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Abstract-For Advanced Gas-Cooled Reactors, methods are required for estimating the temperature 
distribution over the cladding of the cluster fuel elements, in considerable detail and with maximum 
accuracy. The first part of the paper describes the formulation of a temperature calculation procedure 
embodied in a computer programme, HOTSPOT. The fuel channel power distribution and coolant 
flow rate are specified, then, step by step along the channel, determinations are made of the 
flow distribution among the cluster sub-channels. the mean coolant temperature in each sub-channel, 
with an allowance for heat exchange between adjacent sub-channels, and the local cladding-coolant tem- 
perature differences. The main part of the paper then contains a description of the design, execution and 
analysis of a major experiment to test the calculation procedure. The experiment involved a 15 ft long 
cluster of 36 roughened rods, with electrical resistance heating of 900 kW. the distribution of which could 
be controlled. and with more than 600 thermocouples installed to determine the temperature distribution. 

The paper is based on work done at the Reactor Development Laboratory, U.K. Atomic Energy 
Authority, Windscale, Cumberland, England. 
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NOMENCLATURE 

friction factor ; 
Stanton number ; 
Reynolds number (also R in statistical 
treatment of results) ; 
Biot number ; 
dimensionless brace loss factor ; 
correction factor ; 
proportion ; 

functions in Rapier’s [8] transformation 
equation ; 

radial power distribution ; 
axial distance ; 
region of heated surface ; 
equivalent diameter ; 
rod diameter to root of roughness; 
roughness height ; 
can wall thickness ; 

radius ; 
interface length between adjacent cool- 
ant zones ; 
length of roughened rod over which 
pressure drop is determined ; 
coolant specific heat at constant 
pressure ; 
coolant velocity ; 
coolant density ; 
coolant temperature ; 
can temperature ; 
heat flux per unit area ; 
thermal conductivity ; 
heat transfer coefficient. 

Suffixes 
1, transformed ; fuel material ; 

2, can material ; 

93 gap between rods of a rod ring; 
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r, rod ; 

W, wall ; 
b, bulk. 

Mean values designated by “barred” symbols. 

Note that the overall equivalent diameter L? 
embodied in the cluster Reynolds number, - 
Re, relates to an equivalent fully-roughened 
cluster having the same pressure loss charac- 
teristics as the actual cluster which contains a 
proportion of smooth surface. For the definition 
and method of calculation of 2 see [S] or [9]. 

INTRODUCTION 

THIS investigation constituted an advanced stage 
of the heat transfer studies for the development 
of nuclear fuel elements for Advanced Gas- 
Cooled Reactors (AGR’s). A typical fuel 
element arrangement, the one used for this 
investigation, is shown in Fig. 1. It consists of 
36 fuel rods with a centre tube of about the same 
diameter which is associated with fuel charging 
and discharging operations. The surfaces of 
the stainless steel fuel cans are “roughened” by 
regularly spaced ribs. the rib height being very 
small compared with the size of the flow 
passages. Over a period of years a large quan- 
tity of heat transfer and friction data has been 
accumulated for many roughened surface con- 
figurations of the transverse rib type. Walker 
and Wilkie [l] have given a summary of the 
data with a discussion of the choice of an 
optimum roughened surface. It will be noted 
from Fig. 1 that this is a rather open cluster 
arrangement, only 26 per cent of the cross- 
sectional area of the circular channel being 
occupied by the fuel rods. This feature has a 
bearing on the treatment of flow and heat 
transfer. 

Optimisation of cluster layout 
For the preliminary design of a fuel element, 

leading to the choice of the number of rods in 
the cluster, the total flow area, the roughness 
dimensions, etc., simplified heat transfer and 

pressure loss calculations are made in which all 
the red surfaces are lumped together and 
differences in can surface temperature and heat 
flux across the cluster are ignored. Subsequently 
it is necessary to carry out more detailed per- 
formance analyses on a chosen design to 
estimate the temperature distributions along 
and across the cluster for different power 
distributions, and eventually to determine the 
precise positions of the rods in the cluster to 
achieve the most favourable temperature dis- 
tributions. This optimisation process may be 
governed by a specified maximum can tem- 
perature or the need to minimise bowing, or a 
combination of both. The optimisation criteria 
become more sophisticated as understanding 
increases of the factors that govern fuel element 
endurance. In any case the requirements from 
the heat transfer studies are data and calculation 
methods to enable fuel element temperature 
distributions to be determined in considerable 

No-shear 
surfaces 

Channel bore 9.919 in. Tie bar dia. =0 80 in. 
Fuel rod root dia. = 0,861 in 
Rib pitch 0 1100 in Rib hetqht =O.O150in 
Pitch circle diameters: 
Outer ring of rods : 8,295 in 
Middle ring of rods = 5,416 in. 
Inner ring of rods = 2 646 in 

FIG. 2. Layout of cluster. 
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detail with the highest possible accuracy. This 
paper is concerned with such detailed heat 
transfer analyses of fuel cluster designs. 

A segment of the cluster arrangement studied 
is shown in Fig. 2 ; (although the layout is 
characteristic the dimensions are not, the model 
being scaled up from a typical fuel cluster). The 
procedure for detailed heat transfer calculations 
is embodied in an IBM 7090 computer pro- 
gramme (HOTSPOT) [Z]. The starting point 
is a given channel coolant flow and inlet tem- 
perature, and a detailed power distribution 
across the cluster and along the channel. In a 
step-by-step progression along the channel, 
estimates are made of the distribution of the 
coolant into a number of parallel ff ow zones on 
the basis of equality of pressure gradients, the 
heat flows into those zones and therefore the 
rates ofincrease ofcoolant temperature. Account 
is also taken of net displacements of coolant 
between zones and of heat interchange between 
them. Finally, zonal heat transfer coefficients 
are introduced and a distribution of can- 
coolant temperature difference is superimposed 
on the calculated coolant temperature 
distribution, 

