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FIG. 4. Dimensionless steam flow rate for total-delivery point. 

and zero penetration curves tended to intersect. Sudden 
collapses of the water pool were observed and the flow pattern 
switched back and forth between the two extremes. The data 
for 0 mm water injection [7] showed that even higher steam 
flow rates were required. 

Equation (6) is used to correlate all the total delivery data 
and the no-delivery data for the two highest water inlet 
positions, 356 and 203 mm, and equation (9) is used for the no- 
delivery data of the two lowest water inlet positions, 51 and 
0 mm. As shown in Fig. 3, the zero-penetration points are in 
good agreement with equation (8). Assuming that equation (6) 
is valid just before total dumping occurs, the complete- 
~net~tiondatapres~t~in Fig.4show amin~~v~uefor 
the ~~~~onl~s steam flow rate parameter of about 0.6, 
which is independent of the value of the dimensionless water 
flow rate parameter. 

It is therefore concluded that, for this particular rectangular 
geometry, intended to simulate the upper tie-plate of the 
German PKU reactor, vertical injection of cold water close to 
the tie-plate can be more efficient in cooling the reactor core, 
since delivery is observed for smaller water flow rates 
compared to horizontal spray experiments [3]. However, the 
importance of the condensation efficiency, f, for other 
geometries, as well as the effects of liquid subcooling, jet 
diameter and jet velocity at the plate, are subjects for further 
inv~tigation. 
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Similarity between unsteady conduction and natural convection 
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1. INTRODUCTION 2. SINUSOIDALLY DRIVEN CONDUCTED 

THE TRAX~ZR of heat by unsteady conduction through a HEAT FLOW 

solid-the wall of a room for example-and the process of 
natural convection that typically takes place between the air 

One.-diiensional heat flow in a solid is subject to the 

and the wall of a room, are physically speaking very dissimilar 
equation 

processes. Nevertheless, the analytical expressions for the heat 
flow at the sutiace due to the processes show some structural 
similarities as will be demonstrated below. (1) 
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NOMENCLATURE 

Constants 
k conductivity 

P density 
c specific heat 

u viscosity 

Pr Prandtl number, ptclk 
(;, Grashof number, p213&‘/i.’ 

.? \‘@& 

.I h,‘(kpc/S)“‘. 

B coefficient of expansion 

.4 acceleration due to gravity 

Groups 
h convection coefficient 
7 cyclic thickness, (npcX’/Pk)“* 
a characteristic admittance, (2nkpc/P)“’ 
NU Nusselt number, hi/k 

Imposed and resulting variables 
I plate height 
X slab thickness 
P periodic time 
I iemperature 
ii temperature difference 

4 heat flow. 

If the heat flow is associated with sinusoidal variation of a then that the magnitude of the ratio of y, to T, is given by 
surface temperature, then the form of the temperature profile c-- i 
in a semi-infinite solid is : 

T(x, t) = T, exp ( ~ ax) exp ( -jbx) exp (j2rrt/P). (2) 

The four right-hand terms denote, respectively, the amplitude 
of variation of temperature at the surface, the damping of the 
wave in the solid, a superposed standing wave form and the 
time variation. 

Equations (1) and (2) are consistent if 

The heat flow is given by 

Wx, t) 
qkt) = -kSx 

(3) 

It follows that the ratio of amplitudes of heat flow to 
temperature at the surface x = 0 is 

a=K dO,d _ 
T, T(O, 4 

(5) 

Here 4. and T, are, respectively, the amplitudes of heat flux 
and temperature at the surface. The equation shows that 4. 
peaks l/8 of a cycle or 3 h in 24 h after T,. a is the ‘characteristic 
admittance’ for the material. For brickwork excited at the 
diurnal period,a, themagnitudeofa,isaround IO Wm-‘K- ‘. 

(The phase relation between qs and 7; can also be written 
down, but it is not relevant to the present problem.) 

