ERESE T N

AAEC/E182

)

3

N

AAEC/E182

AUSTRALIAN ATOMIC ENERGY COMMISSION
RESEARCH ESTABLISHMENT
LUCAS HEIGHTS

THE SIMPLIFIED THEORY OF MEASUREMENT OF HEAT TRANSFER COEFFICIENTS
WITH TRANSIENT TECHNIQUES

by

- J. A. HART
E. SZOMANSKI

July 1967






AUSTRALIAN ATOMIC ENERGY COMMISSION
RESEARCH ESTABLISHMENT
LUCAS HEIGHTS

THE SIMPLIFIED THEORY OF MEASUREMENT OF HEAT TRANSFER
COEFFICIENTS WITH TRANSIENT TECHNIQUES

J. A. HART

E.. SZOMANSKT

ABSTRACT

An outline is given of a simplified approach to the theory of transient convective
heat transfer. -

Analytical solutions for some cases of substantial interest jn surface heat transfer
coefficient measurement are obtained. Comparisons with results of previous workers indicate
that this new approach leads to exact solutions.






CONTENTS

Page
1. INTRODUCTION 1
2. THEORY 1
2.1 Mechanism of Heat Transfer 1
2.2 Physical Assumptions 2
2.3 Goverming Differential Equations 2
2.4 Simplification of Differential Equations 2
2.5 Method of Solution 3
3. SOLUTIONS FROM THE SIMPLIFIED THECRY : 3

3.1 Solid With Infinite Thermal Conductivity in Radial and Longitudinal Direction 3

3.1.1 Step change in upstream fluid temperature 3
3.1.2 Periodic pulse in upstream fluid temperature - 5
3.1.3 Sinusoidal upstream fluid temperature 6

3.2 Solid With Thermal Conductivity Infinite in Radial and Zero in Longitudinal 8
Direction

3.2.1 Step change in upstream fluid temperature 8

3.2,2 Sinusoidal upstream fluid temperature 11

4. DISCUSSION OF RESULTS 12

5. REFERENCES 13

APPENDIX Notation






1. INTRODUCTION

The surface heat transfer coefficient is usually defined as
-1
h = (Q/S) (65 ~T)

and is calculated from the measured heat flux and the surface-to-coolant temperature difference under
steady state conditions. The mote complex a nuclear fuel element becomes, the more difficult it
becomes to simulate nuclear heating electrically and to measure surface temperatute. This is true,
for example, for the fuel elements in the random packed pebble bed reactor, for which an alternative
method is required,

The heat transfer in a system in which fluid flows past an assembly of surfaces depends on
-the geomertry, flow conditions, physical propetties and the heat transfer coefficient. From the
measured response of the system to a given transient the heat transfer coefficient can be deduced,
If a change in upstream fluid temperature is used as the impressed transient, and the cotresponding
change in downstream fluid temperature is used as a measure of the response characteristic, the heat
transfer coefficient can be determined without direct heating of the sample surface or measurement of
its temperature.

Because both fluid heating and temperature measurement are straightforwatd, transient tech-
niques are experimentally simple and the measurement is precise, irrespective of the test specimen
geometry. Unfortunately, interpretation of the measurements in terms of an average heat transfer
coefficient is not necessarily straightforward.

The suitable analytical solution of the heat transfer problem in a randomly distributed porous
medium is possible provided surface heat transfer is the controlling mechanism, and provided radia-
tion, conduction and dispersion can be neglected or successfully approximated, Then transient
response will be a sensitive measure of the heat transfar,

A step change in upstream fluid temperature technique, based on a solucion by Schumann
(1929}, has been used by several investigators including Furnas (1930), Saunders and Ford (1940),
L3f and Hawley (1948) and Coppage and London (1956). More recently the method of cyclic temper-
ature variation, based on the work of Bell and Katz (1949) and extended by Dayton et al, (1952) and
Bain (Meek 1962) has tended to replace the older technique because of its greater precision and
flexibility. Although any periodic function could be used, the sine wave has advantages analytically,
because the mathematical simplicity allows extension to more complex systems. It also has experi-
mental advantages, because a single measurement of either amplitude attenuation or phase shift
suffices.