It will be noted from Fig. 2 that the fuel rods 
have been arranged in three rings containing 
6, 12 and 18 rods, and the flow area has been 
rather coarsely divided into four “annular” 
zones. Because the main power generation 
gradients in the cluster are in a radial direction, 
subdivision into annular zones was the mini- 
mum requirement. Greater subdivision was 
thought to be not required with these 
open cluster arrangements but would become 
necessary if the spacing of the rods was 
reduced to the extent that adjacent rods inter- 
acted and caused temperature peaking, for 
example a sixth harmonic variation in the case 
of the rod labelled A in Fig. 2. Not very much 
is known about temperature peaking around 
rods in roughened clusters arising from the 
shapes of the flow passages, but for a smooth 
cluster the rod pitch/diameter ratio has to be 
somewhat less than 1.25 before temperature 

peaking becomes appreciable ; see Redman, 
McKee and Rule [3J HOTSPOT has therefore 
been compiled for rather open clusters in which 
the rods are arranged on any number of pitch 
circles, with the cluster concentric in the channel 
and with a circumferentially symmetric power 
distribution. It is noted in passing that various 
devices have been used to apply the programme 
to wider situations lacking circumferential 
symmetry. 

AN OUTLINE OF THE HOTSPOT COMPUTER 
PROGRAMME 

HOTSPOT was formulated from data taken 
from a variety of experimental sources, most of 
which involved simple conjurations rather 
than clusters, the data being fitted together on 
the basis of theoretical considerations. An out- 
line of the basis of HOTSPOT is given at this 
point, but a fuller examination of its validity 
will be made when the results of the present 
investigation are discussed. 

The cluster heat transfer calculation pro- 
cedure must embrace : 

(4 

(b) 
(4 

the division of the total channel coolant 
flow between the various zones, 
zonal Stanton numbers, 
a net heat interchange when there is a 
temperature difference between adjacent 
coolant zones. 

HOTSPOT was written so that a variety of 
formulae for friction factors, Stanton numbers, 
etc., could be accepted. In the following para- 
graphs a brief account is given of the origins of 
the data that would have been fed into 
HOTSPOT at the outset of the investigations 
on this particular 36-rod cluster. 

Friction factor data 
The problem was to apply to the various 

cluster zones the extensive data for roughened 
surfaces obtained from experiments with a 
single roughened rod mounted concentrically 
in a smooth circular pipe. A method was re- 
quired for transforming such experimental data 
to enable them to be applied to situations with 
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different proportions of rough and smooth 
perimeter, including the case of a fully-rough- 
ened passage. Such transformation methods 
have been discussed in the literature ; the 
original paper by Hall [4] contains the key 
ideas, while Wilkie [S] has compared the 
various transformations. The basic idea is that, 
in the experiments with a roughened rod 
mounted within a smooth pipe, the annular 
flow passage is considered as two regions, 
adjacent to the rough and smooth surfaces 
respectively, separated by the cylindrical surface 
of zero shear stress. In order to apply to a cluster 
the friction factor data for the annular region 
around the single roughened rod it is further 
necessary to allow for the shape of the passages 
around the rods in a cluster. It has been assumed 
that the “equivalent&diameter” concept allows 
for changes in passage shape. It was perhaps 
fortunate that the passages around the rather 
widely spaced rods in AGR clusters could be 
represented by annuli without much distortion 
as illustrated in Fig. 2. The outermost cluster 
flow region, zone 4 of Fig. 2, is bounded by a 
combination of smooth and roughened surfaces 
and may be treated by the general transforma- 
tion method, the precise shapes of the passage 
and the zero shear surface again being ignored 
to reduce the treatment to that of an equivalent 
annulus. 

The transformation method outlined, in- 
volving the division of a flow area into two 
regions by a surface of zero shear stress, involves 
the assumption that there exists a substantial 
degree of independence between the two regions, 
making it possible to treat them separately. 
Experience shows that the methods built upon 
this assumption are a fair approximation rather 
than strictly true. and it has been found necessary 
to introduce empirical correction factors. For 
example it is found that the transformed f-Re 
relation for a smooth surface is not independent 
of the degree and quantity of roughened surface 
present. It was therefore proposed to allow for 
the effect of the roughened rods on the smooth 
outer boundary by multiplying a common 

friction factor for a smooth surface, f = 0046 
Rev”‘, by a correction factor K. At the outset 
of this investigation it was expected that lir 
would need to be set at about 1.4 and also that 
the friction factors of the fully roughened pas- 
sages in the cluster should be higher, by roughly 
10 per cent, than the transformed values from 
single roughened rod experiments. These correc- 
tion factors were derived from ex~inations of 
experimental data, in the transformation of 
which the zero shear surface had been supposed 
to coincide with the position of zero velocity 
gradient, which remained the usual assumption 
until quite recently, However. work of Kjell- 
Strom [6], Lyall [73 and others has now indi- 
cated that the surface of zero shear stress is 
significantly displaced from the radius of maxi- 
mum velocity in a mixed rough-smooth annulus. 
The implication is that, if the transformation of 
all the single rod data was now repeated with the 
correct zero shear surface, the correction factors 
would be brought much closer to unity. 

Stanton number data 
The intention was to use the transformed 

single rod Stanton numbers directly. changes of 
passage shape again being allowed for by the 
equivalent diameter concept. The situation was 
simpler than for friction factors since Stanton 
numbers are much less sensitive to errors in the 
transformation technique, for example in the 
location of the zero shear surface. 

In any flow zone the heat supplied from each 
surface is not usually proportional to the 
associated coolant mass flow rate and conse- 
quently there is a net transfer of heat across 
the zonal no-shear surface. It is necessary to 
adjust the single rod transformed Stanton 
number (St,) to allow for this effect and Rapier 
[S] has produced the following general correc- 
tion which is embodied in HOTSPOT : 

St, 
Effective Stanton number (St) 

= 1 -I- Y.X.3, 
2 J( > s, 
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where Y is a function of the ratio: distance 
between rod and associated no-shear 
surface to radius of fuel rod, 

X is a function of the overall zonal 
coolant temperature rise per unit axial 
length of channel and the coolant 
temperature rise within the no-shear 
surface and zone boundary, if all the 
heat released to that sub-zone were 
retained within it, 

fi is the transformed friction factor for the 
zone. 

