
46S

62,979,669 ,42),0(6,8) 005,99 669611) 6010516926011, 3) 60012,6) 0062
17,32) ,C(34, 32) ,6032,27) (38,39) ,C 628,63) ,C(3B, 43) ,C(52,57) ,0¢53,5

Ore h(O1 ,56¥,0061,52) C32, 31) eer

O64, 36,6 62,41), 0 (3,23) 03,47), C (4,28) ,6 (5,29) 0 (6,35) ,C (6,15) ,0¢
116,22) C17, 10) ,C 27,36) C28 11) ,C (28,31) ,C 29,16) (34,28) C35,
222) 6086 ,27) .C636,3) C641, 4) ,C647,19) ,C¢52,61) ,C(53, 53) 057,52) ,C
3(56,56) 22D

COV, 16) 062,11) ,C(2,21) ,C¢6,6),0¢5,3),0¢5,5),0¢31,52) ,C¢52,31),C¢5
413,27) ,0 (27,56) ,007,16),6(8, 4) 8ngh2

C1,6), 04,2), 0 (20,31), 620,41), (21,3) ,0(21, 27) ,0 (27,6) ,C (31,2) Em
108

€¢€3,29),0(6,5),067,22) 008,19) ,C (26,27) ,0626,31) C027, 26) ,0(31, 26)

46€651,579,6051,56),00652,519,0(653,51) sear
C7, 46), 068,30) ,0630,24) ,0(456,5) ==D/2,0

OBL 1Z) 60069) FOF 417) COV0012) -CO10 422) 0044,9) 0612,8) .0042,90),
10(32,57) ,CC41,327. een

OCD, 1394069, 357) 0010,18),06107 462) CK 49, 33) ,00911,139.,C012, 54), 0C1es
116) ,00493,92),0€13,8) .0614,179,0(37,52),06915,9),C032, 33) ,0(35,12) 06
2€36,17) .00637,8) ,0(662,9),6(61,58) ,C (62,57) ,C(63,57) ,0(32,37),0(61,6
32) CORB, 32.282, 04D

0697) ,0019,7) ,C(18,8) ,CC1B8, 32),0(18,12)),C(32,7)mn2, OWS

©OV3 4 3B) C616 443) 60615439) C633, 8B) 0634443) 0037438) CO 3B, 37) OCS

19.6 33006035418) F042 39) oF K2,63) 06603165) we 2. DA
CO9G 6 2G) E170 2M) 60094942) 4064916) OCA 4) 062461) 2 CC5R 155) CO2R AY

VV OOOPR GAG) 6 OO29 66) 60029 3K) 0629146) OOS 672) 1 003K 129) 003K, 53) CC
2044 2K) FOOT 30) C044 SK) OO CA7 HBO) 60056436) 0054 166) C055 4) 0 O55
3161) OOS5 671) C657 6S54) COST 2B) C693 453) 0058429) 0 C300 44) 90046, 29
4)460659,64)+0660,54)=-S2

€€96,48),0617,60),0(°35,42) ,C(47, 40) =—DA

€0419,26),C€26,1) e908/2.0

026654) COST PH ERSAG
© OQB 67) L629 bP) 06633 436) 06634041) O36 633) 003728) OC O44 1 54) CCG

12629) OC 86 682) 6 C055 1H7) oC O87 658) C658 659) 0642161) OAS, SZIEMAS

C€30,47) 66635464) 0046, 35) ,0(59,72),C (40,40) 6647, 30) RHA g2

£630,714) ,C646,55) C659, 46) C60, 30) Each

624,25) ,0(56,47),0667,35) 6623423) C623, 25) ,6626,15),6625,26) Ck2
15,20) zeTles2

C622 ,44) ,C (44,19) ,C666,68),0 (65,64) ,C(45,467) , C169, 59) eedAKe? 0

© O23 449) 0626445) EOS 6 24) 0069 620) 16 (56.73) 060765) 0170679) C7

11,60) zee ak

C€25,80),C650,25) "Aas? 0

€€39,429,C¢39,98) ,0643,16) 0645, 349,C (66,62) ,C(66,58) tetl e2, OeDA

CO39 44) C039 64) CCAS 64) C643, 64) CC OK 43) 1 C(GK,39) CKO 64) O16

16,68), 048,43) 40 (68,63), 0 (69,63) .C (69,39) ame, OHAK

© (39, BY, 0639445) C643, 38) C643, 40) 20 (66,38) .C640,43) pC (48, 389) Be TL

TR
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UNIT CELL MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

aao

0640,47) ,C640,22) ,0(48,15) 6648, 35) ERTL EDA
€(40,49),0 (60,73) ,6645,4%) ,0 648,65) (48,48) ,06469,40) -0C(670,48) 0 (7

11,40) =—ehK

CCBO4G,45) 0 664,69) C044, 49) COS, 46) C649 ,44) ,C(68,69) C649 ,69),CO6

19,65) ,C(68,73)600670,68) 06671, 64) ee TPHA

0645750) COGS 674) COAG 679) C649 650) CO70 17H) A CO71 670) pe CO50 149) O05

10,45) amt pea2

COSO, 75) aT PEAS

COS56,71) C6755) Bert eAS2

€(64,66) COS, 54) 56 ASaT

O22, 1B) C2229) C022, 44) C622 424) 06 23,49) 026619) C6442) COO

14,62) ,C(A4,72),° (65,58) ,C (65,60) ,0(65, 34) ,C (67,59) ,C (56,67) euTL¥§

0(622,49) ,C(66,67),C(65, 59) 3TH (4, OFSHAS) 42 UHAAK

COV AAD OCG 8) 6 0 027,31) 106816 27d ES. UKASHSHSAD

COB, 2279, 0CK A A0ESAH2, OeDFA

CO7, 249), CCB, 5) BE, OwAG HSA PENS 2, 0

O09, 12) =P, OH (ADS) 44, DeN4SA

CONDE AAI COVA LDIV AC CAVA S7IE2CO*CAFSAI 44. O#D

CCA1,-89 20052-3532) 52, Ne (CAFSHDD4SA

CO136493),-COSBe 37960037, 33052. GH CAHSHDI EAS

C16, 18) ,0(15,14),0634,42),0 642,34) ,0(62,62) ,C(63, 58) 82, NHAg3, Ouse

VAS

72, 1AY 00576) 60 052,56) , 0653, 52) 23, VHA2HNESA

© (25,24) 6 (24,20) ,0656,72) ,C (67, 60)=Th aw (2, 0¥SFAS2) HAAK

CO25 +25) aTL* OSH 684) +AAK/2,0

C(3B9 43) COOK 6 IIBTLHEC2. OEAtL. DHDAIHA, OAK

CCA0,4B) COORAOYETI#C2, O#DAFAI42, OHAK

COAS, S9VETL AEG, MaDAt2 DuAEs DH AK

0 (69,665 ,C OAK, 46), 0 (68, 68) aT PHS, HAG, Oe Ake? Ne AAK

COGS 649) COD 645) ECPI ETE) COTTA ESV ETP HZ. WAG AK GE AAK

C(50,50) 25.04 TPHAGHAAK/2 0

0672468) CO72,709 C072, 44) C07 2064) COP 2, 7H) OTH 69) COT 3 BID EMT,
10

C(78, 50) 280,25

0¢74,75),6076,659,0 074,45) ,C¢73,73),C(73, 75) ,.CC73,69) 800.5

0146523) ,0617598) 0635 ,47) CE47, 35VE5, OHS 2HAS2HA

CC1B 723.0546. 0408

620,69 ,.°621,2)22,04¢S54nS)

CO26, PFO) tA4DS/ 2. N4SAG

C028, 36) CC 3b e28) BASH2 Dales

£630 ,66),C64A, 30323, DeS4445240/2.0

(38, 3BYz6. 14DA+3,04A

06614629) 0620444) 0056 ,64) C057, 539=3, 02S 2HAS 4D

C(8§1,51)sAeSs2

0055646) COSRAS4) 2. N*SHAS

€(59474)9 +6660,535)S54AS2

C072 ,69)26,0

CO7S674) CO 4,70) 23.0

0075,76),C675,79)=90,5

COWS, 7 oes o

CU1S 19 ES, OHSbENG/2,0
cbetenen

ASSIGN COEFFICIENTS OF 8 THEY FORM LAST COLUMN OF C

ntvetie

COVA FAY 6 O02 676) CO $ 67H) OCG 76) COS 76) OCGA TOV ETE HAZ
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IT CELL MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

oaao

aoo

200

4

CO7 A TAY OC OBe FOV ZTE RAL

OOF, 76), 0610,76) 0041,76) COLD TO) EARTE

(95,76) COVA 7H) COWS TOD ZTERAS

CO16 176) CONT PAYETE HAS?

COWB 6 7H) ETERS

CONG 7G) AT ERSS

CO20,76) +0624 47H) ETEXS2

C22, 76) STEXTLEAS

CO23,76) ,CC24,7AYETE RTL EAS?

COPD, 7AVATEXTLESSS

DO 200 1226750

C(L+76) 20.0

C081, 767TCHSAG

CO52,76) -COSSe7OVBTCHSAD

C(84,76),6655,746) ,C657,74) ,C(58,76)=TCHs2

£(59 ,76) , C660, 74)27C ash
(61, 76)2TCHSA

C(62,76) CEOS, 7HO)ETCHS

064,76), CCAS, 76)2T CHT Les

(66,76) aTGeTLwa

CO86476) CCAP 7AIATOHTL eS?

C6638 76) CCAD A7AIETOCHTPHA

CC7H,7H) COP PAYETC HTP HA?

(72,76) 216

0073476) CO74,76)ETCHO.S

C7576) 8TC#0,25

written

COEFFICIENT ASSIGNMENT COMPLETE

SOLVE USING GAUSSIAN ELIMINATION WITH PIVOTAL CONDENSATION
mhetten

JE7A

T2755

CALL SOLYC(C,T yd)
whaeete

DETERMINE HEAT FLUX INPUT aNn OUTPUT

wheter

OINEOCETCHE (51076) #SHS4HC2.NETCMCCS2e FEVRC (5H r TKI VESHS IHC TO MCCS 7e

VPA HS HSH OH OHT EMO OS 3 ,7HIMC (EA TEI HC(ED, 7H) HC(B1 POI MC CAB TSIM IF2

2rTAIIHATS24C2.O8 TOO C55 769-0071 0 76) HARSH CS. OFTC HL SR, 7AM CO59 07

BAVC CAD FOIRC CET 6 7H) VHAESH CEC HC (A376) HAHA HTLEC( ES ONTOMO CAG TA)@

GO OHS © TAY CO C6O A TAV) RAHA CLORTOMC LOS POIRF OP ZOHO O73 re 76IRC EPA TAD

Se AHAZHCTOCHO(75+76) HAPALIFTODIA

OOUTE COOOL PEIMTEVESHSAH(C OL 7EIFC (C3 7HIFEC CAN TOVFL CAG PAIEC 46176

VVECC22 6 FHI MH OHTE) HS HASH CO (13, 70) FO (VG, TEVFC O18 7OVHE (19, 76994, O4T

QEVeAHRASCOEAS, FEVFCOC2D, PAVEL (PS TAIEE( 24, 76) Hh, OTF IGAWAPECO OS, 7604

BNE21 FARA. OHTE) SHALE CO (Be THE FE CF re POV AC OVA FOVHOC (AZ 7H) MK. ETE HA
Ge St OC C7 FOIATEV*SHSH (002. 7HIAC (He THEIR 2, OHTEMESHSPAH(C (25, PAIR TE) HAM

SALY*TISS

QOMEANS(COTN#OQOUT)/2.0

TSROMEANIC(2] S#Att. SS) eC TLHTE))

WRITE C2, 60TP»TS,V,9IN, QOUT

60 19 195

STOP

END
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UNIT CELL MODEL PROGRAM

(b) SUBROUTINE SOLV

Q000

ano

aQa00

eQa0

QoO00

SUBROUTINE SOLVCA,N,M)

DIMENSTON ACN,M)

othe tee

TO SOLVE AXaRie MaN+4 THE FIRST N QHWS AND COLUMNS OF A CONTAIN

THE FLEMENTS OF THE INPUT MATRIX A, THE REMAINING COLUMNS CONTAIN B
wthitin

NMG aNwq

MM1eMe 4

whee eee

FIND PIVOTS

mkt hie

pO 41 T#41,.NM1
FLMAX=0.0

pO 2 Jel,N

TESTZABSCACI,1))