This report gives an outline of the theory, and develops a simplified approach. Then analyt.
ical solutions for several cases of interest are derived and compared with previous work, The
obtained solutions are used in a review of the theory of unsteady state heat transfer, and in an
evaluation of the theoretical and experimental conditions for which the heat transfer coefficient
can be accurately determined, These are in a separate paper (Hart and Szomanskl 1967).

2, THEQRY

2.1 Mechanism of Heat Transfer

If the fluid flows past a solid surface and the fluid and surface temperatures are not equal
(say the fluid is hotter), then heat is transferred in & direction normal to the surface in two stages:

1. through the fluid boundary layer near the surface, at a rate governed by the
heat transfer coefficient h;

2, through the solid, at a rate governed by its thermal conductiviey kg.

The fluid loses heat as it passes a colder solid surface so that a temperature gradient exists
in the direction of main flow. Thermal conductivity in the solid controls heat flow in any direction,
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but in the fluid, in a direction parallel to the surface, heat is transferred by convection (bulk
movement of the fluid), and conduction and dispersion (differential movement of the fluid). The
last two can be considered as governed by an effective thermal conductivity:

With transient techniques only small temperature variations are required in the experiments
and as a result the effects of radiant heat transfer are negligible and the physical properties of the
system may be considered invariant. The latter is also true for compressible fluids, if pressure
differences are small,

2.2 Physical Assumptions

It is assumed in the model that;
1. all cross-sections normal to the direction of the mean flow are uniform,

2. the distribution of fluid velocity in planes normal to the direction of flow
is uniform,

3. the surface heat transfer coefficient is independent of the position in the system,

4. if the fluid temperature distribution in planes normal to the direction of mean flow
is uniform upstream, it will remain so as the fluid passes through the bed.

These assumptions need be true only in a macroscopic sense; for example a randomly packed
bed whose size is large compared to that of the pebble can be regarded as a good approximation of

the model.

2.3 Governing Differential Equations

Differential equations governing transient heat transfer are obtained by considering the heat
balance in a volume element:

(i) of the fluid,

3T . 9T\, .
Afpf CP (-_é—;+u$)dxf Afk; FYD dx—-hs(T—@S)dx;

and (ii) of the solid,

36 , 36
s a—t-dx— Asks AP

dx +hs (T—QS) dx .

The relation between the mean solid bulk temperature &, and the solid surface temperature &g,
depends on the solid geometry. For instance, if the bed of spheres is considered and the temperature
in the solid is assumed to be a function of x , t and r only, then:

_ 3 a
Q(X oSS j 2 B(x,t,r} dr ,
. a
0 )

where &(x,t,r) satisfies the heat conduction equation:

30 ks (éze 2 89)
.—r-—-—

dt :,OSCS d Jr

2.4 Simplification of Differential Equations

These equations are to be solved for the fluid temperature upstream from the bed, T(0,t), as
a prescribed function of time. Their analytical solution in general form is not available, therefore
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it is necessary to simplify them. This leads to a decrease of the generality of solutions, but this
is not serious as long as the conditions imposed correspond to experimentally realisable systems.

In all cases considered it is assumed that the effective longitudinal conduction in the fluid
can be neglected. As a result the second order term may be deleted from the heat balance in the
fluid. In general this assumption appears to be realistic if the fluid is a gas and the flow Reynolds
number is high.