The largest transformation ratio (St,/St) 
exists in the outer flow zone where the smooth 
channel boundary is approximately an adiabatic 
surface. A typical value for this zone would be 
1.04. 

Mixing data 
The mixing of heat between adjacent zones 

results from temperature differences across the 
rods and from differences in the temperatures 
of the adjacent coolant flows. A temperature 
difference across the rods leads to a re-distribu- 
tion of heat flux around the rod by conduction 
in the can and fuel. The net effect is a flow of 
heat across the rod. Also if a bulk coolant 
temperature difference exists between the adja- 
cent flows there will be a net transfer of heat 
through the gaps between rods. This problem 
has been studied by Rapier [lo] whose equation 
forms the basis of HOTSPOT mixing assess- 
ments. 

Considering one rod ring, an effective Stanton 
number St’ is defined for heat transfer between 
adjacent annular passages (a and b say). 

St’ = (St’, x P) + St’,(l - P)= _ _ _ P 
P u cp (L - GJ) 

where q = heat flux per unit area of total 
interface between a and b 

P = proportion of interface occupied by 
circumferential rod gaps 

p = mean coolant density for the two 
zones 

is = mean coolant velocity for the two 
zones 

Ep = mean coolant specific heat for the 
two zones 

t = bulk coolant temperature 
SUfflX g = gap, suffix I = rod. 

The zonal subdivision of the channel flow 
area into annular passages results in a distribu- 
tion of heat transfer coefficient around any one 
rod and it is assumed that only the first harmonic 
of the resultant rod surface temperature distri- 
bution survives conduction damping. The 
mathematical analysis of damping will not be 
reproduced here but the result is that :- 

St’, = NI + N, 
1 

St, 
l+N,+N, x?-’ 

where N, = _F (for fuel if present) 
. l-2 

k,b 
N, = - ti. r2 for cladding 

St, = average Stanton number for rod 
k, = thermal conductivity of fuel 
k, = thermal conductivity of cladding 
b = wall thickness of can 

= radius of fuel pellet (assumed solid) 
; = average heat transfer coefficient 

from can to coolant. 

Heat exchange between zones via the coolant 
in the circumferential gaps between the rods is 
complex and not at all well understood. Al- 
though Rapier [lo] offers some physical basis 
for his correlation it should perhaps be regarded 
as largely empirical and subject to considerable 
uncertainty. The correlation is 

from which the rate of heat transfer, through the 
gaps, per unit axial length of cluster is 

““V(( - I*)J(‘(L)[a +dZdJ 

where d = average transformed equivalent 
diameter of adjacent zones 

d, = rod diameter 
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i; = average transformed friction 
factor for adjacent passages 

s = total length of interface (gaps f 
rods) between passages. 

Heat balance equations are developed for 
each coolant zone within the cluster and include 
mixingtermscalculatedfrom theaboveequation. 
These, along with force balance equations for 
the parallel paths, are solved simultaneously in 
HOTSPOT to determine the coolant condi- 
tions in each flow zone. 

Following this outline of the HOTSPOT pro- 
gramme, it will be appreciated that, despite the 
apparent power and flexibility of the computer 
caIculations, they could not be regarded as 
reliable, proven assessments of cluster fuel 
element temperature distributions. It was 
necessary to check calculations against measured 
cluster temperatures. An account of an experi- 
ment designed for that specific purpose occupies 
the remainder of this paper. 

CONCEPT OF THE CLUSTER EXPERIMENT 

It was a requirement that the test should be 
an adequate one in the sense that the outcome 
should be a version of HOTSPOT unique 
within limits such that in subsequent applica- 
tions of HOTSPOT to the calculation of fuel 
element temperatures in reactors, the uncer- 
tainties would be acceptably small. The experi- 
ment was required to yield a comparison be- 
tween measured and calculated temperatures 
such that any discrepancies could subsequently 
be minimized by a unique combination of 
(empirical) changes to the following factors in 
the calculation procedure : 

(a) The relative friction factors of the coolant 
zones, and therefore the flow distribution. 

(b) The Stanton numbers for the various 
zones, 

(c) Heat interchange between adjacent cool- 
ant zones. 

With the exception of a short development 
length at cluster entry, the Stanton number 

distribution has its full effect on rod temperatures 
over the whole length. On the other hand 
consider the factors (a) and (c). The distribution 
of coolant flow directly affects the coolant 
temperature rise in the various zones, therefore 
is best investigated by an arrangement in which 
there is a large temperature rise, i.e. a long 
heated cluster. Similarly heat mixing between 
coolant zones can be tested only when there is 
sufficient length for significant temperature 
differences to develop and for the development 
to be affected by mixing. It was proposed that 
the influence of mixing on the development of 
the temperature distribution with axial distance 
could be distin~ished from the influence of 
flow distribution if tests were made with 
several radial power distributions. Suppose the 
power distribution could be set such that all 
coolant zones had very nearly the same tem- 
perature rise; then mixing could have little 
effect. If the power were now varied in different 
ways from the “zero-mixing” case, temperature 
distributions could be observed which showed 
up the effects of reversing the direction of the 
mixing heat fluxes. It was therefore essential to 
design the experiment with means for changing 
the radial power distribution in the cluster. 

The test cluster design had the dimensions 
given in Fig. 2 and a continuous heated length 
of 145 ft. The d.c. power supplies available for 
heating the cluster amounted to 900 kW which, 
at the m~imum Reynolds number, would 
give an accurately measurable can-coolant 
temperature difference, exceeding 50°C with 
the chosen cluster dimensions. Preliminary 
HOTSPOT runs were made with different 
assumptions about the distributions of Stanton 
number and friction factor and the intensity of 
heat mixing to verify that, with an estimated 
experimental scatter on the thermocouple read- 
ings, the proposed experiment would adequately 
distinguish between the alternatives. 