If the slab is thin, so that T tends to zero, it appears that 

4. 2npcX 
-+---- 
r, P 

2.2 One surface isothermal 
If surface 2 is held at constant temperature, Tz = 0. We then 

have comparable results : 

cash 2r - cos 2r 

and when 5 tends to zero 

If thesolid is instead bounded by two parallel planes distant 
X apart, the temperatures and heat flows at surfaces 1 and 2 are 
related by the transmission matrix for the slab (see ref. Cl]); 

(i) 

cash (T + jr) 

sinh (T + jr)a 

4% k 
-+- 
r, X 

!lU 

2.3. Discussion 
The quantity q,/T, is similar in structure to a heat transfer 

coefficient.Itsvaluedependsupon the thicknessand boundary 
condition imposed upon the slab. For the present purpose, its 
dependence can be described as follows : 

where 5 is the ‘cyclic thickness’, given by 

. 7rpcx= ,_ p =L 

Pk 

and is dimensionless. If r is small, less than 0.1 say, the layer is 
thermally thin in the sense that it does not sustain a large 
temperature difference between its faces. For a single thickness 
of brick, r is around unity. If r is greater than about 3, as far as 
surface 1 is concerned, the slab is effectively infinitely thick. 

Two boundary conditions at surface 2 are of current 
interest. 

2.1. One surface adiabatic 
If surface 2 is perfectly insulated, q2 = 0. It can be shown 

q,!T, tends to be proportional to the product ,+‘kp,. 

Jkpc represents the combined ability of a solid to 
conduct and to store heat. 
q,/T, tends to be proportional to $7. P, the 
periodicity, is imposed here by external means, and the 
larger it is, the smaller (qJT,) must become, as is 
physically obvious. 
q,/T, further depends upon the quotient k/pc which is a 
grouping appearing in T, equation (7). k/pc too has a 
physical interpretation. The standard form for the profile 
of a sinusoidal travelling wave is : 

/ 121 

where y and a denote displacement and amplitude, i is 
the wavelength and c’is the velocityofpropagation. Ifthe 
last two factors in equation (2) are combined, the real part 
of the wave-like behaviour ofthe temperature profile can 
be expressed by the term : 
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(iv) 

By comparison of the expressions (12) and (13), the 
velocity of propagation c’ is equal to (4nk/Ppc)l’* ; thus 

the quotient Jklpc helps determine the rate of pro- 
pagation of a thermal signal. 
The dependence of q$T, on k, p and c can be described 
as being proportional top”& where urangesbetween 
-f and +_5 according to circumstances. 

3. CONVECTIVELY DRIVEN HEAT FLOW 

3.1. Laminarjow 
Natural convection at a vertical wall or plate of height I, 

when laminar, can be described by an expression of form 

Nu = A(Gr * P#‘? (14) 

Fro-,n observational data, A has a value of around 0.62. A can 
be found from a detailed mechanistic analysis [2, p. 5201: 

for vanishingly small values of Pr, A = 0.8 Pd4; 

for Pr = co, A = 0.67; for air, A = 0.517. 

A somewhat simpler theoretical argument leads to an 
alternative form for Nu : 

Nu = (~~‘4.(~~‘4.(G~.~r)1/4. (15) 

It is useful to rewrite these equations so as to show directly 
the physical dependence of h, the convective heat transfer 
coefficient, upon the physical properties of the fluid. We write : 

S=JI/8es. (16) 

The values of h from equations (14) and (15) are, respectively 

(17) 

h= 
0.68 

(Pr + 20/21)‘/4 
*Jkpcls. (18) 

3.2. TurbulentPow 
Empirical evidence on turbulent natural convection at a 

vertical surface leads to the relation 

Nu = 0.12 (Gr -Pr)1i3 

and a theoretical argument leads to 

(19) 

N” = (1 + 0.494 Pr2~3)2~5 
(Gr. f3.)2,5. 