Longitudinal conduction in the solid is assumed to be either infinite or zero. Comparison
of the respective solutions is then used to delineate the conditions for which it is possible to
neglect the longitudinal contribution of the solid to the overall longitudinal conduction in the matrix,

A Biot number Bi =h a/kg is an indication of the relative significance of surface heat
transfer and thermal conductivity in the solid in determining the rate of heat exchange between

the fluid and solid. It is clear that the condition of Bi = ® is not acceptable if the transient
response is to be used to measure h, and the condition Bi —0 should be approached to obtain
maximum sensitivity,

2.5 Method of Solution

The analytical solution is greatly simplified if the 9L, term can be deleted from the heat

ot
balance of the fluid. The conditions under which this is permissible are not immediately obvious,
but may be associated tentatively with the large solid thermal capacity. It will be shown in Section
3.1.1 that for gas — solid systems only, and these are of main interest, the ratio prp/),Os Cy is
small and the change in solid temperature during the passage of a fluid temperature wave-front
through the specimen can be neglected. As a result the heat balance in the fluid can be integrated
with respect to x only, and in the solid with respect to t only, if infinite radial and longitudinal
conductivity js assumed.

Having obtained a solution for infinite longitudinal conductivity in the solid, zero longi-
tudinal conductivity can be obtained by letting the specimen consist of N layers, each Ax long,
in each of which the longitudinal conductivity is infinite but between which it is zero, and finding
the limit as Ax — 0. The intermedijate case in which Ax is finite is also of some practical interest
and is referred to as a ‘layer’ model.

3. SOLUTIONS FROM THE SIMPLIFIED THEQRY

3.1 Solid With Infinite Thermal Conductivity in Radial and Longitudinal Direction

3.1.1 Step change in upstream fluid temperature

Let the fluid temperature T {x,t) and solid temperature 7 (t) be constant and equal to T, for
all t < 0. Forall t >0, let T(0,t) = T¢. At t = the fluid and solid temperatures are again constant
but equal now to T¢. The magnitude of the step change is:
A = Ty - Ty
The simplified heat balance in the fluid is:

AfpfudeT = —hs(T—-0)dx ,

and Ag pgCy dO

+h s {T— &)dt in the solid,

Assuming that the solid temperature wave-front passes through the specimen of length 1, then the
initial fluid temperature downstream from the specimen is T(1,0) where:

T(1,0) 1
ar _ . _
T o
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T(,00— Ty exp{ hosl ]
S50 —rme———— — Tr——— 3
Tfg— T, Af pfu Cp
and T (1,0) = T, + AP

The overall heat balance for the time interval 0 € t € 1/u is:

AgpguCy [T-TAMIL = A lgC Ao

Note that the time scale of the downstream fluid temperature response is actually displaced
by the interval (1/u) relative to the upstream temperature.

The maximum rise in solid temperature A8 occurs if p is large, that is, e P — 0, hence

[Tf -T,0] ~ (T — T,y = A . Therefore, the maximum fractional change in solid temperature is:

rAg . A pfCp

A As ps Cs

If the fluid is air at atmospheric pressure this fraction is negligible (107*), hence the assumption
that the solid temperature remains constant during the passage of a fluid temperature wave-front
through the specimen is a reasonable approximation.

Integration of the heat balance in the fluid between the limits Ty and T (l,t) yields:

T(L,t) = TgeP + O(t) [1-eP].

Differentiating,
_El_t? . 1 dT(1)
de 1-¢P dt
Substitution for T (1,t) or -g—tgin the overall heat balance:

Apppu Cp [Tr— T ] dt = Ag1pCs dO

i@ o T

yields: I + - 7 T

T

and dT{h) + -—.—T(l) = _..i
de T T i

where T AS 1 ’OSCS

Ag pgu Cp(l—e_P)
The solutions are:
9—Tf = Cexp(-t/7T) ,

with the boundary condition 6(0) = T, ,

so that g = Tp— O exp(-t/7) ;.
and "T() — Ty = Cexp (=t/7T) ,
with the boundary condition T(1,0) = T, + A &P |

so that T() = Tg-A(I—-eP)exp(=t/7)
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These responses are conveniently expressed in dimensionless form as 'accomplished
temperatute fractions’,

g —
[6)] = "“"'AL = 1 - exp(—t/7T)
T ~T -
(1) = =0T oy Pyep(-e/r) )

Note also that if p is small (p < 0.1) then p ™~ [1~eP}. Hence 7 = Ag Pg Cs/h s,
and the solution for [8] is identical with the integrated form of Newton's law of cooling for a
body in surtroundings at uniform temperature.