It is mentioned that the experiment was 
designed to meet several further requirements. 
The detailed temperature distribution immedi- 
ately downstream of the coolant entry to the 
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heated cluster was of interest, therefore a short. 
unheated cluster, which could be rotated by 
remote control to vary the relative orientation, 
was placed upstream to create the appropriate 
flow disturbance. In fact there were two un- 
heated clusters so that, with the flow direction 
through the test section reversed, the decay of 
the coolant temperature distribution produced 
by the heated cluster could be studied as it 
passed through the two unheated ones, enabling 
the degree of mixing at a break between two 
fuel elements, and the effect of orientation there, 
to be determined. The two unheated clusters 
are in position in the photograph of the test 
section, Fig. 3. The results of these and other 
subsidiary measurements are only relevant to 
the particular spacers and end fittings used and 
are not discussed in the paper. 

The cluster experiment was carried out in 
nitrogen at 340 lbf/in’ abs., gas temperatures 
not exceeding 16O”C, and surface temperatures 
not in excess of 220°C. In AGR’s the coolant is 
carbon dioxide at much higher temperatures. 
The tests embraced reactor Reynolds numbers, 
and the more detailed problems involved in 
relating the results to reactor conditions have 
been studied in some detail [ll], but that is a 
separate problem and need not be considered 
here. 

DESIGN OF EX~RI~ENT 

The test section and other circuit components 
are shown in Fig. 4. Two unheated clusters each 
42 ft long and one heated cluster 145 ft long 
were installed vertically within a longitudinally 
split channel which was carried upon a support 
plate mounted between the flanges of the sur- 
rounding pressure vessel. The external surfaces 
of both the flow channel and the pressure 
vessel were lagged to minimise heat losses. 

The rods were made by wrapping square- 
section wire on to the outer surface of smooth 
stainless steel tubes (on a singIe start helix) and 
vacuum brazing. The rods of the outer ring were 
made from 0035 in. wall tube and the remaining 

rods from 0040 in. wall tube. This difference 
allowed larger powers to be generated in the 
outer ring rods. The variation in wall thickness 
around any one tube was not greater than 
) 2 per cent about the mean wall thickness 
and the majority were considerably better. 

N E.L calibrated 

FIG. 4. Flow diagram. 

The tubes were resistance heated by direct 
current and were arranged as 18 parallel 
electrical circuits, two adjacent rods of any 
one rod ring being connected in series by means 
of a cross-connection, located in the upper 
grid (Fig. 1). The maximum variation of electrical 
resistance (measured over a 4 in. gauge length) 
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along any one rod and between any pair of rods 
forming one circuit did not exceed 07 per cent. 

Six separately variable motor generator sets 
supplied current at potentials up to 80 V dc. 
Each of the generators fed two, three or four 
parallel circuits, and each circuit contained one 
&lo V d.c. variable booster unit and one pair 
of cluster rods, known as an electrical zone. 
Zones common to any one generator could be 
varied independently of other zones, and each 
booster unit gave line control of its individual 
zone. Since each generator supplied zones in 
only one rod ring, any circumferentially sym- 
metric power distribution could be achieved, 
including any one of the three rod rings heated 
in isolation. Within the limits of the 12.5 per 
cent power supplied by a booster, zones common 
to one generator could be varied independently, 
thus allowing limited circumferential variation 
and simulation of a cross-channel power 
gradient. 

of a data logging system at a rate of about 2 
readings per s. Thermocouples in the rods were 
brazed into 0.040 in. square holes spark 
machined mid-way between ribs. The two wires 
were inserted into the square hole and con- 
strained to lie on the straight edge perpendicular 
to the axis of the rod, thus minimizing the 
increment of e.m.f. picked up from the heating 
current in the rod. The hole was filled with 
braze and the surplus cleaned off the outside to 
leave the rod profile undisturbed. The thermo- 
couple wires were fed through the inside of the 
roughened tubes and hollow bus bar connec- 
tions to seals in the pressure vessel. 

All power supply connections to the rods were 
made at the lower end of the cluster as shown 
in Fig. 4. The electrical bus bars, which were 
brazed into the lower ends of the rods, were 
positioned within the bottom support plate and 
electrically insulated from it by sleeves manu- 
factured from sintered and glass filled PTFE, 
and the same material was used to insulate the 
rod ends from the top grid. Both grids were 
machined from solid stainless steel plate. In 
addition to the end grids, the rods were sup- 
ported along their length by four anti-bowing 
braces. These were designed to allow an ade- 
quate coolant flow over the heated rods where 
they passed through a brace and at the same 
time to produce only localized variations in the 
axial static pressure gradient and rod tem- 
perature. 

Each thermocouple was calibrated for dc. 
“pick-up” by means of a current reversal 
technique. A further potential source of error, 
discussed by Walker and, Rapier [12]. is that a 
thermocouple reading might differ slightly from 
the undisturbed rod surface temperature. Al- 
though the upper bound on this error was put 
at 3 per cent of the surface-coolant temperature 
difference, it was decided to make further 
experimental checks. One roughened rod of 
each wall thickness, 0035 in. and 0.040 in., was 
individually tested in a smooth circular pipe 
over the cluster range of heat transfer coefficient, 
and in each case the readings of 14 brazed 
thermocouples were compared with 14 thermo- 
couples spot welded to the inside tube surface. 
It was established that the brazed thermo- 
couples in the 0040 in. wall tubes measured 
inside surface temperature, and in the 0.035 in. 
tubes a slightly lower temperature to the extent 
of one third of the temperature difference 
across the tube wall. These findings supersede 
the earlier conclusion [12] that this type of 
brazed thermocouple indicates the undisturbed 
outer surface temperature. Appropriate correc- 
tions were made in the analyses of the cluster 
temperature measurements. 

INSTRUMENTATION AND CALIBRATION Thermocouples were arranged within the 
Temperature measurements the heated cluster as shown in Fig. 5. There were 

Temperatures at 650 points were measured similar planes of thermocouples on the unheated 
by Chromel-P/Alumel (Hoskins) thermocouples, clusters, positioned four inches from each end 
and were recorded on the punched tape output of each cluster. In the present experiment the 
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most downstream plane was used as a measure 
of the coolant temperature at inlet to the heated 
cluster. 12 thermocouples mounted on a 1 in. 
dia. copper rod suspended across the coolant 
gas outlet gave a measure of outlet temperature. 