JFCELMAX.GE,TEST) GO TO 2

ILad

FLMAX=TEST

2 CONTINUE

eee

TL 18 PIVOT ROW NUMBER

INTERCHANGE 2OWS T AND TL

weet tie

00 3 JsteM

WeACTLs J)

ACTL» J)FACT ed)

3 ACI. 4)

wkhttenm

NO THF ELIMINATION

wthttie

IPQats4

NO 1 JsIPILN

TECARSCACT,I)).LT.4F "20260 TO 6

FACSACI,TI/ACI SI)

bO 1 Tdetem

TV ACSATAY SACI, TID RPACHACT, TS)

wketeeen

GAUSS ELIMINATION COMPLETE

BACK SUBSTITUTION

wkthete

DO 4 1s1,N

FAQZACT,1)

00 & setae

GACY, J FACT JV/EAC

nO 5 K=t,NM4

KK aNeK

Kt akKed

nO 5 t21,KK

FACZACT, KV)

NO S Jartem

S ACT JV SA CT JY SFACHACKISI)

PRTUDH

6 WRITEC2,7)

7 FORMATCIOX1SHMATRIX TS STNGULAR)

STOP

RETURN

END
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RANDOM PLACEMENT MODEL PROGRAM

(a) MASTER SEGMENT

MASTER RACO

C hee

c PROGRAM FOR DETERMINING THE EFFECTIVE THERMAL CONDUCTIVITY OF
Cc TWOMCOMPONENT MIXTURES WHICH CONTAIN SPHERICAL PARTICLES USING
¢ THE RANSOM PLACEMENT MOnEL DETATLED IN RESEARCH MEMORANDUM MIw G2

c THE CYTY UNIVERSITY, LONDON

Cc whtttee
REAL ¥S,KL,KCURF,KSUS

COMMON 1610410610) 60(10+10010) NC (19810)
¢ weet ee

¢ TIN+ TOUT ARE ARRITRARY BOUNDARY TEMPERATURES
¢ ee ke

DATA TIN, TOUTAKL/40,0+00081-0/

220 FORMATCTQ+2FO.0)
230 FORMATCGHQs 30H THERMAL CONDUCTIVITY RaTIOS,7X45HVOLUME FRACTION,

TOX4SHVOLUME FRACTIONS GX4GHTTERATIONS p 4XONHEAT FLUX. AXQOHHEAT ELUX/4

2X12HSOL ENA LIQUI ns 4X4 PHSUSPENSTON/LIQUIN, 4X4 5HSOLID SPECTETED 1 6X4 2H

BSOLID ACTUAL + 23X2HTN + 40K SHOUT)

260 FORMATOCAH FEAT Chr OXE12 0G OXEGT SH PXEVT BHA QKTAe ELS eG EI 4G)
250 FORMAT (4UQ+ 30H THERMAL CONDUCTIVITY RATIOS.7X45HVOLUME FRACTION?

TAX QHITEGATIONS s4XQHHEAT FLUX ¢ GXOHHEAT FLUX/4¥4 2HSOLID/LIOUIN (4X47

ZHSUSPENSTON/LIQI TD OXSHSOLTD.27X2HIN GT OX SHOUT)

260 FORMATCIH ,F19,6,94F12,46,6yF11,35,12x16, 513,46, 711, 4)

270 FORMAT (1H4, 39X4PHDETAILS OF BASIC CUBE THERMAL CONDUCTIVITY)
280 FORMAT CAWQ + 39X4 HOREDICTED SUSPENSTON THERMAL CONDUCTIVITY)

wee twee

MC TS BASIC UNTT NODAL DIVISTON

KS IS COMPONENT CONDUCTIVITY RATIO

wthttie

14 PEANC4 +220) MCsKS

TE(MG.EO.0) CALL EXIT

Id80

wtethin

aeew STEED Ff whee

DETERMINE THERMAL CONDUCTIVITY OF BASIC UNIT

wth tee

CALL SETKOMC-KL)

MC1EMC=1

WEOLS/CELOATOMC1)=0.5)99, 0005

sOL=0_.0

XE0.0

DO 43 T21-MC4

Yeo.o

00 G4 J=teMC1

220.0

DO 48 K=4eMC4

REMEX4EVEVEZHZ

TECR.GT.9.25) GO TO 47

COND KY SKS

ZNB1,0

TECT,FQ.T.ORTEQ.MC) ZN=Z2NO9,S

TECI,FQO,49,OR.S,FQLMC) 2N=2N40,5

TECK, FO.1,0R, KL EQ.MC) 2NZ7NHO,5

SOL=SOL+2N

47? 7=2eN

45 CONTINUE

eann

aa00
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RANDOM PLACEMENT MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

veyveu

44 CONTINUE

XEM eu

43 CONTINUE

CVOL ESOL /CFELOAT (MCT MCT MCI) )

CALL TNC CMO, TIN, TOUT)

CALL SOLVECMO, TIN, TOUTS TTe KCUBF/QI,80)
URITE(2,270)

WRITEC2,250)

WRITE(2+260) KS«KCURErCVOLs1T+Q12Q0
WRITE( 2,280)

VRITE( 2,230)

eke

¥* STEP 4 COMPLETED #*

oe eee

¥ed.4
eek ee

M 1S SYSTEM NODAL pIVISTON

VF 1S SYSTEM VOLUME FRACTION SOLID
eke kaw

12 PFADC1+¢220) MeVE

IF(M,EQ@.9) GO To 11

MY RMay

dat sed

XNSFLOATOM)

CALL SETKOM,EL)

TECJI-EG.1) CALL TNE CM, TIN, TOUT)

SVFz0.0

SVOLECVOL/CFLOAT (M4 4M14M4))

wreteer

tee STEED 2 eeee

PLACEMENT OF BASIC UNTT IN FIELD USING RANDOM NUMBER GENERATOR
wteetin

00 35 INe1,5000

TEFPMCRV (XK) #XN

TECT, EQ.0)1=M

HERPMERVOX)EXN

TFCJLEQ.0) Jam

KEFPMCRYV OX) *XN

TECK FQ.0) Kem

TFCARS (O(L ede K)@KCURE).LT.1.NET10) GO TN 25

COV, Ie K) aKCURE

7NR1L0

TECTL.EQ.9.0R.1T,FQ.M) 2NS2NHO S

TECULFO.4 OR. J.EQ.M) 2NE7NOLS

TECK FQ.Y,OR.K.FQ.M) Z2NZ2NWO.S

SVE=SVE*+SVOL*ZN

TECABSCSVEMVE.@SVOL#O.5.17.1.087"10) GO TO 40

35 CONTINUE
wteteee

** STEP 2 COMPLETED ww

SOLVE FOR THERMAL CONDUCTIVITY

2 wheteen

40 CALL SOLVECM, TIN, TOUT, TT» KSUS,Q3,Q0)

WRITEC2].240) KS+KSUS/VESSVECIT+(Q1,Q0

60 TO 12

END

R20

mono

ePaa0

paaA
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RANDOM PLACEMENT MODEL PROGRAM

(b) SUBROUTINE SETK

ean

10

20

SUBROUTINE SETK(N,KL)

ee

THIS SUBROUTINE SETS THF CONDUCTIVITY OF THE WHOLE FIELD INTTIALLY

TO THE YALUE OF THE CONTINUONS PHASE

nike

PEAL ¥L

COMMON T¢10010010) 66610010410) NC C10610)

00 20 TateN

00.15 Keen

NO 40 JsteNn

COT KI eKL

CONTINUE

CONTINUE

CONTINUE

RETURN

FND

(c) SUBROUTINE TNC

eano
a0

nao

65

55

40

es

70

SURROUTINE TNCON, TIN, TOUT)
nee ween

THIS SURROUTINE SETS THE INITIAL TEMPERATURE FIELD AND

ASSIGNS NODAL CODES

wtb

COMMON 16107470210) ,0619,10,10) -NC(10,10)

Niane4

eorbten

SEY INITIAL TEMPERATURE FIELD

eek tte

TEMPSI0,9

DT RC TIN@TOUTY/FLOATONG)

00 40 K=10N

bO 55 JataNn

D0 65 T=4,N

TCLs de K) STEMD

CONTINUE

CONTTNUSE

TEMPETEMD@DT

CONTINUE

orekee

SET NODAL CONES

mabeete

NO(4,4951

NOON, 1923

NCON.ND 25

NCC1,N) 27

pO 70 Te2sN4

NCCT 2122

NCQN, JY) 34

NCCT NI=B

NC(1,1) 28

PO 75 J=?,N1

NCCI, 10 =9

CONTINUE

CONTINUE

RETURN

END
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RANDOM PLACEMENT MODEL PROGRAM

(d) SUBROUTINE SOLVE

SUBROUTINE SOLVECN+TING TOUT? TT + KSUSN¢QT,Q0)
ahah

THIS SUBROUTINE SOLVES FOR THE TEMPERATURE DISTRIBUTION AND

DETERMINES THE HEAT FLUX AND MEAN THERMAL CONDUCTIVITY OF THRE FIELD

whet tie

REAL KSUSN

COMMON 1610610010) 60610740,10) »NC(190010)

mkt ee

ACF TS PELAXATION FACTOR

TOL TS CONVERGENCE LEVEL@=MAXIMUM ACCEPTARLE DIFFERENCE pETWEEN

SUCESSIVF ESTIMATES AT EACH NODE

wet te

DATA ACF,.TOL/1,8-0.0047

Ni aNeq4

LleNw Ne (ND)

TTs0

wee hte

SOLUTION BY GAUSS@STFDEL ITERATIVE SCHEME WITH LIERMANN EXTRAPOLATION

week

90 Le0

DO 100 K22,N1

00 105 fst.

pO 110 J24.N

C722, 0eC (Lede KD

CRaC (Ted. KY

TECT, FON) GO TO 4145

CUROTHO CI H4 ede KIS (CROC CTH dK)?

495 TFCL,FQ.4) GO TO 420
CA2RCTHC CTH Se KS CCRC (TR 4,d,K))

120 160), FQ.N) GO TO 125

CBaAC7H CCT ep JH1eKI/CCSHC CT, S41, Kd)

128 IFO, E@.4) GO TN 130

CORC7H#C OTe date KIS CORHC(CT dot KY)

130 C5SaCPHCE Tr De KHVI/(CRHCCL de KO1))

CORC7HC ET ede Ket CCRFC (Td Kad)

IGORNC(I.Jd)

GO 400142130405 16 47.869) ,160

FT TEMPS COT (Tal eS eK HC1 aT OL dad KY *OS) 2.04 TOL ed Kal elSaT (Ted Kel) #0

MOYICCO14O3) 2 .0465406)

60 TO 135

2 TEMP SCT CTH Te KIECT OTC Late de KI ECZFT (De date KHC3H 2. OFT CL ede Kad eCSe
BICT de Ket) #CAI/ (0440 2403*2. 0405406)

GO TO 4135

BZ TEMPHCET CTL de KVFC2HT (Lr det KI*CS) HST CL I KFT UCSF (Lad Ket ye

COVA COC AFF 39 %2, 0405406)

60 10 135

GB TEMPECT CTF ede KVHC2H2 OFT ET IFT eK HC SET CT dat KIHCheT (CT de Kad eS

OTC de Ke Fe C6 / 60242, 0403404405406)

aaa

aoanna

ooo
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RANDOM PLACEMENT MODEL PROGRAM

(d) SUBROUTINE SOLVE [Cont]

GO TO 135

S TEMPECCVCL eT ed eK HC2HT CT SeT KIHCA HZ. OFTOD ed Kel HOS HT (Ted Katya

EGV/ COCO Q+04)¥2,0405406)

60 TO 135

6 TEMPECT CUFT eA KIHCTET CT mt ed KI HC2HT CL dat KH Che? OFT (TL de Ket aCS+

FTCT ed Kot # CO) /CO1SC240442, 04054066)

GO TO 435

TZ TEMPE COT CTH TS AKIMCTHTOT dm 1 KIMCHI HZ, OFTCL ed KFT uCSHT (Td Kad ec

G6I/ 0001404) 42. 04065406)