3.1.2 Periodic pulse in upstream fluid temperature

Lee T(0,t) = Tf,if 20k 7€ ¢ <(2n + Dk 7,
and T(,) = Ty, if(2n +Dk7€e<(m +DkT ,
where n is an integer = 0.
Also k = m/Tw, ,

so that 2k 7 is the period of a square wave, angular frequency w_ , and 7 is the thermal time

constant of the system as previously defined.

o?

Consider the interval 0 < ¢t <k 7 .

The initial boundary conditions are:

T(0,0)= T¢

8(0) T

o]

T(,0) = T, + AP,

and the responses in the interval are described by the equations previously derived:

T (1) T~ A [1- e P exp(—t/7)
1] = Tf - A exp (-t/ T)

At time t =k 7 a new set of boundary conditions for the interval k 7<t < 2k 7 can now
be written:

TOkT) = T,

Ok 7) = Tp- O ek

fi

TOk7) = Tp-beP-ek)y_agk

H

and the responses in the interval are now

1t

T () Ty + D (1=eP) (1% exp(=t/7)

&

I

T. + A(:l—e"k') exp(—t/ T) .

o]

Proceeding in this way for successive time intervals, At =k 7, it may be shown that in the
20'® interval,

T() =T, +8(1-eP)exp(-t/7) {1-ek + &2k _ - (=Dl



and in the (2n + 1)® intecval that:
TW - Tf-AQ- € P) exp(—t/T) {1- k rem 2k _ e—an } .

The steady state is approached as n = ®, and the maximum steady state downstream fluid
temperature is therefore:

T(Dpay * Tf—&(l"'e—P) ek {g‘. (1 e I )}

T~ A {(..___..__.1 —€h e_k} )
~k
1 +e

Similarly, the minimum steady state downstream fluid temperature is:

Ty = Tot D {(_1___‘3_)1__}
1+e”

i}

The downstream fluid temperature amplitude is therefore:

Py K
T(l)max“T(l)min:A {1__2(1 e “)e }

The ratio of downstream to upstream fluid temperature amplitudes is:

2 (]. - Q—P) e_k . (2)
~k

1 te

rT = 1 —

It may also be shown that the ratio of solid temperature amplitude to upstream fluid temperature
amplitude is:

i-
tg = =7 % - tanh (k/2)
1+ ek

3.1.3 Sinusoidal upstream fluid temperature

Let T(0,t) = Ty + fa sin(wyt) |

Integration of the heat balance in the fluid yields:

1 e P .
6 = e . T - —= [T, + Asin(w,t) ] ,
1 - &P 1-¢&b © ©

and after differentiation,

cos{wgyt)

Substitution for g—tg in the overall heat balance yields:

dT (1) +T(1) _ To A sin (wq t) P

dt T T —F - D owy e Tcos(wgt)

The solution is:

L+7wl T
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A w, e P72 |cos (g t)

+ o sin{wgt) f + C exp(—=t/7)
L +72wl T ° ° P

The term C exp(~t/7) decays with time and can therefore be omitted from the steady state
solution. Rearranging the remaining terms and making the substitution:

AfpfuCP 1

" Ag1pCiw, T -€P)aw,
we get:
T = Ty + A {mz (1 7Py +eP sin (wyt) — M cos (@, t)
m?* (1l - e P) +1 m’(1- e Py +1
Now let
@ sin(wyt) — Bcos(wgt)
= yo? + % sin(wot -y )
where
a . m (].—e_'p)2 +e*p
m*(l-eP) +]
1 - ¢ePy
B - m( e ) ,
m?(1 — e Py2+1
and sin y = A

Vo

By comparison with the upstream fluid temperature amplitude A, the downstream fluid
temperature amplitude is attenuated by the factor:

/E_ZP fwa-eh 3)
V 1 +m?(1l-ePy

I

r

Hence Iy

and is shifted in phase by the angle:

’y =

w, 1
arc sin 4 — B + 2 .
l/az + 52 u

It may also be shown that the ratio of solid temperature amplitude to upstream fluid temperature
amplitude is:

oo - [ m*(1 — Py
Vl +m? (1 = e P)2

and the phase shift is:

Y% F argsin / 1
I +m® (1 — € Py
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3.2 Solid With Thermal! Conductivity Infinite in Radial and Zero in Longitudinal Direction

3.2.1 Step change in upstream fluid temperature

Consider first a specimen consisting of N identical layers normal to the direction of mean
flow, each of thickness Ox. Let the longitudinal solid thermal conductivity be infinite within each
layer but zero between layers ( layer model). :

For the fluid temperature downstream from the first layer the response to a step change in
upstream fluid temperature is given by the previously derived equation (1):

1
[Tl = 1= (1 —¢ P)yexpe/rh

T h s (Ax)
where P Af pfu CP ,

As (Bx) ps Cs
and T = .

!
Af ppuCp(l—éF)

This fluid temperature response now becomes the upstream fluid temperature transient with respect
to the second layer, for which the boundary cenditions are:

' 1
T(0,0)= To + AeP

£(0) T

o] *
—p'
and T(Ax,0)= Ty + De p
The fluid temperature response downstream from the second layer is then:
ot 1 T .
[T}, = 1-@1-eP) (@ +eP)s~eP) =5 boxp(~t/7")

Similarly, the fluid temperature responses downstream from the third, fourth and so on layers
can be derived successively. Finally, the fluid temperature downstream from the Nth layer is:

_ T N - —PIl n—L. n-1
(Tly = 1-(-eP)exp(—t/7" HEZIL_G_‘E__..I)ST_ an_l(;‘r) } , (4)
N i 1
where a, = X e (1) p
n=1
a1 = 85 ( E 1) c"_(n_l) pl
n=l \n=1

ao = [ (
N eI
n=l Ln=1 Ln=1 \n=l

It may also be shown that the solid temperature response in the Nth Jayer is:

I -1 _al ~
[6]y= 1~ exp=t/7") {1 (1~ e7P) _‘.,.I:“z APy (_;_)“ 1}} ,

and so on.

T n=1 nt



where

and so on.

The coefficients of the terms in the series represented by a, 1 and

b1

ba

b

n—.

1 are set out in the

following table, where each number is the sum of the preceding numbers in the same row and the
same column respectively.

1 2 3 4 5 6 7 8 9
Term | 4 P e—zpl e3P e_4p' e_Spl e ® P 7P e_spl
(/7| 1 1 1 1 1 1 1 /1/ 1
/| 1 2 3 4 5 6 7 8 9
w1 3 6 10 15 21 / 36 45
w7y | 1 4 10 20 35 4 84 120 165
(/7" | 1 5 15 35 % 126 210 330 495
(/7Y | 1 6 21 % 126 252 462 792 1287
(¢/7"y | 1 7 / 84 210 462 924 1716 3003
/7'y 1//’/ 36 120 330 792 1716 3432 6435
The last term in each series is to the right of a diagonal for a,_; and to the left for b _,; for

example, the diagonal for N = 9 is marked on the table.

Consider now the behaviour of the expressions for [T]N and [8]N as Ax — 0, that is,

N~ ow:

A Co

h s (Ax)
P

If the total specimen length is 1,

and hence

Ny -

1

A

flof UCP

Ax

hsl

P

Also, as Ox = 0, p' 0, and for small values of p'

'
p' ~ 1~gP
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_ 1
Substitution for 1 — e P gives

o Af,ofuCPp't ) hst o
7! Ag(Dx) ps Cs Ag ps Cg
n
Furthermore ( pX 1) = n ,
' n=1

_ n’
. ﬁ?!_ )

Hence by expanding the coefficients of terms in t/7' from the expression for [T]N as:

and so on.