\ Thermocoupled rods 

174in 

Flow 
Thermocouple planes__ 

I5 I6 I’ ie 

79 0 .__-..-. .___/ 

FIG. 5. Thermocouple positions. 

Electrical power measurements 
The potential drop across a standard resis- 

tance in each of the 18 circuits, together with 
the electrical resistance of the rods at the 
appropriate temperature, enabled the power per 
rod to be calculated as Z’R. By summing these 
powers and adding the known contribution of 
the various bus-bars and electrical connectors, 
the totai power could be calculated and com- 
pared with the product of measured zone 
voltages and currents. This comparison showed 
agreement to _I @5 per cent. 

Flow measurements 
The coolant mass flow rate was measured 

initially with a Dali tube, a proprietary form of 
truncated venturi meter, employed because of 
its low pressure loss. After serious mass flow 
rate discrepancies had been traced to an unstable 
flow condition apparently generated by this 
particular Dal1 tube installation, and accom- 
panied by acoustic effects, a precisely made 
corner-tap orifice meter was used. This was 
calibrated in the National Engineering Labora- 
tory water loop and the discharge coefficient 
found to differ by a maximum of 0.27 per cent 
from that calculated from B.S. 1042 : Part 1: 
1964. It is estimated that the measurement of 
coolant mass flow rate was correct to f 025 
per cent. 

SINGLE ROD TESTS 

It was accepted that, to achieve a best tit to 
the measured cluster temperatures, the HOT- 
SPOT programme might have to be adjusted 
empirically in ways that would not be fully 
understood at the time. However, it would be 
necessary to seek an understanding of these 
programme adjustments in terms of more basic 
experimental data, particularly those obtained 
from tests on single rods, to give confidence in 
the use and extrapolation of HOTSPOT. 
Although extensive single rod roughened sur- 
face heat transfer and friction data has been 
accumulate it was considered necessary to 
make accurate tests with some of the actual 
cluster rods to take account of significant 
second-order effects including : 

(a) The degree of effectiveness of conduction 
in the tube wall and ribs in redistributing 
the heat flux to regions of locally high 
heat transfer coefficient, notably the rib 
tips. see [ 133. 

(b) Small variations in rib shape [14]. The 
present ribs had radii of approximately 
one quarter the rib height on the outer 
corners and fillets of braze metal of about 
the same radius at the root. 



412 V. WALKER, L. WHITE and P. BURNETT 

Single rod tests were therefore made on two 
rods as used in the cluster in two different sizes 
of smooth pipe. These tests, which were com- 
bined with the thermocouple calibrations des- 
cribed earlier, were made in nitrogen at the 
same value of Prandtl number, mean coolant 
temperature and surface-coolant absolute tem- 
perature ratio, as the cluster tests. The method 
of transformation of the friction [9] and heat 
transfer [5] data did not require measured 
coolant temperatures and velocity profiles across 
the annulus. These transformations implicitly 
retain the assumption that the zero-shear 
surface coincides with the radius of maximum 
velocity. The Reynolds number range was from 
2 x lo5 to lo6 while roughness height/diameter 
(e/d) ratios varied (by the use of two channels) 
between 0006 and 0009. Thus the cluster range 
of e/d, 00067 and 00077, was covered. 

The results are presented in Fig. 6 from which 
the following conclusions were drawn. 

(4 

(‘3 

(cl 

There was no variation of Stanton num- 
ber with (e/d) for the test range of this 
parameter of 0~0060~009. This is a not 
unexpected result for the form of rib 
profile tested. 

The single stainless steel rod Stanton 
numbers were on average about 11 per 
cent lower than the published data [15] 
which can be ascribed to the different 
degrees of conduction damping in the 
two cases and also (to a lesser extent) to 
differences in rib profile. 

The cluster single rod friction factor which, 
as expected, did not vary with Reynolds 
number, agreed with the published data 
at a value of (e/d) of 0.006 but although 
increasing with increasing values of (e/d) 
did so at a much slower rate than originally 
expected. Other data [14] for roughened 
cans of similar rib profile are in fair 
agreement with the present results and 
would point directly to the combined 
effect of rib tip rounding and root fillets 

as being a major cause of the shallow slope 
recorded. 

3 86 
Doto from reference [15] 
Lower dotted curve for (e/d)=0.0067 

Upper curve for (e/d 1 =O-0077 
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FIG. 6. Single rod data 

As a result,of these single rod tests the follow- 
ing equations (taken from Fig. 6) were used in 
the cluster analysis. 

St, = 0.0539 Re,-0”79 

,f, = 0.7 (e/n) + 0.016. 

CLUSTER TEST PROGRAMME 

The main series of test runs for comparison 
with HOTSPOT comprised six radial power 
distributions at each of two (mean cluster) 
Reynolds numbers, 3.3 x lo5 and 6.8 x 105. 
The distributions were : 
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Type of power 
distribution 

Outer ring Middle ring Inner ring 
power per rod power per rod power per rod 

__~.__.__ ---~ - 
Average ~o~erjr~ in Average power/rod in Average power/rod in 

heated rods heated rods heated rods 

Flat 1.00 l-00 1.00 
Nominal reactor 1.09 0.94 084 
Steep 1.20* 085 070 
Outer ring or& heated l-00 0 0 
Middfe ring only heated 0 f@ 0 
Inner ring only heated 0 0 l*oo 
~__I_. --.-. .“_~~ _l__--~ ~--. __._._~ __^-.~~-.-- --~--~ 

* This power distribution was unattainable at the higher Reynolds number, the a~p~o~r~ate 
figures being 1~18.088. @71. 

Tk runs with power in only one ring of rods 
were used to test the HUTSPOT treatment of 
the mixing of beat between cluster passages. The 
power levels were increased with Reynolds 
number to keep the rod-coolant temperature 
differences in the range 5&W’C. In addition” 
the coolant inlet tem~rat~re was adjusted to 
give a constant bulk outlet temperature and 
thus standard&e ‘I&“& at the cluster outlet end. 