60 TO 435

B TEMPE CT CTH ede KV HCV 2 OFT CT det KY HCEST CT ded Ky Chel (TL de Kary ecseé

HT CT ede Kah # COIS CO1H2, OFF 3404405406)

GO TO 135

QD TEMPECT CLEP eS eKIHCT ET CTT ede KIHC2FT OL SH KIHCSFT CT dere KIHCheT (Ted

TP KEV HCSHT CTS Ket HCO / (O14 C 2403404405406)

435 ZHABSCTCY¢ de Kk) = TEMP)

TE(2.GT. TOL) GO TO 140

Lele4

460 TOLD Ky aT CL de KI FACE HCTEMPRT (Ted eK?)

490 CONTINUE

105 CONTINUE

400 CONTINUE

1TxlT+4

TFCLI.NE.L) GO TO 90

eet kt

CALCULATE HEAT FLUX TN K DIRECTION

eWeek e

ars0,0

2020.0

nO 145 T21,N

00 150 Jnl,N

aco

CVECCT oe Fe IVHCCT ede 2dH2,0/ CECT ede OC (Td 2))

DATHeyeCTINe TOL, I+2))

CAR Cpr teNVIFC Cr doh H2,O/ (COL eg eNID FCC eden)

DONEC2A RCT (Lede NV TOUT)

7N21.0

TECLLEQ.1.OR.ILFO.N) ZNeZ7Ne0.5

TECI,FQ.1.,0R. J, FON) ZNS7NOO.5

QUROT+DOT#IN

QO#2QN+DQO¥ZN

150 CONTINUE

445 CONTINUE

QMEANS (OT#Q0)*0,5

KSUSN&QMEAN/ CCTIN@ TOUT) #FLOATONY))

RETUON

END
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Appendix III

Computer Program Documentation for Homogeneous 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 impossible to present a complete

description of sll its features; sufficient information will be given

to enable the program to be utilised as it stands. If it is desired to

change any of the parameters other than 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 progremming language is FORTRAN IV; as it stands the program

is designed for execution on a C.D.C. 6400, 6600 or 7600 computer and.

contains some features of C.D.C. software. However, a version of the

program was adepted for use with an I.C.L. 1905 computer without dif-

ficulty.

Progrem name HIFLY

Subroutines QUTLET, SUMMARY; TROPS, DSFI, DSF2, TIPF, TP¢S,

POLL, LAGR, ENTPY, TEMP, DENS, VISC, CYND, SPEC,

VES

Additional Segnent BLOCK DATA

a) Progrem Run Time Requirements

The program may be contained on about 1350 cards. 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 sbout 500 seconds,

b) Program Input

Data input to the program is on cards, the format being a field

width specification.

Card 1 ~- HEAD: » general heading for the output

Card 2 - THEAD: a» title giving details of the individual run

Cards 3-14 +: 12 cards each containing a value of CHEAD, JC@L

where:- CHEAD : column heading for a parameter in the output

table

JCGL : parsmeter identificetion nuhber from an array of

the choices in the result vector, RV

Card 15 - TD, YPI, XI, CA, XL, XLH

TD : node spacing multiplier

YPI : non-dimensionel distance from the wall to the nearest

grid line

XI: initial axial step length

CA : boundary layer thickness multiplier

XL : length of heated tube

XLH =: length of unheated entry section.

Typical values for the first four variables are

4.0, 0.5, 0.01 and 5.0 respectively

Cerd 16 - TO : fluid bulk entry temperature



Card 17

Card 18

Card 19

Cs “s

Ic (1)

Ic (2)

Ic (3)

Ic (4)

Ic (5)

Ic (6)

WE":

~29h—

a six element control vector

: not in use

controls calculation of transverse

velocity = V x IC (2)

: maximum number of intermediate print outputs;

between O and 50

controls print options

: controls transverse velocity wall boundary

condition; zero gives impermeable wall.

: single component flow (1) or two component flow (2)

Typical values for the first five elements are 0,

1, 25, 2, O respectively.

weight fraction solid; only required if IC (6) = 2.

NIV, NWALL, NVAR, NDIR, RE, QV

NIV :

uh

a

3

NWALL :

NDIR :

specifies form of initial velocity profile

fully developed

uniform profile

tabular input

specifies type of thermal boundsry condition

wall heat flux or isothermal flow where QW = 0.0

wall temperature

specifies form of thermel boundary condition

second order polynomial

tebular input

specifies heating (1) or cooling (2)
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RE : entry Reynolds number

QN : heat flux parameter

Card 20 - QW, QV2, QN3 : coefficients of a polynomial thermal

boundary condition.

Cards specifying tabular velocity or thermal boundary profiles follow

if required. :

c) Parameters Defined in DATA Statements

Various error messages, control parameters, convergence tolerance

factors and headings are specified in DATA Statements. 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 BLYCK DATA segment:

TT : array of temperatures at which liquid phase properties

are specified

TCP, TH, TRS, TC, TMU : tabular liquid properties; respectively

specific heat, enthalpy, density, thermal conductivity and viscosity.

NRZ, NIU, NC, NCP, NT, NVF : specify the degree of polynomial

relationship representing fluid properties

XMUT : array of axial stations for output of data.

In subroutine TPYS:

TS : array of temperatures at which solid phase properties are

specified 5

TSR, TSCP, TSC : tabular solid properties; respectively density,

specific heat and thermal conductivity.
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da) Program Output

Output fron the program is by line printer. At each axial station

Specified a single page of parameters is output. These include non—

dimensional results, dependant veriables with velocity and temperature

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 Pperameters,

e) Solution Procedure.

The solution of the boundary leyer equations, as described in

chapter 9, is performed in the main segment of the program, Additionslly

all the input variables sre read into this segnent, the grid spacing is

determined, the problem specified ond the variebles -initislised before

the iterstive solution procedure is entered. Output variables and property

values sre evolusted in subprograms. The subroutine Q“UTLET transforms the

celculated dependent variables into a form suitable for output; these sre

printed »t any desired point in the solution. In addition 12 selected

integrel quentities ere stored for entry in the finel teble printed on

completion of the program. These are output by subroutine SUMMARY,

Effective transport properties of the fluid ere esleulated in the

subroutine TPROPS using the given mixing length model. Fluid properties

are normalised in subroutine TIPF; for two component flows TPZS produces

effective suspension properties. P¢LY fits a polynomial relationship to

tebular property velues. 4 cubic spline function is fitted to sets of

tabular values by DSF1 whilst DSF2 provides the associated interpolation

routine. Subroutine LAGR conteins = standerd Lagrange interpolation
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routine. The remaining 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

PROGRAM FTFLOCINPUTPOUTPUT, TAPFELSINPUT, TAPE2)

wk kk kk

THIS PROGRAM SOLVES THE BOUNDARY LAYER EQUATIONS FOR ONE AND TWO#

COMPONENT FLOW OF FLUIDS IN CIRCULAR TUBES ASSUM{NG A HOMOGENEQUS

FLOW MODEL FOR THE TWO=COMPONENT CASE

whekkke

REAL MTOL,MATOL,;MBAL,+MBALK, MOBAL pMOBALK» NORM, MDOT

COMMON IC(6)-HEAD(8),RESULT(12,103) -UC100),UI1(130),UP(190),H(100),

AHI (100),HP(106)-S8C109),STC190),RHOVA(120) -RHOUA(100)-E(108)-Z206100)

APRCLBA) PY CIPI /RORC1G9), AREAC1GH) ,-DCM(10G),DCE (190), TAUCIG0)

COMMON /INL/ GWM, QW1,QH2,QN3¢NVAR/NWALL ¢NDIR¢ XLHe Xp

B NIV,/REsPReECe TO, YPL¢N1-pCAX1
COMMON /OUT/ ELI, ENTHeENERGHReHBI,HWeHWNIT, TOUTS ITT ep Joe NePer PI er Qiie QW

11 ,/ RET, Xe XMASS»XMOM,/XMOMI,FSRIsFBRL NG» MDOT/EBAL se MBAL pMOBAL + DPDX,

2XKE+XKEI+F As FAI» FS,FET>FSeFSI

COMMON /IN2/ NQ,XQ(50),QHWALL (82) -D20DX(50)

COMMON /PRINT/ XOUT(SO)

COMMUN /PROPS/ TT(O),THC5),TROC6),TMUC6) + TCP(6) TC (6)

4 eNROeNMU,NCe NCP, NHONT

COMMON /TAB/ JCOLC12)-CHEAD(12)- THEAD(3)/NRV(12)

COMMON /TRANSP/ SL-DELTA,MOCEL,YPL,CAPPA,TMODEL (8)

COMMON /SPLIZ AJ(109),850106),CUC120),030100),FIC1OR)»HI(100),

I1PJCLAA), 07014) ,RIC190)

DIMENSION QTAB(3)-¢MESAGE(3)

1091 FORMAT(BFIH.3)

1002 FORMAT(6I12)

1203 FORMATC(BA19)

1005 FOXMAT(TI2)

1306 FORMAT(412,F12.2,F10.1,F1007eF 10.3)

1013 FORMAT(A19,12)

12243 FORMAT(/15,5(1PE15.7))

1022 FORMATC4(1PE29.12))

2002 FORMATC(LH ,5C1PE20.7))

2083 FORMAT IAA)

2062 FORMATC27H1 ENTHALPY NEGATIVE AT J = ,13)

2063 FORMAT(27H VELOCITY NEGATIVE AT J = 4I3,14H, VELOCITY = 7£12.4)

307 FORMAT(2H ,SHITSe12,410,54, EBH,F8.4,6H, MOBH,FB,6,4H, PS,IPEL264

1 77H, DPDXS,1PE12.4,5H, FRE,IPEL2.6,5H, TRE, LPE12.65/5H, NUS,

2 1PE12,6)

3846 FORMATCIH ,454 ELI LESS THAN OXHMIN, PROBLEM TERMINATED xe%x)

3Q48 FORMATCIHO, 4H Seid, dh, Xee1PEL2,6,5H» DX=,1PE8,2,5H, HTH, 1 FEB e2,

1 5H, UT=,1PE5.2,6H, ALTS,{PE8.2e5H, CA=,JPEB.2,5Hy VBEe

2 1PE12,.6,5H, HBS,1PE1Z.6)

DATA MESACE/1@H PRESSURE ,19H ENERGY R 41H ENERGY A /

c INITIAL VALUES OF PROGRAM PLPAMERERES

DATA WGT,4VGeFRAC,ETOL,XMTOL,XMOTOL+PTOLsITMAXL » ITMAX2, LTHING OXMAX

Le, DXMIN, SHRINK ,GROW/ S75 eb ads Ge Se de COFl pe G8O01 15.81 - 0.0001, 10,20,2

2520800. 2520. 5elel/

JOBSe

MDOT=1.@
ITs@

TRaO.e

XNUFO.@

NBL&L

BLY=0,¢

M2000
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

ean

ano

a2oo

200

nMo0

13

WFRO,G

wkkK kee

INPUT HEADINGS

wkkkkke

READ(1,140@3) HEAD

READ(1,1293) THEAD

DO 14 JBL-12

READ(1,1010) CHEAD(J)-JCOL CJ)

CONTINUE

wk ke

SPECIFY GRID CONSTANTS
ekeeknke

READ(1-1491) TOrYP1,X1-CA,XL»XLH

ake

SPECIFY PROBLEM
wk kkk ke

READ(1,1081) TO

READ(1.1292) (ICCK),K=1,6)

IFC IC(6).EG.2) READC1,1001) wr

READ(1,1096) NIV»NWALL/NVAR,NDIR,REEC,OW

READ(1/1991) QW1,QH2,QW3

NPHEIC(6)

CALL TTPFCNPH, TO, WE sPR)

PINE1,0

TINSE1.¢0

DELTAE4.4

BLE2.@

HINS2.9

GAMEN2ZEC

IFCNIV.E9.2) 6L=1.6

IFC(NIV,EQ.4) BL=2.0
wk kk

INITIALISE FLAGS AND COUNTERS
mek eke

NGSi

InuT=1
LPRES!