1 n 1
(1-¢&Py 3 dp -3_7Np

n=1
I N-1 n e 1 (N 1 T fN-1
(1—eP)y 2% (El) e(n p =1—e(N p {1+(1—ep)(21)} \
n=l \Vn=] n=t

| |
e aPys N-2[n n 1 !
Q=)' [2 ( 21)];(""1)1’ =%[1* N2 p {1 s(1- Py - 2) -

n=l |n=1l \n=1
T N-2 ;N-2
_(1-eP) 3 (21)}] ,
n=1 ‘Yn-l1

and:so on, by letting N — o, and by making the substitutions suggested above, it may be shown that

fT] =1 —eM {[1_E—P] +[1-eP(1+p) IM+ 2il. l:l—e_P (1 +p +g_2):|M2 t... }
! !
a .
= 1~¢eM %0——2+6_M—P§0-Mi{2 21—
p=o 0! n=o 0l i=o 1!
03] n n i
Hence [T) = eMP 3 M—1 3 -E..._ (3)
n=o n j_:O .l!
Similarly,
(6] - My M [3 5
n=1 nl i=o pl

Since | may be any specimen length, these equations specify the time—temperature distribu-
tion in any plane distant x from the upstream face if:

hsx

A pgu Gy
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3.2.2 Sinusoidal upstream fluid temperature

It was shown previously that when a sinusoidal fluid temperature wave passes through a
specimen in which the solid longitudinal conductivity is infinite, the wave-form is attenuated and
shifted in phase but otherwise unaltered. It therefore follows that if the specimen consists of N
identical layers normal to the direction of mean flow, each of thickness Ax, then the attenuation
downstream from the Nth layer is:

—p' Ny
N P RO U 6)
T 1 + (ml')z (1 — e—p')z !

and the phase shift is:

1
. (m')?(1-€P)ye we N (Ax)
Yr = N sin 1 — 1 ; + 4
(mN* (1~e Py +eP)? a2 (1-eP) v
i _ h s (AX)
where p = Am
od - Af Pg u CP

Ag (Bx) Ps Cg @y

Rewriting the expression for tp as

1 N
- R | /2
o -
T 1+@')(-é&P) ’

and expanding in a binomial series,

Wy P oy a/nay2- Py

= 1+ 2 i
1 +(mr)2 {1 - e"PI) 21 [1 +(ml)2'(1 - e"‘P )2 ]2

fp
Now let Ax = 0,

.
Since p' =0, p' ~ (1 ~ &P

I
and -2p'~ (e 2P —-1).

Also since N = 1/(Ax)
hsl
Np'= = e———
P P Ag pgu CP
1 1 _ _ hs

d = = e
an mp mp i p.C, o

Hence
2 3
Lt £ = 1 -0 + L o
N— o 2t 31
'
= e”
where ¢ = P .
l _{.,mﬂ P2

. ] - _ p .
tp exp {1 +m2p2} . (7)
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By making the approximation:
siny = ¥, as y~—0

it may also be shown that the phase shift downstream from a bed in which the lengitudinal conductivity
of the solid is zero is:
m p? e 1

’y = +
T 1+m2P2 u

Similarly, the ratio of the solid temperature amplitude in the plane distance x from the
upstream face to the fluid temperature amplitude upstream from the specimen is:

) p (x/1) m*p? 112
*o B {exp (—1+m2p2) 1+m?p? ’

and the corresponding phase shift is:

Y. = bl p*Gx/ 1) + 1 , DoX
a 1 +m2P2 . 1 +m? Pz u

4. DISCUSSION OF RESULTS

An analytical solution of a step change in upstream fluid temperature, when the longitudinal
conductivity in the solid is zero, was first obtained by Schumann (1929). He used as a time variable:

s = L(t_gsﬁ)
ASPSCS

Since for gas flows of interest the (x/u) term is usually small, it may be neglected and =z
may be replaced by:

M _ hst
Agps C

with only a very small error in the time zero peint. Then Schumann’s resulr, quoted in Jakob (1957)
may be written as: '

[T] = exp(~p-M) 3 MO ¢ lp M), (8)
n=o
h - = iV = (p M)*
where | ¢, (pM) Jo2iVp M) =1 +pM + G LA

It is easily shown by expansion and rearrangement of terms that in Equation 8:

MP b (pM) = 3 -M—n{ﬁ i}

n=o n! i:o 1!