~ESE~A~ON AND DISCUSSION OF 
CLUSTER RESULTS 

The HOTSPOT pro~amme provides, for 
each test condition and chosen axial station, a 
radial distribution of rod surface temperatures 
consisting of six values, one for each of the six 
regions of surface I-VI as defined by the boun- 
daries between flow zones and depicted in Fig. 2. 

We note however that rods in the same ring 
are not necessarily identicaliy situated with 
regard to flow area. There is only one type of 
rod in the innermost ring but two in each of the 
other rings and in the intermediate ring, rod B 
was found to run hotter than rod A. Denote by 
AT one of these second-order temperature 
differences between two temperature measure- 
ment stations which HOTSPOT assumed to be 
identicaf, for example the radially outward 
sides of rods A and B. Then. if the short heat 
transfer coefficient entry length is exduded, 
AT would be expected to vary with axial 
distance z in the following manner :- 

AT= cz + /I[1 -exp(- yz)-j 

for an axially uniform heat input. where the 
first term is the difference between the surface- 
to-local coolant temperature differences for the 
two types of rod and the composite second 
term represents the build-up of a tem~ratu~e 
difference between the two coolant regions. 
asymptoti~~~y to a value which is limited by 
diffusion of heat in the cooiant. The principal 
concern was that the temperature differences in 
the cooIant might build up to a substantial 
vahre. It turned out that, although the smallness 
of AT, and the consequent large relative scatter 
in the rn~sur~rn~nts did not permit the precise 
development to be determined, there was no 
evidence of a build-up beyond quite a short 
entry length and in the worst case, i.e. the 
inside sectors of rods A and 3, AT did not 
exceed 8 per cent or _t 4 per cent, of the cir- 
cumferentiaI mean can-coolant temperature 
di~erence for the ring. 

~o~~~c~~~~ns to ~~~S~~~ Cofr’f cfuster ~es~~~t.s 

The measured temperatures for the main 
programme of 12 test runs are set out in Tables 
1 and 2. AIso given are the final discrepancies 
between measured and calculated temperatures 
after the data fed into HOTSPOT had been 
adjusted by trial and error to achieve the best 
fit, In Table 3 are listed two sets of Stanton 
number and friction factor equations. firstly a 
consensus of data previous to the present 
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V. WALKER. L. WHITE and P. BURNETT 

Position in 
Consensus of Data to tit 
previous data cluster measurements 

(1) (2) 

Column (2) 

Column (1) 

Zone 1 
2 
3 
4 I 

Rod surfaces in 
Zone 4 

Rod surfaces in 
Zones 2 and 3 

Rod surfaces 
in Zone 1 
Smooth tie tube 

St, = 0.0539 Re, -’ “’ 

f = 1.4 x 0.046 Rcl-“’ 

f=f, = @7(&i + 0016 

j’= 1.10 xf; 

I.= 1.10 x f, 
f= 1.4 x 0.046 Re-0’2 

E = 3.3 x lo* i&! = 6.8 x 10’ 
Sr, = 0.0275 Re,-0’1242 I.023 1.064 
St, = 0.0380 Ret -“‘1491 1.031 1.054 
St, = 00401 Re,-0”549 1.010 1.028 
St, = 00419 Rel -““672 0903 0911 

f = 1.264 x OG46 Be-“’ 

> 
0903 (Zone 4) 

.f= 0903 xf, 

f= 1.163 x f, (Zone 3) I.057 (Zone 3) 
f= 1.164 x fx (Zone 2) 1.059 (Zone 2) 

f= I.119 x .f; 
f = 1,424 x 0046 Re-“‘2 > I.017 (Zone 1) 

--. -- _....._ _ ~_____ A:- - 
Note that when used in HOTSPOT all the Stanton number equations were modified as described earlier, the 

modification being important only for the rough surface in Zone 4 where the heat flux from the opposite boundary 
was zero, and that Re denotes the appropriate value for each zone or sub-zone. 

cluster results, and secondly, the equations that 
were judged to give a best tit to the cluster 
temperature measurements ; the final column 
of the table shows the magnitude of the dif- 
ferences between the two sets of equations. In 
column (1) the Stanton number equation is the 
one derived from the single rod tests and no 
distinction is drawn between the four zones. 
The rough surface friction factor,f, in zone 4 is 
again just the single rod equation, but in zones 
1, 2 and 3 a factor 1.10 has been included. The 
need for a factor greater than unity in wholly 
roughened passages was suggested by friction 
measurements in a rectangular channel [t6] 
and the particular value of 1.10 was found to 
give good agreement between calculated and 
measured pressure loss for a series of clusters 
[17]. Finally the factor of 1.40 on the smooth 
surface friction factor, as representing the 
influence of an adjacent rough surface, was 
derived from the large amount of data for a 
rough/smooth annulus. The St and f relations 
in column (2) were chosen retrospectively to 
achieve a good fit between the calculated and 
measured surface temperatures. The cluster 
temperature distribution is influenced by the 

distribution of the specified total coolant flow 
into the various zones and therefore by the 
relative values of the zonal friction factors. The 
absolute levels of the friction factors in column 
(2) have then been adjusted to yield the same 
overall cluster pressure loss as column (1). 
Moreover, where a change in zonal flow resis- 
tance from columns (1) to (2) was indicated, 
there was no basis, in the cases of zones 1 and 
4 containing both types of surface, for ascribing 
different proportions of the change to the rough 
and smooth surfaces. The same correction 
factor was therefore applied to both the rough 
and smooth surfaces in a zone, and the common 
factor is quoted in the final column of the table. 