Jed

IJJ=3
MOTOL=XMOTOL

MTOLEXATOL

CAZEROSCA
oxen

CALCULATE NUMBER OF TRANSVERSE NODES
aokkk kee

EFFSO.0014+2,125/REx#A,32
ypce *RESSGRT(G5*EFF)

yisuc2)

bY=¥1

CH2,0%*(1,9/T9)

00 S18 Ks3,289
Y2RVi+CKDY

u(K)=SY2
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

aa0

513

512

522

yisy2

DYSCxDY

IFCY2.5T7.$.2) GO TG 512

CONTINUE

NieKk

Nake
wkkk kee

CALCULATE NODE PARAMETERS AND SET ARRAYS

mick tke

UCNI)=1,8

DO 520 J=i,Nni

KENitieJd

YCJ)=UCK)

RCJ)81.d"¥ CJ)

H(J)=4,8

HICJ

HP(J)5 A

S(J)#1,0

SI(J)=1.8

RHOVA(J) 59.2

E(J)=1.4

ZO5)=1.0

CONTINUE

YIRyY(1)

AREA(NI)=0.2

UCNL) 52.6

DN S22 JHi,N

YOROS*CY CI) +¥CIt1))

AREACJISCY1*YO)*(2,4"Y1“yYO)

yr=yo

TAQEAZH2],0e(RCJtL) +R OI))

ELJER (StL) RCI)

RORCJIS2.9*TARSA/ELST

CONTINUE
ekk kkk

SET INITIAL VALUES OF VARIABLES
arkkkke

HB=2.0

HOT=0.9

HWEA.@

HWI=3,2

T8=1,2

RHOB=1,0

RHOBI=1,2

vVB=1.2a

QWI=d.e

QWM=Qh

p=e.a

PI=Sa.9
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

eno

aac

1007

S41

545

553

555

624

MBAL=9.0

MBALK=d.0

MOBALS4,@

MOBALK=9,2

OXMINE, 25*REKY(N) &R2

xX=9,0

ELI=x1

REDX=WGT*ELI/RE

REOX1=(1.4=s4GT) *ELI/RE

GO TO 1449

IFCNVAR.NE.2) GO TO 545
wk kkk ke

WALL BOUNDARY CONDITION SPECIFIED BY CARD INPUT

wk kk ke

READ(1,1285) NG

NO S41 Isi.NG

READCL,1027) XGCI),/QWALL CI)
FORMAT(2F 15.11)

CONTINUE

NSB4

NFsd

CALL DSFLCNG XG, QWALL pD2GDXeNSeNFeATs BU rCIpDU yp Ply For Ode HJ)
QHERB.@

GO TO (658,623,555) NIV
wkkkkke

VELOCITY PROFILES SPECIFIED BY CARD INPUT
wk keke

READ(1-1024) NI-RE,XMOMPFA,FR,ES

READ(1,1@22) CUCJ),JE1,N1)

LPRE=1

GO TO 69¢

LPRE=S3

XKE=0.0

DO 560 J=1,Ni

UIs) euCd)

UPCJ) SUC)

RHOUACJI=ES(U) *UCJ) AREA CI)

XKERXKES+UCS) UCI) *RHOUACS)

CONTINUE

CALL TENPCHOCNL) »PI- TW)

CALL VISC(TW,PI,XMU)

SHEAQE2A*XMURUCND /CREXY(N) )*MDOTH2

SHEARIS AR

XKETEXKE

XMOMT=XMOM

XMASS21.9

FAISFA

FBISFB

FSI=FS

GO TO $409

wkkkkke

UNIFORM INITIAL VELOCITY PROFILE

kkk

LPRE=2

XMOM20,2



~302-

HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

oan

220

620

630

652

655

662

662

664

XKER@,%

YJ=1,@

YI=1.2

YLS0,5x%Y(N)

ULSL.0/6(1,.0—2,. 04144141)

UP(N1)=0,0

UICN1)=0,0

RHQUACNL) 20.0

00 629 Jal,N

UCJ) SUL

UPCJ)sul

UICJ) sul

RHOUA(JIES SID AUCI)AAREA CI)

XMOMEXMOM+U CT) *RHGUA (J)

XKESXKE+UC J) €UCS) *RHQUA CI)

CONTINUE

wk kk ke

ESIMATE F FROM EXTERNAL BOUNDARY LAYER SOLUTION
wkkkkee

FS=O,G59/((FER*D.2)*(X1**3,2))

FRIS0.664/SGRT(O,01%RE#X1)

GO TO 698

FASFS

FAT=FBI

FRSFBI

FSI=SFS

LPRE=3

CALL TEMPCHONL)-PI,TH)

CALL VISC(TWwePI, XML)

SHEARS2.*XMU*UCN) /CREXY(N) ) &MDOTHRQ

SHEARI=SHEAR

XKELEXKE

XMOMISXMON

XMASS51,0

GO TO 14¢3

wkikkee

CALCULATE AN APPROXIMATE FULLY DEVELOPED VELOCITY PROFILE
akkkkiw

IFCRE,GT.RET) GO TO 666

FS=16.9/RE

00 655 J= 1,N1

UCSIEZ.Ox C1. GeR CJ) a#2)

CONTINUE

GO TO 672

FSEH.@014+0,125/RE*%6.32

FSK=FS

K=e

FSS9.25*(1.3/(2.0xALGGIBCRE*SORT(4,0%F SK) ) 90,8) %«2)

TF CABS CCFS*FSK)/FS) eLTe1,0&"4) GO TO 664

K=k+4

FSk=FS

IFCK.LT.12) GO TO €62

DO 665 J=i,N1

UCJIEYCJ) *PE*SORTCA,125*FS)

IFCUCJ).LT.11.6) GO TO 665
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

e000

200

200

665

67%

672

673

694

702

733

UCJ)=5,5+5.75*ALOGIGCUCS))

CONTINUE

XMASS=0,2

XMOMI=0,2

XKE=0,0

XMOMEO,@

DO 672 Ja1,N

XMASSEXMASS#ASREAC J) *S CJ) *UCI)

CONTINUE

DO 673 J=i,Nt

UCJIEUCII/XMASS

RHOUACIIES CI) RUC TS) KAREACI)

XMOMSXMOM+UCS) KRHOUA (J)

XKESXKE+U CJ) UC J) *RHOUA CI)

UPC J)FUCU)

UT(J)FuUCI)

CONTINUE

FARFS

FB=FS
mkkkkke

TRANSPORT PROPERTIES ARE CALCULATED BY TPROPS OR BY

SFECIAL PROGRAMMING INSERTED HERE

woke kkk

CALL TPROFS

GO T0(6555,633,720) ,LPRE

SOLVE ENERGY EGUATION FOR H(Itierd)

IF CX eLTeXxLH OR ABS(X@=XLH) oLT.1,0E918) GO TO 820

TF CABS (GNM) LT. GEMIM.AND.NWALLLEQ.1) GO TO 800

HINSS.25* (HF (2) +HP (CL) tn ICI) 4H1(2))

AICL) S"REOX*ROR(1I*Z61)

AJIBAICL)

BICLISRHOUACLIATCL)

NORM=1.0/83(1)

DJC1)=0CE(1)+2HOVACL) &HIN

QUC1)S0IC1) NORM

PJCL)SNORM*AI(L)

00 732 J=2eN

ASCII S“REDX ROR (J) *Z05)

BIC JISRHQUAC I) SAIC J) #Adl

HOSED. 25* (HPC IHL FHP CII FHI CFL FHI (J))

DUC II =EDCE CT) PRHOVA (J) HHOPRHOVA (JL) *HIN

HIN=HO

akkkkke

TRANSFORM COEFFICIENTS

ekkekkke

NORMSe1,0/8560)

AJINSAJL*NORM

AJLEAI(S)

ALRNEL.O/ CL. DMATINGP IC Je13)

PIC JI SNOQMHALONR ATC)

QUC I) SAL RNA CATINAQICJeLIFENORMADI(CI))

CONTINUE

erkkkke

APPLY WALL BOUNDARY CONDITIONS

akkkeke
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

oen00

200

740

745

746

775

783

82

838

GO TO (740,746) NwALL

DI CNL IE CHB I HB) *RHOVA CN) *HINTDCE (NL)

BUCNLISREDX*RDRON) &Z(N)

HOWL) SCOJCND @DICNID/BICNLD ZC Le GePIOND)
HWEHOCNG)

IF CHONL) .GTe“1.9) GO TO 745

WRITEC2,2862) Ni

GO TO 1532

CALL TEMPCHO(N1),P, TW)

CALL DENS(TW,P,S(N1))
HWSHONL)

DO 783 KeieN

JENtL WK

HOJIBEIC I MHC I41) FON 60)

TF CHCS).GT.92,4931) GO TO 775

WRITE(2,2862) J

GO To 1532

CALL TEMPCHCJ)eP,T1)

CALL DENS(T1IePeS(J))

CONTINUE
kkk

SOLVE THE MONENTUM AND INTEGRAL CONTINUITY EQUATIONS

SIMULTANEOUSLY FOR UCI#1,J) AND P

wk kkk

UINEG.25% (UP (2)+UP (1) +U102)4UT(1))

AJCL) S"REDXAROR(L) AECL)

AJLBAICL)

BUCLISRHOUACL)AATCL)
NORME"1,20/3J(1)

cucd AREAC1)

DICLISDCMCLIFRHOVACL)*UIN

PICL)SNORMRASCL)

QICL)SNORM*DIC1)

RICLISNORMaC ICL)

00 834 Ja2,N

UORB.25x(UPCJFLIFUP CS) FUT CHL 41 (S))

AICI) S*REDX*SOR (J) *E CJ)

BICJISRHOUACII MAIC II AATL

CUCIIS"AREAC I)

OIC IIEDCMC J) +RHOVAC I) &UO@RHOVACI@1) RUIN

YINSUO

ekki

TRANSFORM COEFFICIENTS

ekkwkxe

NORM="1,0/5I(.7)

AJINSA JL *#NOIM

AJiZAICI)

QICIISALRNACA TING DT CJL tNNRM RDI (I))

RICCI) EALRN&CASINAR I (Jel) ¢NORMACI(S))
CONTINUE

wkk eee

SOLVE FOR PRESSURE DEFECT
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

aaa

aQ00

840

852

855

862

8723

898

899

983

991

wkkkike

FJON1)=2,3

FICN)SQJ(N)

HJCNL)=9.9

HJ CN) BRICN)

00 843 K=2,N
JEN@K#)

FICIVEPICI) *FICJH1) +6005)

HI CUISPICI) AHI (StL +R CI)

CONTINUE

SUM1=9,0

SUN2=2,08

DO 854 JEi,N

RHOASS (J) *AREAC I)

SUMIESUMLFRHOARF ICI)

SUM23SUM2+¢RHOAKHI CU)

CONTINUE

P=(MDOT=SUML)/SUM2
mk kK Ke

SOLVE FOR AXIAL VELOCITY

wkikkke

XMASS=2,9

XMOM=9,0

XKC=2.0

ENTHS9,@

00 863 JRI,N

UCJISFUCIIFHI CT) #P

IFCUCJ).5T."0,.9909%1) GO TO 855
WRITE(2,2953) J,UCJ)

GO TO i494

OMASSESCJ)*UCI) *AREACS)

XMAS MASS+DMASS

XMOM OM+RHQUACS) *UCS)

XKESKKE+U CI) UCT) *RHOUAC I)

ENTH THHOMASS*H (J)

ASC JISBMASS@=SITCI) *UICI) KAREA CI)

CONTINUE

eKkkkee

SOLVE CONTINUITY EQUATION FOR V
wkkkkke

IF(IC(€2).E9,3) GO TO 898

RHOVACNY)SFLOATCIC(5)) *ELI/XL

AJ(N1)=3

DO 87@ K=1,N

JEN+L eK

RHOVACI)SRHOVACSHL) FAI CJ41)

CONTINUE

GO T0£899,323) NWALL

CALL TEMPCHONL) -P, TW)

GO TO 941

CALL ENTPYCTWSP-HONL))

HBSENTH

CALL VISCCTWeP,XMU)

DPDXS(FI=P)/ELT

SHEARS2 .2eXMUSUCNISCREXY ON) )ANDOT#*2
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HOMOGENEOUS FLOW MODEL PROGRAM

(ao) MASTER SEGMENT [Cont.]