(20) 

If the physical quantities are inserted into these equations 
we have : 

h= (21) 

h= 
0.0248 Gr3’*’ 

(1+0.494 Pr2’3)2/5 Prtiso 
J&E. (22) 

3.3. Laminarflow at low pressures 
The equations for laminar flow suggest that the quantity 

J = h/(kpc/S)“’ should be constant during the stage of 
laminar flow. As part of this study, the data of Saunders 
[3] was reworked to examine this point. Saunders conducted 
tests on a number of small plates held at 70°C in air at lS”C, 
but with pressures ranging from 0.043 to 67 atm. (In rework- 
ing this data, Saunders’ values for all parameters have been 
adopted. This includes his value of /I = l/272 at a mean 
layer temperature of42”C or 315 K, and his value of Pr = 0.78 
at all pressures, a value which is undoubtedly too high at 
low pressures. Since Saunders’ results, together with other 
results in the form of Nu (Gr * Pr) correlations, were included 
in his book [4] and have been frequently quoted since, his 
results have been used here without alteration.) 

J is presented as a function of log ,./% in Fig. 1. 
Between fi = lo3 and 104.’ or so, J is approximately 

equal to 0.6. This is in satisfactory agreement with the value of 
0.68/(Pr + 20/21)‘14 or 0.59. At Gr = 104.‘, J starts to increase, 
corresponding to the onset of turbulence at the top of the plate. 
At this stage J depends upon Gr and the data indicate that J is 
proportional to Gr’,’ ’ or so. This is intermediate between the 
powers suggested in equations (21) and (22). This form of plot 
shows the transition to turbulence more clearly than the usual 
plot of log Nu against log Gr. 

The data indicate a gradual decrease in J up to & = 103. 
Churchill and Chu [6, equation (5) and Fig. l] provide a 
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FIG. 1. J as a function of log &. 
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description which in effect adds the term 0.68 to the RHS of 
equation (15). They suggest that the additional term may be 
due to ‘edge effects’. In Saunders’ experiments the platinum 
strips forming the vertical plates were supported between 
“pairs ofcopper bars.. ofsufficient cross section.. .” by means 
of which a heating current was passed through the strip. The 
copper bars were presumably at the ambient temperature of 
15°C and it may be that conduction losses from the platinum to 
the copper led to computation of spuriously high convective 
heat transfer coefficients. However, it may be noted that the 
heat transfer that takes place across a very narrow vertical 
cavity is dominated by air conduction ; the net motion of the 
air described by the pc term, is negligible. It may be that for 
convection at a vertical plate there is a similar, ifsmall, residual 
effect due to conduction which is only apparent at very low 
Grashof numbers. According to Fig. 1 of ref. [S] the only data 
available at low values of Cr. Pr are those of Saunders, so it is 
not possible to decide between the end effect, the conduction, 
or any other mechanism to explain the anomalously high h 
values. 

If Churchill and Chu’s suggestion of a limiting value for h 
should have some real basis, it may be possible to express h at 
low pressures as something like : 

h = 0.68 ;. (23) 

3.4. Discussion 
It is apparent from the foregoing analysis that h too depends 

on certain groups : 

6) 

(ii) 

(iii) 

It tends to be proportional to Jkpc. k describes the 
ability of the air or other fluid to transfer heat from the 
wall ; pc describes the ability of the stream parallel to the 
wall to remove the heat once it is in the stream. 
h tends to be proportional to m. Now according to the 
integral method of handling laminar natural convection, 
the mean velocity of the fluid at height I is 

s/27 
IJ = (Pr+20/21)“2 

JBesi = 0.33ma 

and so S, which is defined as (I//36~)‘!~, is of order I/V, or 
of order of the time taken for a particle entrained at 
the bottom of the plate to rise up the height of the plate. 
h has a further dependence on Pr. Now Pr can be 
expressed as : 

pr = !!L. 
k/pc 

(24) 

The numerator in this form, the kinematic viscosity, is 
concerned with velocity in fluid flow and the 
denominator ‘(the diffusivity) with the propagation of 
temperature. Indeed, Ede 16, p. 741, remarks that Pr can 
be interpreted as “an indication of the relative rates at 
which velocity and temperature disturbances are 
propagated through a fluid”. 