=
chB

Therefore for gas flow problems Equations 8 and 5 are in fact identical scolutions.

Equation 3 was first obtained by Bell and Katz (1949) as an approximation valid if (a) 1/u)

is small. They solved the governing differential equations without neglecting the BT term. As a
t

result the simplified analysis is valid, if both (ewy 1/u) and (pr /,OSCS) are small, which is the case
in most gas-solid systems,
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Equation 7 was also first obtained by Bell and Katz (1949). If the specimen is a matrix
of spheres it is easily shown that Equation 7 may be transformed to;

X4
oo e (- m) ’ @
which was obtained independently by Bain (Meek 1962).

These comparisons show that the simplified approach presented leads to exact analytical
solutions of the transient heat transfer problems for the case of most pracrical interest, that is,
for matrixes where the model of solid with conductivity infinite in radial and zero in longitudinal
direction may be used. Further application to mote complex cases is possible and the solution
for the periodic pulse and infinite longirudinal conductivity in solid is obtained, as in Equation 2,

The intermediate step in the simplified theory described, that is, the solutions for a layer
model, are of practical interest for specimens consisting of parallel woven wire screens normal to
the flow, or regular arrays of high conductivity spheres.

The simplified analysis has not been extended to the case of finite thermal conductivity
in the radial direction. This may be of practical interest for the systems with high flow Reynolds

numbers and relatively low kg, for example ceramic pebbles. In this case the analytical solutions
of earlier workers (Bell and Katz 1949), (Dayton et al. 1952), {(Meek 1962) must be used. These
were obtained only for the sinusoidal fluid temperature wave.
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APPENDIX

NOTATION

(Symbols used only once are defined as they occur in the text)

Ag area of cross section open to flow
Ag area of cross section occupied by solid
a radius of sphere
Bi Biot number (h a/kg)
Cp Fluid specific heat at constant pressure
Cs Solid specific heat
Dy, Longitudinal dispersion coefficient in fluid
d Sphere diameter
h Coefficient of surface heat transfer
i An integer
k a/T 2
kg Fluid thermal conductivity
kf' Effective fluid thermal conductiv'ity (kf +D p¢ Cp)
ks . Solid thermal conductivity
1 L.ength of specimen in direction of flow
M hst/Ag ps Cq
m AfpfuCp/AS 1 p, C
m' Af ppu Cp/Ag(Dx) pg Cg wo
N Number of layers in specimen I/(Ax)
n An integer
p hsl/Agpu Cp
P h s (Bx)/Ag pg u Cp
Q Tota] heat transferred per unit time
L
q h/[2 kg pg Cg wy 12
Re Reynolds number (d o uo/,u)
r Radial coordinate normal to solid surface
Ly Fluid temperature attenuation ratio

{continued)



Iy

APPENDIX (continued)

Solid temperature attenuation ratio

Total surface area

Surface area per unit length of specimen

Fluid temperature

Final temperature after step change

Inirial or base temperature

Accomplished temperature fraction (T-T, j/A

Time

Fluid velocity through specimen in direction of mean flow

Superficial velocity based on total area of cross section
1

[22% pyw, Cylkg)?

Longitudinal coordinate in ditection of mean flow
Length of section in which solid longitudinal conductivity is infinite
Phase shift

Fluid viscosity

Fluid density

Solid density

Solid temperature

Solid surface temperature

Accomplished temperature fraction (&~ Ty)/A
Amplitude of upstream fluid temperature change

Thermal time constant A_1 o, C_/A; pgu Cp(l~ e P)

Ag Bx py Co/Ap ppu C (1-eP)

Angular frequency