naa

oeoc

1

ano

o00

1400

1401

1402

4221

1403

1494

1446

MBALS(XMASS=MDOT) /MDOT

EBAL=@,2

IF CABS(HB).GT.1,08E"12) EBAL=CENTH=HB) /HB

SHEARM=Z Sx (SHEAR+SHEART)

MOBALRCCXMOM@XNOMT) +4, 2*4ELI*SHEARMTM (PPI) )/XMOM
oka Ke

TEST FOR ABSOLUTE AND RELATIVE CONVERGENCE
wkkkkee

KML

IRsd

IFCABS(DPOX) LTe1,8E"18) GO TO 1431
IF CABSC(DPDX=DPLAST)/DPOX).GT.PTOL) GO TO 1402
KMa2

IF CABS(EBAL@ERALK) oGT,.9e1*ETOL) GO TO 1402
KMs3

IF CABS(MBAL@MBALK) »GTeXMTOL) GO TO 1402

IF CABS(CESAL) GT,ETOL SANDS ITeLTeITMAXS) GO TO 1402
wke kk ke

RELATIVE CONVERGENCE HAS BEEN ACHIEVED

nk KR RS

GO TO 1428

[Rest

IFCIC(4).LT.4) GO TO 1408

IFCIT.GT»ITMAX2) GO TO 1434
wk ee

RESET VARIABLES AND ARRAYS FOR NEXT ITERATION
wk kk

TTSLtT+h

EBALK=EBAL
MBALK=MBAL

MOBALK=MOBAL

PLASTSP

OPLASTSDPDX

COMP=1,8=AVG

DO 1443 J=i,N1

UPC J) SAVGRUC IS) #COMPRUP (J)
HPC J) SAVYGHHCS)+COMP HHP (J)

RHOUA CJ) =AVG*S (J) *UCI) AREA CI) +COMPRRHOUA CJ)

CONTINUE

GO TO 722

wkkkkee

CONVEPGENCE “AS NOT BEEN ACHIEVED SO ELI IS REDUCED
wkkkike

WRITE (2232327) IT,;MESAGECKM) -EBAL,» MOBAL/P,DPDX/ FB, TRe XNU

IFCELI*SHRINK,GT,OXMIN) GO TO 1406
WRITE (2,3846)

JoOs=1

GO To 1532

CAECA*SHRINK

P=Pl

XBX+(SMRINK@ 1,3) *ELT

ELISELI*SHRINK

DO 1485 J=i,Ni

uP (J) SUTCJ)

HPC JSRICI)
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

RHOUACJI SST CI) RUIC J) FAREA CJ)

UCJBUICJ)

HCJ)SHICS)

S(J)=SICI)

1405 CONTINUE

GO TO 1418

1408 IFCJJJ.E9.8) GO TO 14081

GO 70(614048,14209) NWALL

14209 CALL TEMPCHON) -Pe TN)

CALL TEMPCHCNW1),F, TNL)

CALL COND(CTW,PPEW)

(ee ee a TL INCND ART REIT) / CERO RH CN LOCA
eY(N#1)))

QWE2,0xkENXDTOW/(REXPR)
14908 CALL TEMPCHB,P,T8)

CALL CENS(TB,-P,RH08)

CALL COND(TB,PFEL)

OLS0.5*(P=PI)/ELI

FBSRHOB*(01"°2.5*(XMOM=XMOMI)/ELT)
FASRHOB*(D143,5*(1,2/RHOBI=1.0/RHOB)/ELI)

XNUEQ.@

IF CABS COW) GT e1.8E"1B) XNUZREAPRAQW/CELX(TB@TW))

TRETW/TB

VBEMDOT/PHOB

FSESHEAR*2, AeRHOBR

IFCICC4) L162) WRITE(2,3007) IT/MESAGEC(KM) -EBAL,MOBAL,P,DPDX, FE, TR
1eXNU

IFCIR) 14021,14781,1¢981

14261 x0=x

IFCX.GE.XLH) XO=xXeXLE

TFC CKO*ELT) GT aXL AND eXeGEeXLH) GO TO 1448
wk ke

OPTION TC ENTER EVERY STEP IN RESULT TABLE
eokckeke

IF(ICC4).NE.4) GO TO 14205

I0(4)=3

CALL GUTLETCL.@,X0)

16(4)=4

14085 ELIISELI

IsIQUT

IF CCX0,GE.CXOUTCI) = 1,9E=18)) .AND. CCXOPELID LTXOUT(II))GO TO 14921

60 TO 14¢02

14981 IGUTSIOUTeL

FACTORS (XGUT(T)=XOFELI)/ELI

TFCASSCFLOATC IIS) +XLH) eGTeleHE=18) CALL OUTLETCFACTOR, XOUTCI))

TFCABSCX=XLH).GT,1.9E=12) GO TO 14223

TouT=1

NG=t

JJLsJu+t

CALL OUTLET(1.0-2.9)

CASCAZERO

ELT=xt

TOUTSIOUT+i

TFCRE GT RET.AND,XLHWLT.230.0) GO TO 1414

IFCRE.LTRET,ANDeXLHeL 1,298.0) GO TO 1414

200
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER SEGMENT [Cont.]

143128

14083

14002

14096

~rQ00 4004

1429

1418

1411

1412

1413

1414

OIT=0,.0

DO 14910 J=1,N

DIISOLI+SORTCCUCIIFUCTHLII/ZCJIIACROTHL RRC) )

CONTINUE

DISOII/SGRTCPR*VB)

GO To 1414

T=IOUT

TFC CX9.GEe CXOUTCT I= 1.GE"18)) AND. CCXOMELI) LT» XOUTCIIIIGO TO 14001

IFC JJJeE928) GO TO 1414

IFCJJ.NE.103) GO TO 14226

CALL SUMMARY

JJEA

IFCBLT.LT.9.5) GO TO 14264

IF CITSLTeITMIN SAND ELI*GROW LE «DXMAX) CASCAXGROW
akkk ike

CALCULATE BOUNDARY LAYER THICKNESSES AND NEXT STEP SIZE

we KeKKK

BLT=1.8

IFCNBL.EG.2) GO TO 1413

HBLT=1,.9

UBLT=1.9

DG 1499 Jao,Nn

IFCUCI)/UCL) «LEd,98) GO TO 1418

CONTINUE

UBLT=Y(Je1)

NBLUSJ

IFCABS(HB).LT.1,@E"10) GO TO 1413

DELHEHheH(L)

DO 1411 J=2,N

IFC CHC J)@H(1))/DELH.GE.9,82) GG TO 1412
CONTINUE

HBLT=Y (Jet)
NBLSJ

BLT=HELT

IFCUBLT.LTeALT) SLTSURLT

TFCUBLT.LT.PLT) NBLENBLU

ELITSCAx3,5*8LT

IFCELI.GT.S.5*DXMAX) ELISO.5*DXMAX

IFCX.GEeXLH) GO TO 1414

IFCX#ELITLTeXLH) GO TO 1414

ELIS¥YLH=x

TouT=t

XEX+ELI

XKETRXKE

XMOMISXMOM

PI=sP

RHOBISRHOS

FaI=FB

FAI=FA

FSIs7S

HWIsHw

HBI=HB

Qwizow

SHEARTISSHEAR

dJJeJJUet
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(ao) MASTER SEGMENT [Cont.]
ee

aa0

1

1

1

aoo

oon

1415 MDOT=1,O=FLOATCIC(S) )*X/XL

1415

1417

1416

1416

1418

1419

1419

1420

wkkkkke

CALCULATE WALL BOUNDARY CONDITICN AND ENTHALPIES
mk kk ke

IFCX.LE.XLH) GO TO 1418

XT=X*XLH

XTIEXT#ELY

GO TO(11416,11415) NWALL

IFCNVAR,NE.2) GO TO 1417

CALL DSF2CNO+XQ,QWALL/+D2GDX+XTp QTABL AT)

TWROTABCL)

GO TO 11419

TWEQWIL+QW2AXTHONSHXTRXT

GO TO 11419

IF(NVAR,NE.2) GO TO 1416

CALL DSF2(N9,XGsQWALL + D290DXs+ XT, QTABP AJ)
QWEQWM*eOATABCL)

HBSHBL@4, Oe 9NMRELI/MDOT*(QTAB(1) 99, 5*ELITROTAB(2))

GO TO 1418

GHEOWM* CL Ot QWLFGWOXXT+QWSRXTHR2)

HBEHBI=4 DKQWMACKXT=XTID RCCL OtOWL I +OW2/2 . BR (XTHXTIItQW3/3,0%(XTKK2

L4XTAXTIFXTI**2) )/MDOT

CALL TEMPC(H8,P,TB)

CALL DENS(T5,P,RHOB)

VBP=MDOT/RHOB

tet

IFCTC(4) 07.2) WRITE(223048) SUIeX, ELI HOLT,» UBLT,/BLT/CAr VBP,HP

REDXEWGT*ELT/RE

REDXLE CL. H"WGTI*ELI/ZRE
wk kk ke

RESET VARIABLES AND APRAYS FOR NEXT STEP
stkkkke

DOMCLIERHOUACL) RUCL)FPRAREA CL) MREDXI*RDR(L) RE (1) *(UC2)9UC1))

DCE CLI S"RHOUACLI*H(L)@REDXIRRDR CL) *ZCL) * CH C2) @HCL))

PO 1420 Jei,Ni

UICJ) SUC)

HICJ)BHCJ)

SICJ)=5(N)

IF(J-ES,1) GO TO 1419

IF(J.EueNI) GO TO 1419

OCMC JIS#RAOUAC TI HUCIIMREDXI*(RORCIIFE CII RCUCTHL UCI) MROR Cas KEL

LJeL) *CUC TI =UCT=1) 2) +P eAREA (J)

OCE CJ) S"RHOUA CI) #H( J) MREOXLACROR (J) ZCI RCHC UHL HOS) RP ROR(J91) «726

Lele CHOI -HCJ=1)))
PHOUACIIESC I) *UC JI *AREAC I)

RHOVACJ)=9,4

uP(J)#UCJ)

HPCJ) SNCS)

CONTINUE

GOCE CNL) SREDXL*ROR EN) AZ (ON) &CHONL) HON) )

TFONWALL.EG.2) CALL ENTPYCTN Py HONS) )
ekkkke

BEGIN CALCULATIONS FOR NEXT STEP

kkk kee

GO TO 696
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HOMOGENEOUS FLOW MODEL PROGRAM

(a) MASTER#SEGMENT [Cont.]

1449 CALL suMMARY

IF( Jd) 544,548,999

1532 WRITE (2,2443)

WRITE(2,20¢2) AVG,P,-PI,¢RHOB,RHOBIL

IF(JO8.EQ.4) GO TO 1449

GO TO 1464

999 STOP

END

(b) SUBROUTINE OUTLET

conn
SUBROUTINE OUTLET (FRACC,XPRINT)
a FER KH OD

THIS SUBROUTINE PRINTS A TABLE OF RESULTS AT
ANY DESIRED AXIAL POSITION
et E

REAL MBAL,MCBALyMUCT

COMMON IC (6), HEAD (8) y RESULT (125100) ,UC1L6) yUT (400) gUP (4100) »HOL00),
V HICA0S) gFPCA0U) Siu) pS (iued yRHOVA (LUO) sRHOUAC LON)»
v ECAGI) y 20200) pR CLUE) DY (190) pROR (100), AREA(LG0) pOCM( ALU),
V OCE(13U),TAU(18u)

COMMON /INL/ OW) CHa yQW2yGH3yNVARyNWALLy NOIRyXLHyXL gNIVyRE PREC,
W TOsY¥FigNisCAy Xi

COMMON /IN2/ NQ,XO(55) sQWALL (58) »D2Q0X 150)
COMMON /0UT/ ELI,ENTHytNERG, HB, HBL yHW,HWIy LOUTs ITT, J yNyPy Fly QWy

x QWIyRET yXyXMASSy XMOMXMOMIyFSRipFERGyNGy MOOT, tBALy
x MBAL y MOEALy OPLX yXKcyXKelyFAyFALsFSyFULyFSyFSI
COMMON /PRINT/ XOUT(54)