(iv) The dependence of h upon k, p and c can be described as 

being proportional to p”& where u = 0 for laminar 
flow and according to equation (22) might reach 0.3 for 
turbulent flow. For low pressures, it might tend to -0.5 
but this is speculative. 

4. COMPARISON BETWEEN THE PROCESSES 

A comparison between the discussions of Sections 2 and 3 
shows some common features in the expression for heat flow in 
the two cases. 

(i) Both qJT, and h depend upon the material properties in 

the form Jkpc. 
(ii) Both depend upon a time scale in the form Jllfimescale. 

For sinusoidally varying conduction, the time scale P is 
imposed by the periodicity itself. For convection, the time 

scale comes about as a result of other quantities, 1, 0, 
together with p and 9, which can be regarded as the 
independent variables. 

(iii) Both may depend upon a diffusivity grouping k/pc. 
(iv) Both may depend upon a further factor, p”. where u may 

be positive or negative. 

Specific differences lie in the presence in the conduction case 
of the grouping X2/P to form 5, and in the convection case of 
the grouping p/p to form Pr. The common grouping of course 
is klpc. 

The functions that involve z are quite unlike the functions 
that involve Pr. 

5. DISCUSSION 

The parallels have significance in a situation where heat may 
be transferred up to a surface by convection and away by 
conduction, which is often the case in building heat transfer. 
Useful quantities describing the behaviour of a wall 
construction including the convective transfer inside and 
outside (setting aside radiation for this discussion), are the 
parameters 

u = dynamic transmittance 

heat flow from wall to inside au 
= 

outside temperature 

with inside air temperature held constant. 

v -= admittance 

heat flow to wall from inside air 

inside temperature 

with outside air temperature held constant. In each case, the 
sinusoidal variation of heat flow and temperature is intended. 

For a simple homogeneous wall flanked by films with heat 
transfer coefficients hi and h,, u and y are each functions of h,, 

h,, k, pc, P, and X. Writing a .= ,,Tik-, u and ; can 
be nondimensionalised as u/a and 1‘;‘~. They will then be 
functions of further parameters which can be selected as 

(i) * = J?Ipcx2ipk as noted earlier; (ii) h,/h,, obviously the 

ratio of two like quantities; and (iii) u,!,! lh,ho, or u/hi for an 
internal wall. 

This last quantity is partly made up as the ratio 

C(kpc),,~idi(kpc)a,i,1”2, again the ratio of similar quantities. 
Parameters in the present form were used by the present 

author in ref. [l] for compilation of Tables 5--8 therein 
A further example is to be found in transient heat flow : if the 

fluid wetting the surface of a semi-infinite slab suffers a step in 
temperature, the subsequent variation in surface temperature 
is to be expressed by time, non-dimensionalised as h’t/(kpc). 
The present author has used it in this form [7] for use in Tables 
4and5. 

REFERENCES 

1. M. G. Davies, Transmission and storage characteristics of 
walls experiencing sinusoidal excitation, Appl. Energy 12, 
2699316 (1982). 

2. L. C. Burmeister, Convective Heat T~ransfer. Wiley, New 
York (1983). 

3. 0. A. Saunders, The effect of pressure upon natural 
convection in air, Proc. R. Sot. A157, 278-291 (1936). 

4. M. Fishenden and 0. A. Saunders, An Introduction to Heat 
Transfer. Oxford University Press, London (1950). 

5. S. W. Churchill and H. H. S. Chu, Correlating equations for 
laminar and turbulent free convection from a vertical plate. 
Int. J. Heat Mass Transfer 18, 1323-1329 (1975). 

6. A. J. Ede, An Introduction to Heat Transfer Principles and 
Calculations. Pergamon Press, Oxford (1967). 

7. M. G. Davies, Structure of the transient cooling of a slab, 
Appl. Energy 4, 87-I 26 (1982). 