It had been anticipated that the existing 
formula for the diffusion of heat between 
adjacent sub-channels might have to be multi- 
plied by a correction factor to obtain a fit to the 
cluster results. It became apparent that no 
constant correction factor could produce a 
reasonable lit. The intensity of mixing appeared 
to vary markedly with axial distance, starting 
at a very low level in the entry region of the 
cluster and then increasing. The HOTSPOT 
mixing expression was therefore multiplied by 
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the following empirical correction factor which 
included the axial distance z : 

where d is the average equivalent diameter for 
the cluster. The results of all the runs with single 
rings heated and the comparison with HOT- 
SPOT using the modified mixing expression are 
given in Table 2. The dependence of the correc- 
tion factor on z is perhaps not difficult to under- 
stand. The HOTSPOT mixing formula had 
been based on the assumption that the heat 
flow between zones is directly proportional to 
the difference between their bulk mean tem- 
peratures. In reality the heat flow between 
zones will lag behind the bulk temperature dif- 
ference in the entry region as the line structure of 
the temperature distribution is being developed. 
A development length would emerge as a conse- 
quence of a more detailed treatment of the 
mixing process based on finer subdivision of 
the flow area. 

Margins of uncertainty in revised version of 
HOTSPOT 

It was the objective of this experimental 
programme to establish a version of HOTSPOT 
with acceptably small margins of uncertainty 
and the approach to this objective has been 
discussed in connection with the concept of the 
experiment. The degree of success must ob- 
viously depend upon the experimental scatter, 
particularly of the rod thermocouples. The 
question now is: “What departures from the 
revised St, f and mixing equations would start 
to show a significant deterioration in lit?” It 
was always realised that the flow distribution, 
i.e. the relative friction factors of the various 
zones, would be particularly difficult to estab- 
lish with precision. therefore the success in 
doing so will be examined. In Table 3 the most 
surprising feature of the revised equations is 
that the friction factor of zone 4 has turned out 
smaller than expected and so has the Stanton 
number. Could the measured temperatures not 

be fitted equally well by other. possible more 
reasonable, zonal friction factors and Stanton 
numbers, particularly in zone 4? Calculations 
have therefore been made with the friction 
factors in zone 4 deliberately maladjusted by 
factors, 1.2, 1.1,09 and 08 on the values quoted 
in column 2 of Table 3. For each of these four 
cases the zonal St-Re equations were re- 
optimized to give minimum discrepancies be- 
tween calculated and measured temperatures 
at the mid-axial station. The modified mixing 
expression was used for all cases. The adequacy 
of the equations thus derived to correlate the 
measured cluster temperatures has been exam- 
ined statistically and compared against the 
“best fit” data of column 2, Table 3. 

The differences, which are given in Table 1, 
between the measured temperatures and the 
HOTSPOT calculations using the equations 
in column 2 of Table 3, were analysed as a 
mixed level factorial ex~riment by a method 
due to Wilkie [1X]. The four independent 
variables are : 

axial distance z (4 levels) 
region of heated surface S (6 levels) 
radial power distribution p (3 levels) 
Reynolds number R (2 levels) 

The 24 combinations of z and S occur in any one 
of the six experimental runs from which Table 1 
is formed. The error associated with these two 
variables, which was determined from high- 
order interactions of z and S, was shown by the 
analysis to be larger than the error associated 
with variables p and R which represent different 
runs. The standard deviation quantifying the 
error associated with the z and S variables was 
found to be 094°C. The sources of this error 
include variations in thermocouple installation 
and calibration, cluster geometry, electrical 
zone power settings, and inexact corrections 
for wall thickness variations. The error associa- 
ted with the p and R variables (i.e. between runs) 
would normally be obtained from the high 
order interactions involving p and R. The only 
interactions which can really be considered, pz 
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and p2R, can yield only an inaccurate estimate 
of error. An alternative, and possibly inflated, 
measure of error can be obtained by including 
also the main effect R and the first-order inter- 
action pR. The conclusion from either approach 
is that the main effect of p (radial power distri- 
bution) is significant at the 99 per cent prob- 
ability level. 

This implies that the St-Re equations in 
Table 3 should each include a further term in- 
volving p to achieve the best possible fit. The 
existing equations provide a very good lit to 
the experimental data at the intermediate 
radial power distribution but result in a 
systematic difference from the measured tem- 
peratures at the extreme power distributions. 
Thus, the calculated temperatures are 1WC 
less than measured for the steep radial power 
distribution, and l.O”C more than measured 
for the flat distribution. Even so the equations 
of column 2, Table 3 must be considered a very 
good fit to the experimental data. No other 
effect was significant even at the 90 per cent 
confidence level. 

Referring now to the statistical analyses of 
the four cases for which the zone 4 friction 
factors were adjusted by multiplying factors of 
1.2, 1.1, @9 and 0.8, it was again found that the 
effect of radial power distribution (p) was signili- 
cant but was independent of the zonal multiply- 
ing factors used. However, it was now found that 
two other effects, those of z and the interaction 
~5, were also variously significant at the 95 per 
cent confidence level. In the whole of this 
statistical treatment significance is implied when 
the ratio of the “mean square” (for the effect 
being examined) to the relevant error variance 
is greater than that number defined by Fisher’s 
[I91 F test. The mean square itself is a measure 
of the magnitude of the differences between 
experimental and calculated temperatures. The 
magnitudes of the mean squares of z and ZS 
for the cases considered have been plotted in 
Fig. 7. An effect of z alone signi~cant implies 
that all the slopes of can temperature versus 

are different from the experimental data to an 
equal extent for all surfaces (S). The interaction 
zS alone significant means that all slopes of can 
temperature with axial distance are different 
from HOTSPOT and are steeper or shallower 
depending upon the surface being examined 
but that the mean discrepancy in slopes is zero. 
The mean discrepancy in slopes is not zero when 
z and zS are together significant. These effects 

Note -Mean squares below 
the dotted lines are not + 
siqnificant at the respective 
confidence levels 

I 

Wultiplying factor on zone 4 friction factors 

FIG. 7. Statistical analysis of influence of zone 4 
friction factors. 

are illustrated in Fig. 8. In Fig. 7 it is shown at 
the 95 per cent confidence level that neither z 
nor zS is significant for zone 4 friction factor 
multipliers between 090 and 1.12. Thus HOT- 
SPOT maladjusted by any factor between these 

axial distance (z) as predicted by HOTSPOT limits would provide a fit not significantly 
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different from the data of column (2) Table 3 
at the 95 per cent level. However, since the 
intersection of the z and ZS curves in Fig. 7 is 
essentially coincident with the column (2) 
data it is clear that this represents the best of all 
tits to the experimental data. The necessity for 
the very large number of thermocouples and 
the attention to detail in all experimental 
measurements is illustrated by Fig. 7: an even 

For simplicity only 
two surfaces, 0 and 

@are excmlned 

Axial distance, z 

The statlsttcal analysis examines differences in surface 
temperature as illustrated below, where (for clarity) 
the temperature scale hos been enlarged 

Axial distance, z 

For the case shown bath zand zS ore significant. Had the mean 
fallen an the .? axis then zSalone would have been significant. 