COMMON /PROPS/ TT (6) pTH(G) yTRO(E) »TMU(E) y TCP LO) » TC(O)
a sNROg NMUs NC yNCPyNHyNT

COMMON /TAB/ JCOL (12) sCHEAC (12) yTHEAD (8) gNRVGi2)
COMMON /TRANSP/S EL yDcLTAsMOUELyYPLyCAPPA,TMODEL (8)
OIMENSTON SAVE(13),RV65u)
VATA GZyGLI/Ssedyiee/

2003 FORMAT (iL)

$G52 FORMAT(iH 48H R/RO si UXGHU/UB si LXSHV/ V8, 6XLZH(TW-T) /THETAD
3G54 FORMAT (AF 44(1PE14.4))

suse FORMAT (ih +) 62XCHY + gL ZXZHUF gL 2X2HT ty LUXSHMUCFF 9 1 X4HKEFF)
$U56 FORMAT Cih+,50X5(1PEL4.4))

St6u FORMAT(IHt,3H X/0 = 911X10Hy RE SyiiXiLH,y PR Sy yliXicHy
iQ+ = y11XidHy RER =)

SGo2 FORMAT(iktySH K+ S,iixXitH, G62 =yiiX10H, X#yX -=y 14X45
iQt = 9iiXijH, RER =)

SU64 FORMATCLHt,3H Pp = 914X19H, OP/UX =51iXi0Hy XMOM =,11X4UHy
ik.E. = 91iXidHs; ALPHA =yiiXiUHy BETA =)

SCE6 FORMAT (int, 9H NU Syl1XiGH, ST = ,11Xi9H, TW/TB =,44Xi5H,
AFA =911X13H,y FB = yiiX10H, FotRE =)

$uU08 FORMAT(AHL;22xX4UH, FREF = 9iPEiiehy10H, RATIO =yiPEiie4)
Suo9 FORMAT (itt+,SH RO =3iiXitH, us = yiiXidH, TB =yiiXiuHy

aTW SyiiXisH, RHOW =931Xi0Hy, TAUN =)
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HOMOGENEOUS FLOW MODEL PROGRAM

(b) SUBROUTINE OUTLET [Cont.]

3070 FORMAT (o(20X1PE1464))

$072 FORMAT (1H, S9XSIHINDEFENDENT SIMILARITY NUMBERS/)

374% FORMAT CiHuy S9XL6HINTEGRAL RESULTS/)

SU76 FORMAT (iH. yS3X2SHOCPENDENT SIMILARITY NUMBERS/)

3L78 FORMAT Cibsy S9X18HNCRVALIZ<CO RESULTS/)

$079 FORMAT Citys S9X4SHNCNOIMENSIONAL VELOCITY AND TEMPERATURE PROFILES/

ad

3690 FORMAT (1Hi)

F RAC=FRACC

SAVE (LD =HG

SAVE (2)=H

SAVE(S a

SAVE(G

SAVE (S

SAVE (6

SAVE(7

SAVe (8)

SAVE(9) =F

SAVE (AOD =FS

HB=HSI+FRAC*(HB-HET)

HW=HWI+F RAC* CHRD

QW=QWLtFRAC*(GH-QuI)

XMOMN=XMONI+FRAC* (XMOM=XMCHI?

X=XPRINT

IF CAGS (SAVE (5) XL) LT oie VEWG 5 eANGONGNEW) X=SAVE(S)

IF CABS CHLOT 160) eGTedeceniud) MUOT=ieu~X/XL*FLOAT (IC(5))

P=PI+FRAC*(P-PI)

tLI=FRAC*ELIL

CONT=XMASS-i.9

CALL TEMF(HB,P,TS)

CALL GENS(T3yP yRHOB)

CALL TEMFI(HSIyPIyTSI1)

CALL DENS (Toi,PI,RHOGI)

CALL TEMP HW,P,TH)

CALL VISCI(TE,P, XU)

CALL CONO(T&sP,e1)

CALL SPEUITE,P,S1)

LF (ABS (OW) eLT ei eGEWi 0 eOReABS (HB) eLTeiedEmic) TB=THHiece-id

Ti=Tw/To

R E*MUOT/XMU

RESLFXMU/EL

RE*PR*CW/ (Ei*(T8-TW))

ST=QW/ (Si*(T8-TH))

PARL=XNU/(PRX**¥304)

PARC=PARi/ (30 124* (REX**008))

oD *QW*RE*PR/ (E2*TB)

0 UFX/ CRE*PRD

XP=ZeG*X/(REX*PRX)

IF (XeLTeieue-it) GO TO 41b

GZ=20u/XP

GZI=2.0/xPI
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(b) SUBROUTINE OUTLET [Cont.]

ooo

419 FA=FAI+FRAC*(FA-FAI)

BL+FRAC*(FB-F81)

SI+FRAC*(FS-FSi)

S7 (Ge sU144(0 6d 25/REX*¥ 0. 32))

VB=MDOT/RHOB

ECX=EC*VB*VB/TB

Si=S (Nt)

c GRT (2.0 *RHOB*Sa/FS)

W*SQRT (ce 0*RHOB/ (FS*S1i))

Jeti

FREF=166U/REX

ITF CRE.GTeRET) FREFHO e0ui4t G01 25/REXFFL 52

FREG=F 3*KEX

FRES=FS*RcXx

QPLUS=-u e5*OW*RE*PR

RER=Re*RHOVA(N1)/(4.0*SAVE(7))

BETA=XMOUM/ (RHOB* VG*VE)

ALPHA=(XKELT+FRAC* (XKE-XKEI)) / (RHOB* VB**3)

FRATIO=FE/FREF
FREES

DEFINE MEMBERS OF RV (RESULT VECTOR)
HERERO

Rvdid

Rv 2

RVOS

Rvs

RVOS

Rv Go t

RV(7)=FR

RV(O3)=FRoo

RVCG)=FRES

RV(1O)=FS

Rv (11)=G2

Rv(i2rese

Rv(is)

RV (14) =HW

RV(15)=P

RV CLOI=PARL

Rv(it)= 2

RV (18) =PRX

RV(19) =-Ca

Rv2u)

RV (ei) =REX

Rv (22) =RHoS

Rv(23)5ST

RV(24) =u0u

Rv(25)eTe

RV(Z6)=TW

RV(27)=Ve8

Rv (2b) =x

RV(29)=XMASS

RV(3U)=X¥OM

RV (33) =XP

RV(S2) =XPFi

RV CSS) =XNU
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(b) SUBROUTINE OUTLET [Cont]

oao

420

436

432

434

39u

soe

RV C34) S005

Rv(35) eu

RV CSE REF

RV OS7 RATIO

RV O68 PUX

Rv 039)

RV CaO

RV (44) =ALPHA

OO 435 J=1i,i2

0O 425 I[=iy42

IF(JCOL (J) .NEe1) GO TO 420

ReSULT (J, JJIERVET)

NRV(JDET

GO TO 43u

CONTINUE

CONTINUE

TF CC1C (3) .£0.9).0Re (NG eGE*IC(5))) GO TO 476

IF CABS (X*XOUT(NG)) LT ede SEiv) GO TO 434

IF (XeLTeXOUT(NG)) GO TO 476

NG=14NG

GO TO 43eé
ae REESE OS

CALCULATIONS FOR NON-DIMENSICNAL TURBULENT PROFILES
a FEN HES

CALL VISC(ThsPyXhUW)

CALL DENS(TH,PyRHOW)

CALL SPEC (TW)P,CPH)

TAUWSu e S*FS/RHOB

RE*SORT (RHOW* TAU) /XMUW

CU=Vb/SURT (TAUR/RHOW)

IF CAGS (QW) oGTededE-20) CT=CPW*TW*SQRT (TAUW/RHOND QW

RI=FR(2)*0.5

IF(IC(4).EQ.3) GO TO 393

WRITC(253599)

WRITE C2]; 5572)

IF(REeLTeRET) GO TC 394

WRITE C2], 3-74) XyREXsPRXsQPLUSyRER

WRITE (2,3364)

GO TO 392

WRITE( 2,557.) XPIyGZ XP, GPLUS,RER

WRITE (2,3562)

WRITC (253574)

WRITE (2, 347u) PyOPOX,XHOM, XKE ALPHA, BETA

WRITE (25.64)

WRITEC 2), 5070)

WRITEC 2], 5070) XNUZST RVD) gFASFS,FREB

WRITE (2, 5466)

WRITE(2,5.78)

WRITE(2,3068) FREF»FRATIO

WRITE(233979)

WRITE], 3070) RONL) 5 V8B,TB, Tay RHO, TAUN

WRITEC 2,565)

WRITE (2,003)

WRITEC2],5052)
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(b) SUBROUTINE OUTLET [Cont.]

393

457

458

IFCREGTeRET) WRITECZ, 556)
WRITE(2,25603)

NNT=2

IF (N1.G67+34) NNT=2

IF (Ni.G7T.68) NNT=3

00 46u I=iyNL

J=I

IFCISEQ.1) vi=000

TFCLeEQ+Ni) V1=5625*RHOVA (TI) / (SAVE (7) * (FRAG¥S (1) #(400-FRAC)*SI(1))
i)

TF (CTeEQo1) eORe(L4EQ.Ni)) GO TO 457

RHOM=SI (J) #FRAC*(S (J) -ST00))

RO=u oS* (RUHL ERC)

FLUX=RHOVA (J-2)/R1 + (REOVA CU) SZRO-RHOVA (JZ) /RLDF (RODD HR (Sea OR Gt
413=R Co=1))

RI=RO

EPSt (Sma) + CEC SDE CS 4) 0 * (ROD) ROSH 2 dD ORS) -RO-2))
ZPHZ (Smid t (2050-2 CS dE CR SDR OSH 1d DZ OR OS 44) ROS)
VI=FLUX/ (RHOM*46u*SAVE (70)

HI=HI(1) tFRAC* (HCI) -HI(1))
CALL TetFliHiyPyTi)

UL=(UL( TI +FRAC*# (UCL) -U10I) D7 VB

IF(isehisid GO TO 458

EP=E (1)

Zp=2(1)

YPLUS=Y (1) *CY

UPLUS=U1*CU

TPLUS=(iss-Ti/TW)*CT

Ti=(TW-T1)/ (in-T3)

IFC(TsEQ.Nid GO TO 459

IF (MOD (I-i,NNT).NEwd) GO TO 460

IF (10(4).20.3) GC TU 400

WRITE(2,5554) RCI) ,UisVigTi

TFCRE*GTeRET) WRITE(%,5U58) YFLUS,UFLUSy TPLUS,EPyZP
J CONTINUE

XMOM=SAVE(4)

X=SAvE (5)

P=SAVE (6)

ELI=SAVc(7)

FA=SAVE(38)

FB=SAVE(3)

FS=SAVE(145)

RETURN

ENO
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(c) SUBROUTINE SUMMARY

SUBROUTINE SUMMARY

REAL MBAL,MOBAL,MDOT

COMMON IC(6),/HEAD(8),RESULT(12,100) -UC109),UT (190), UP (198),

1 HC108)¢ HI (108) sHP(102),SC100)/S1 0100) /-RHOVA(100) »RHOUA(100)

2 760123) 620108) ,R(199),¥ (109), ROR(184) , AREA(100) ,DCM(100),
3 OCEC103),TAUCI9@)
COMMON /INS/ QWM,QW1,QW2,QW3,NVARPNWALL sNDIR¢ XLH/XLeNIVeREV PRe

Xx EC, TD, YPL,NisCA,Xh
COMMON /IN2/ NQ?XO(5@),OWALL (56) ,D2N0X (50)

COMMON /OUT/ ELI, ENTHpENERGsHB,HBI-HWeHWIe IOUT ITT ede Ne Pr Ply
Z OWe OWI, RET? Xe XMASS¢ XMOMSXMOMI,>FSRI-FBRI,NG/HDOT,

Zz EBAL »MBAL,»MOBAL + DPDX + XKE,XKEI,FA, FAL» FS-,FRI pF SpFSI
COMMON /FPROPS/ TT(6),THC5),+TRO(6) + TNUC5) / TCP(6),TC(6)

1 #NROpNMUeNC,NCP,NHeNT

COMMON /TAB/ JCOL(12),CHEAD(12),THEADC3),NRV(12)
COMMON /TRANSP/ BL,DELTA,MODEL,YPL,/CAPPA, TMODEL (8)

2003 FORMAT(1H1)

3221 FORMATCIb //1XL2A11)

3822 FORMAT(LH -I7,11111,/7/)

3B24 FORMAT(IH -L2({PE11.3)/1X)

3B26 FORMAT(1H3,24x8A13)

3O32 FORMAT(iH ¢L8X7HEXPA & »S904,9H» EXPB = 76904,9H, EXPO 3 66944,9H,

1 EXPD = ,G69.4)

3232 FORMAT(1H ,29HTURBULENT TRANSPORT MODEL** ,8A10)
3834 FORMAT(IH ,SB@KBOUNDARY CONDITIONS** NVAR = 412,10H-e NWALL = ,12,

19H, NDIF © ,J2,7H, GM = 4G9e3-8H, QH1 = 469.3,8H, QW2 = -69,3,8H,

20W3 = ,C9.3)

3836 FORMATCIH ,»25HINITIAL CONDITIONS** NIV = 412,/8H, REI = ,69.4,/8H,

1 PRI & »G9e4,10H, MACHI = 69,4)

3338 FORMATC1H »L7HGEQMETRYX** L/D = 4611.4,9H, LE/D = ,69,4)

3243 FORMAT(1H »22HGRID CONSTANTS&* TD = »FSele7Hy N1 & ¢I3,7H» YL & 0G

19.4,7H, X1 © ,G9.4,8H, BLF = ,69.4)

3242 FORMATC(1H ,23HCONTROL VECTOR** IC = ,6(12,2H, ))
WRITE (22933)

WRITE (2/3926) HEAD

WRITE (2,3926) THEAD

IFCRE.GT.RET) WRITEC2,3232) (TMODELCK),K=1,8)

WRITE (2,3234) NVAR,/NWALL,NOIR» QUM,QW1,QW2,QW3

WRITE (2,3236) NIV,/RE,PReEC

WRITE C2,5938) XL+XLH

WRITE (273242) TOsNLeYCN),X1,CA

WRITE (2,5942) Te

IF(JJeE9.2) RETURN

WRITE C2,3221) CHEAD
WRITE (2/5222) (NRV(J),J21,12)

IF(JJ.GT.44) GO TO 1441

WRITE (2,5224) (CRESULT(I,J),/1=1/12),J=1-,JJ)

GO TO 1442

1441 WRITEC2,3224) (CCRESULT(I,J)-1=1,12),J=1,48)

WRITE (2,5021) CHEAD

WRITE (2,3922) (NRV(J),J51-12)
WRITE (2,3824) (CRESULT(I, J) /151-12)-J=41-JN)

1442 RETURN

END
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(d) SUBROUTINE TPROPS

200
SUBROUTINE TPROPS

wk ake

mo ke

THIS PROGRAM CALCULATES TRANSPORT PROPERTIES

REAL MDOT+MBAL,MOBAL »LAMDA

COMMON

x

x

x

COMMON

¥

COMMON

1

2

COMMON

1

COMMON

COMMON

IC (€6),HEAD(8)-RESULT(612,1048),U(108),UI (180), UP(100),H(190),

HI(108),HP(190),S(100),S1(189) ,RHOVA(100),RHOUA(100)-E (100)

7Z(108)-R( 100) -¥C108),/RDR(108),AREA(100) ,DCM(100),DCE(100),
TAUC100)

ZINL/ QWM, OWL, OW2,QW3,NVAR¢NWALL ¢NDIR¢ XLHe XL eNIVeREePReECe

TOrYPieNieCArXt

/OUT/ ELI, ENTHeENERGsHB,-HBI-HWeHWI, IOUT+ ITT re JSeNe Pr Pl eQWy
QWI,RET,/X»XMASS,+XMOMsXMOMI-FSR1sFBRi,NGeMDOT-EBAL,

MBAL,MOBAL+DPDX,XKEsXKEI,FA,FAI,FB,FBI,FS»FSI

¢PROPS/ TT(6)-THCG) + TRO(6) + TMU(6),TCP(6),TC(6)

#NRO¢NMU,NC ep NCPeNHeNT

/TRANSP/ BL, DELTAsMODEL + YPL>+CAPPA, TMODEL (8)

/SPLI/ AJ(180), BI (120) ,CJ(108) -DJ (108) -FI(108),HIC190),

1PJ(100),Q3(6108),RJ(180)

DIMENSION UDR(3)

IF CRE,

102 DO 120

GT.RET) GO 10 200

JEieN /

HJITSO.5*(H( J) tHCJ+1))

CALL TEMPCHJT»Pr TJ)

CALL VISCCTJ,P,ECS))

CALL COND(TJ,P,Z1)

CALL SPEC(TJ,P,CP)

ZC JISZL/(CP*PR)

120 CONTINUE

RETURN

200 JDELTAS 1

IFCABS(B8L).LT.1,.0E"12) GO TO 300

DO 228 Ja2,Nn

IFCUCL)“UCJ).LT.3,8081) GO TO 220

IF(1,@*R(J).GE.DELTA) JDELTASJ

IFCJDELTA.EQ.2) GO TO 218
DELTA=1,@=R(JDELTA)

IFCDELTA.GT.720,0/RE) BL=1,9

IF CABS(BL=2,0),LT.1,@E"18) GO TO 190

GO TO 300

212 BL=0,0

DELTA=1.0

JDELTA= 1

GO TO 3280

223 CONTINUE

IFCABSCDELTA).LT.1.9E=10) GO TO 100

302 NBLP=NieJDELTA+!

NSs4

NFs4

CALL DSFICNBLP,/RCJDELTA) ,-UCJDELTA) »PICIDELTA) sNSpNFeATp BU CIDIe OS

{,FUpRJI,HI)

CALL DSF2C(NBLP-RCJDELTA) pUCJDELTA) »PJCUDELTA) eRONL)/ UDRP AJ)

CALL TEMPCHBI,P-TB)

CALL TEMPCH(N1).P,TW)

CALL VISCCTWsP,XMUW)
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(d) SUBROUTINE TPROPS [Cont.]

404

323

aot

402

435

497

CALL DENSCTW,P,RHOW)

CALL DENS(CTB,P,RHOB)

IFCICC6).NE.2) GO TO 404

CALL VISCCTG,P,XMU)
REXSRE*MDOT/XMU

CALL VFS(TB,P,VF)

FW=Q,079/(REX**O,25)

FSL=O 6079/0 (1.845, 5%VF) #xB,48*REXK*(O,25/((1.045.54VF)**0,15)))

VKCESORT(FSL/FW) * C1, 52xALOGIOCREX*SQRT(FSL))°O.152)/(1,52*ALOGIG(R

LEX*SORTCFW))=0.152)

IFCIC(€6).NE.2) VKCE1,O

TAUWS=UDR (2) *XMUW

IFCTAUWSLT. 428) TAUWS@TAUWRUCN)/CYCN) *UDR(2))

IFCJDELTAsLTeN) FS=4,0*RHOB*TAUW/RE

DUDRJ=0,0

DO 320 JEJDELTArN

CALL OSF2C(NBLP+RCJDELTA) ,-UCJDELTA) ¢PUCJDELTA) ¢ROJ41) pUDR, AS)

IF CUDR(2).G67T.8,9) UDRC2ECUCTHIIRUCIIIZCRETtlLROJ))
DUDY==0,5*(UDR(2)+DUDRJ)

DUDRJ=UDR(2)

TAUCJISE CJ) *DUDY/TAUW

CONTINUE

TAUCNL) 51.2 F

NJEN+JIDELTA

DO 405 JR=JDELTA,N

JENJeIR

HITHO-S* CHC JI +HHCJ41))

CALL TEMPCHJT*P, TJ)

CALL VISC(TJ,P,/XMU)

CALL COND(TJ,P,21)

CALL DENS(TJ,P-RHO)

CALL SPEC(TJ,P,CP)

DUDY=ABS(TAUW*TAUCJI/E(J))

RIVEI.5*CRO JI +R O41)

YJ=1.0=RJIV

FSS=FS*TAUCJ)

C2=0,5*xRE/XMU*SORT(O,5*FSS*RHO/RHOB)

YPeYJ*C2

ALL. OMEXP(=YP/YPL)

EDDYSA.5xREX (C(O e41L6RY IRD, 799RVIKY SHO, 654KY IRV IKYI) KALAVKC) &*2*DUDY

E(J) =XMU+EDDY*RHO

ZCJIEZA/(CP*PR) +EDDY*RHO

CONTINUE

IFC(JDELTA,EQ.1) RETURN

JISJDELTA#1

00 407 Je1,J1

HIT=O.S*CHC J) HC It1))

CALL TEMPCHIT,PeTJ)

CALL VISC(TJrP,E(J))

CALL COND(TJ,P,Z1)

CALL SPEC(TJ,P,CP)

Z(JIEZI/ CCP *PR)

CONTINUE

RETURN

END
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(e) SUBROUTINE TTPF

2000

32

42

SUBROUTINE TTPFCNPH.10,WFyPRT)
wk keke

THIS SUBROUTINE NORMALISES THE FLUID TRANSPORT AND

THERMODYNAMIC PROPERTIES
mk Kom

REAL MU

COMMON /PROPS/ TT(6)/TH(5),TRO(6) - TMUC6),TCP(5), TC(6)

1 eNRO¢NMUrNCeNCPe Ns NT

DIMENSION HH(6),HT(6),/HCP(6) pHC(6) pHMU(6),HROCE)

DIMENSION TH2(15)

NTP&6

ME6

NTPMLENTP#L

ITF CNPH.EQ,2) CALL TPOS(NTP,WF)

CALL LAGRONTP, TT, THe TO,H)

CALL LAGR(NTP, TT» TRO, TO,RO)

CALL LAGRONTP,TT¢ TMU, TO, MUD

CALL LAGRONTP/TT/TCrTO/C)

CALL LAGRC(NTP,/TT,/TCP,TOrCP)

PRTSCP*XMU/C

TLETO

DTSCTTCNTP)=TO)/FLOATCNTPM1)
DO 38 Jei,NTP

CALL LAGRENTP+ TT, THe TL HL)

CALI. LAGRENTP, TT, TRO-TL» ROL)

CALL LAGRONTP+TT, TCP, TL» CPL)

CALL LAGRONTP+TT,TCrTLr CL)

CALL LAGRONTPe TT, TMU, TL» XMUL)

HH CJ) SAL

HTC JSTL

HOCJ) SEL

HCPC J)=CPL

HMUCJ)=XMUL

HROCJ)=ROL

TLETL+OT

CONTINUE

00 43 J=1,NTP

TTCIIEHTCJI/TO

TROCJ)SHROC I) 720

TMUCJISHMUC J) /MU

TOC IDEARC CISC

TCP CJ) SHCP(I)/CP

THC JIS CHH CJHS (CP RTO)

THACJIETHCI)

CONTINUE

CALL POLYCM/NRO,TT, TRO)

CALL PCLYCMs¢NMU, TT, TMU)

CALL POLYCMeNCe TT» TC)

CALL POLY(MsNCP, TT, TCP)

CALL POLYCMsNH,TT+ TH)

CALL. POLY(MsNTsTH2, TT)

RETURN

END
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(f) SUBROUTINE TPOS

200
SUBROUTINE TPOSCNTPe NF)
wekktkke

THIS SUBROUTINE GIVES FLUID PROPERTIES FOR A TWO*COMPONENT MIXTURE

wkkkkke

COMMON /PROPS/TT(6),TH(6)-,TROC6) 4 TMU(6)-TCP(6),TC(6)

1 oNROPNMU,NCeNCPeNHeNT
COMMON/VOLF/ TVF(6),NVF

DIMENSION TSC(6),TSCP(6),TSRO(6),TS(5)
DATA TSC/6*0,U1298/

DATA TSRO/6*2564,46/

DATA TSCP/2.696678.741945 67871 50.8323,0.877510,9228/
DATA TS/B.8-38.9,6050790,97120,0/150.0/

K=6

HL=8,0

TL=9,0

DO 12 J=1,NTP

TRTTCI)

CALL LAGR(K+ TS,/TSRO-T,RHOS)

CALL LAGR(K,TS-TSC,T,CONDS)
CALL LAGR(KsTS,TSCP,T/CPS)

VFSWFRTROCI)/(C (1, O"WF) *RHOS+WFATROCI))

TCPCI)SWFXCPS+(1.0"WF)*TCP(T)

TMUCT)STMUCID& (1,945.54 VF)

TVF CID) BVF

TROCID=VF*RHOS#+(1,3"VF)*TROCI)
TCCIIETCOID/ C1 ge AaVF ) aKS

HS=CPS*CT@TL)+HL

THC I) SWF*XHS# (1 .O"WF)*THCI)
HL=HS

TLST

12 CONTINUE

CALL POLY(CK+NVFe TT, TVF)
RETURN

END

(g) SUBROUTINE LAGR

200
SUBROUTINE LAGR(NAXe¥,XP, YP)
wKkkkhe

LAGRANGE INTERPOLATION RCUTINE
wkKK Kae

DIMENSION X(€N),YCN)
yP=3,9

00 505 K=1,N

XPLK=1.8

DO 519 Isi,N

IFCI,EQ.K) GO TO 519

XPLK=XPLK& CXF X(T) / 0X CK) @X(1))
512 CONTIAUE

YPSYP+XPLK*Y(K)
585 CONTINUE

RETURN

END



-320-

HOMOGENEOUS FLOW MODEL PROGRAM

(h) SUBROUTINE DSFI

ena00
SUBROUTINE DSFICNO,XrV¥eMs KS KN Hye LAMDA, MU, De QsUr 002 DDN)

mK

THIS SUBROUTINE FITS A CUBIC SPLINE FUNCTION TO

A SET OF TABULATED DATA
OK KKK

REAL MUpMpLAMDA

DIMENSION XC€NO),Y(NO)eMCNO) ¢HONO) »LAMDACNO) + MUCNO) ¢DO NO), O(NO),

AUCNO),DDCKS),DDNCKN)

15

105

106

125

126

135

N=NO

DO 5 I=2,N

HCI) SX(1)=XCIe1)

CONTINUE

NLSNw1

00 15 J=2,Ni

LAMDACI)SHC(I+L)/ (HCI) tHCI41)) ‘i
MUCT)=1.0°LAMDACT)

DCTISE MACCVCT HL WV CIIIZHCT HL CV CII MV CIs IZHCL) SC HCI tHCI+S))

CONTINUE

KSL=KS=1

KNI=KNe}

DO 125 I=1,KS81

ODOCIDSCYCT HL @Y¥CID/HCI41)

CONTINUE

DO 106 I=1,KNi

DONCIISCYCN+L=I)@YC(N=T)D/H(NSL I)

CONTINUE

SUM=00(1)

SUMN=DON(1)

00 115 MN=2,KS1

JEKS=MN

00 125 I=1,J

DOC TISCOOCI HL) =DOCIII/CXCTEMNI@X(I))

CONTINUE
ADD=DD(1)

DO 135 L=2,MN

ADDSADD*(X(1)"X(L))

CONTINUE

SUMSSUM+ADD

CONTINUE

00 116 MN=2,KNi

JEKN=MN

00 126 I=1,J3

DDONCI)SCDONCI)=DONCT FL) /CXCNtL AT) @X(NtL@IAMN))

CONTINUE

ADDNSDDN(1)

DO 136 L=2,MN

ADONSADDN& (X(N) @X(N#1©1L))

CONTINUE

SUMNSSUMN+ADDN
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(h) SUBROUTINE DSFI [Cont]

116 CONTINUE

LAMDA(N) 58,0

MUCN) 21,0

DC1)56.B/H(2)* 0 CY C2)" (19)/H(2)=SUM)

DON) =6.A/H(N) *CSUMN@ CY CN) @YCN@1)/HON)

Q(1)=93,5

UCLIED(1)/2.8

DO 25 I=2,N

PEMU(T) *O(T#1)+2.0

- QCIIE"LAMDACI)/P

UCTIB(DCI)=MUCT) AUCT#1)97P

25 CONTINUE

MCN SU(N)

DO 35 I51,N1

JEN@T

MCSDEQCII AMC T#LI GUC)

35 CONTINUE

RETURN

END

(i) SUBROUTINE DSF2

a200
SUBROUTINE DSF2(N+Xe¥eMpXINT PF /H)
aKkkkke

THIS SUBROUTINE INTERPOLATES WITHIN A SET OF
DATA USING THE RESULTS ROM DSF1
wkkKxkie

REAL

DIMENSION X€N),YCN) pMOND/HOND »FC3)
XISXINT

IF(XTeLTsXC1) OR XIeGTAX(N)) GO TO 999
DO 5 I=2,N

HCLIEX (1) =K(T=1)

IF(XI.GE,X(I*1) ANDsXIeLEXCI)) GO TO 15
5 CONTINUE

15 FCLIEMCT@1)/(5, 84H (1) REX CT) @XT)RHSHM CII / (549401) ) (KT =X (L919) 483
L$ CV CTaL) eM CL$) HOT) HH CTI /6 40) CX CL) @XIV/HCT) + CYC MCT) AH CD ACL2/6.0)*(XI=x(1"1))/HC1) owe
FCASMCID/(2.GHH(T)) *CXT@X (Lat) ee 24 (1919/02, 04H CL) ) a CX ET) @XLHCY CLI @¥(Te1))/H(T)= (MCL) @M (aL) )«H(I/6,9 ae
FCSDEM(T=1) & (X01) XT) HOD) #MCT) (XTX C191) /HC1)
RETURN

999 WRITE(2,302)

302 FORMAT CLK 1 5OHKAKKWEXTRAPOLATION HAS SEEN ATTEMPTED IN DSF2=xxxx)

END
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(j) SUBROUTINE POLY

e°ea
SUBROUTINE POLYCNUpM, X,Y)
mk KKK Ke

THIS SUBROUTINE FITS A POLYNOMIAL TO A SET OF TABULATED DATA
keke

DIMENSION XC(NU) +YCNU)ACL1,11)-8011),P (20)
MX2=Me2

DO 15 T=1,Mx2

P(I)=0,0

DO 13 J=i,NU

PCI)SPCI)+X(J) xaT
13 CONTINUE

15 CONTINUE
NaM#h

DO 32 I=1,N

DO 35 J=i,Nn

KeItde2

IFCK) 29,29,28

28 ACI+J)=P(K)
GO TO 35

29 ACL-1I5NU

35 CONTINUE

32 CONTINUE

BC1) 50.8

DO 21 J&i,NU

BCL) =BC1)+¥C0)
24 CONTINUE

DO 22 I=2,N

B(I)=9.0

00 23 J=1,NU

BCIDEBCID+Y (CS) eX CJ) ex CI@d)
23 CONTINUE

22 CONTINUE

NM1=Ne4

DO 380 K=1,NM1

KPLSK+1

LaK

00 424 I&KP1,N

IFCABSCACI/K))*ABS(CACL&K))) 440,430,401

401 Let

483 CONTINUE

IF(L8K) 682,500,485
4@5 DO 418 J=Kk,N

TEMP=4(K,J)

ACKe JIEACL J)

ACLe JISTEMP

418 CONTINUE

TEMP=B(K)

BC(K)=B(L)

B(L)J=TEMP

502 00 328 IsKPi,N

FACTORSA(T,K)/ACKeK)

ACI-K)=3,9

DO 301 JRKPI,N

ACT a J)=ACI, J) @FACTORKA(K, J)
381 CONTINUE
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(j) SUBROUTINE POLY [Cont.]

308

710

702

803

BCI) SBC I) ~FACTOR*B(K)

CONTINUE

YONDSBCN)ZACNYN)
I=NM1

IPLSI+)

SUM=3.0

DO 702 J=IPi,N

SUMESUM+A CT» J) *Y CS)

CONTINUE

YCI)S(BCI)=SUM)/ACT+I)
Islet

IF(I) 800,890,710

CONTINUE

RETURN

END

(k) SUBROUTINE TEMP

10

1

SUBROUTINE TEMPCH1,P,T1)

COMMON /PROPS/ TT(6), THEE) TRO(6) 4 1MUC6) ¢ TCP (6), TCCE)
+NROpNMUpNC/NCPPNHNT

TARTT(L)

00 10 I=1,NT

TISTAFT TCI) eHixal

CONTINUE

RETURN

END

(1) SUBROUTINE ENTPY

16

SUBROUTINE ENTPYCTI,P,H1)

COMMON /PROPS/ TTC6),THC6) + TRO(6), TMUC6),TCP(6),TC(6)

@NSO,NMUP,NC/NCPyNH NT

HLSTHO1)

OO 12 I54,NH

HLEHL+THC Iti) x Tixal

CONTINUE

RETURN

END



-32h—-

HOMOGENEOUS FLOW MODEL PROGRAM

(m) SUBROUTINE DENS

SUBROUTINE DENSCTL,P,RHO)

COMMON /PROPS/ TT(6)-/THC6),TROC6),TMUCB) + TCP(6),C66)

1 oNROeNMUsNCe NCP NHe NT

RHO=TROC1)
DO 18 I=1,NRO

RHO=RHOFTROCI +1) xTIxxT

10 CONTINUE

RETURN

END

(n) SUBROUTINE VFS

SUBROUTINE VFS(T,P/VF)

COMMON/VOLF/TVF (6) ¢NVF

VFETVF (1)

00 12 I=1,-NVF

VFSVF+TVE (I +l) x Taal

12 CONTINUE

RETURN

END

(o) SUBROUTINE SPEC

SUBROUTINE SPEC(T1,P,CP)

COMMON /PROPS/ TT(6)s4THC6),TROCE) TMUCE), TCP (6), TC(6)

1 oNROeNMUPNCeNCPeNHe NT

CPSTCP(1)

00 19 I=1,NCP

CPECPH+TCPCI+1)*Tixxt

18 CONTINUE

RETURN

END

(p) SUBROUTINE VISC

SUBROUTINE VISC(TL,¢P,XMU)

COMMON /PROPS/ TT(6)¢THC6)-TROC6) e THULE), TCP(6),TC(6)

1 #NROPNMU,NCyNCP,NHONT

XMUSTMUC1)

DO 1@ I=1,NMU

XMUEXMU+TMUCI +L) TL aa

18 CONTINUE

RETURN

END
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(q) SUBROUTINE COND

19

SUBROUTINE COND(T1,P,F1)

COMMON /PROPS/ TT(6)¢THC5) 4 TROC6) » TMUCE), TCP(6),TC(5)

1 #NROPNMUPNC/NCP PNK NT

ELsTcC1)

DO 18 I=1,NC

ELSEL+TCCI+l) xTixxt

CONTINUE

RETURN

END

(rr) BLOCK DATA SEGMENT

BLOCK DATA

COMMON /OUT/ ELIT;ENTHpENERG*HB, HOI, HW, HWI,ICUTS ITT re Joa Ne Pr Pleo QW GW
1IpRET+X+XMASS,XMOM,XMOMI,FSRI,FERIeNG»MDOTPEBAL »MBAL p MODAL» DPDXe
QXKE,XKEI,FA,FAI,F8,FBI,FS,FSI

COMMON /PRINT/ xoUT(5a)
COMMON /PROPS/ TT(6),/THC5),TROC6) »TMUC5) / TCO(6) , TC(6)

1 #NRO,NMUsNCyNCP,NHONT

COMMON/VCLF/ TVF(6)eNVF

COMMON /TRANSP/ SL,DELTAsMOCEL, YPL»CAPPA, TMODEL (8)
DATA CAPPA,YPLsBLyRET/4441672640,0.0,2100,0/
DATA (TMCDEL CK) +KE1-8) /19m DB. NIXI,1GHNG LENGTH ,1@HCORRELATIO,
TLGHN NITH VAN/19K DRIEST DA, LORMPING FACT,1OHOR * SPALO,IZHING MCD
2. /

DATACKOUTCK) :KEL,10) /De2r Bel sSoSr lade 1 BeBe 32 eB p60 1904971874902
153,08/

DATA TT/20.049,2,65 4059508913069 7189,8/

DATA TOP/4,18344417944,18844.21344,2744,42/
DATA TH/83.97167.5,272.34398.07546.0,763.15/
DATA TRO/998.24992,2,982.4,961.5,934,6,856,5/

DATA 10/2,800603,9.620532,2.000658,0,030678,3,290688,0,009676/
DATA TMU/B,991292,3,029551 49. 02043,0.999294, 0.402117 Fe 809149/
DATA NROMNMUpNCeNCPeNHONT/5 450505050 9/

DATA NVF/5/

END