Had curvesaand @ fallen an the meon but not on the .? axis 
then= alone would have been significant. 

FIG. 8. Illustration of z and ZS effects. 

smaller experimental scatter would have brought 
the limits of significance closer together than 
the @90 and 1.12 found in the present analysis. 
With the results as they stand the acceptance 
band around the best tit is appreciably reduced 
as shown in Fig. 7 if the 90 per cent rather than 
95 per cent confidence level is adopted. 

DISCUSSION OF EMPIRICAL MODIFICATIONS 
TO HOTSF’OT PROGRAMME 

The statistical analysis has confirmed that the 
initial equations (column 1 of Table 3) would 
give axial trends in zonal temperatures clearly 
at odds with the observed slopes. It may never- 
theless be suggested that as the initial equations 
contained empirical factors, a change from one 
set of factors to another calls for little comment. 
However, the initial equations were the cul- 
mination of an extensive series of investigations 
into the behaviour of rough and smooth 
surfaces and their interactions in annular and 
other simple channel shapes, and the extent to 
which they had to be modified raises the question 
of the feasibility of predicting cluster per- 
formance from more basic data. Moreover, if 
the transformation of all the single rod data was 
to be repeated with the correct radius of zero 
shear, the main effect would be to increase the 
rough surface friction factor and reduce the 
value for the smooth surface. An examination 
of these changes indicates that the empirical 
factors in column (1) of Table 3 would substan- 
tially be accounted for ; therefore present know- 
ledge of the location of the zero shear surface 
offers no explanation for the failure of the 
original equations to correlate the cluster 
measurements. 

Other possible causes for the shortcomings 
of the original equations include momentum 
transfer between adjacent coolant zones, eflects 
of passage shape, the adjustment to St in zone 
4 to allow for the adiabatic boundary, and the 
fact that support features must to some extent 
distort the flow through the cluster. These 
possibilities will now be examined in turn. 

Momentum transfer between zones turns 
out to be negligible according to either the 
theoretical estimate embodied in HOTSPOT 
or an alternative assessment derived by analogy 
from the empirical equation for the heat 
transfer between zones. Both estimates are 
tentative. However, for the purpose of this 
discussion of the cluster measurements, the 
fact which overrides the uncertainties is that 
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zone 4 has the highest mean coolant velocity, (Fig. 2). These distances, the corresponding local 
some 9 per cent above zone 3, therefore momen- equivalent diameters, and, for comparison, the 
turn transfer would appear to be in the wrong mean equivalent diameters for each zone, have 
direction to contribute to an explanation of the been calculated for the high & and are as 
unexpectedly large flow rate in zone 4. follows : 

Zone 
Minimum distance Corresponding local 

to zero shear surface (in.) equivalent diameter (in.1 
Mean equivalent 

diameter for zone (in.) 

2 @262* 
3 0 289* 
4 0.273 

* Taken as mid-way between rods. 

With the rather broad sub-division of the 
cluster into only four flow zones and six heated 
surface regions the actual variations of passage 
width around the rod surfaces are ignored. 
Each segment of rod surface is taken to be 
surrounded by a uniform width annular flow 
region, and the circular zero shear boundaries 
of these annuli have been indicated on Fig. 2 
to give an impression of the distortion involved. 
Ultimately HOTSPOT determines the first 
harmonics of the variations of surface and 
coolant temperature around each rod, thereby 
removing the step changes at zone boundaries, 
and discards the higher harmonics because they 
are sufficiently damped by circumferential dif- 
fusion to be ignored to a first approximation. 
A further consideration is that only the first 
harmonic produces thermal bow. A more 
complete treatment of the actual passage shapes 
would start with greater subdivision of the flow 
area and proceed to the determination of the 
locations of zero shear surfaces, local relative 
roughness (i.e. ratio of rib height to local 
equivalent diameter), friction factor. shear stress, 
Stanton number, heat transfer coefficient and 
so on, with allowance for circumferential dif- 
fusion in the coolant and rods. 

Comments on the possible outcome of such 
an extended treatment are necessarily tentative. 
Minima in the distance from a rod to a surface 
of zero shear are found on the six radial lines 
which pass through the centre of three rods 

1.364 I 99 
l-548 2.15 
l-440 221 

There is apparently nothing in the above figures 
to mark out zone 4 as very different from the 
others. However, it is recollected only half of 

the rods in the intermediate ring were associated 
with the minimum distance to a zero shear 

surface (type B in Fig. 2) and they were found to 
operate significantly hotter than the type A 
rods in the same ring by an amount equivalent 
to 6 per cent lower. If the lower St for type B 
rods was taken as an indication of the effect of 
very unequal equivalent diameters around a 
rod surface, and it is observed that all the rod 
surface in zone 4 were subject to comparably 
large equivalent diameter variations. there 
would be a partial explanation of the low St in 
zone 4. A reduction in effective f in zone 4 would 
be expected for the same reason. 

Another factor, significant only in zone 4. is 
the reduction in effective St to take account of 
the fact that heat flows beyond the surface of 
zero shear. The correction applied by HOT- 
SPOT, based on the analysis of single rod tests, 
is a reduction in mean St for the zone of rather 
less than 4 per cent. However, a calculation of 
the distance of the zero shear surface from the 
radially outward point of an outer ring rod. 
leads to the conclusion that St for that point 
should be reduced by about 9 per cent. As that 
is the point of temperature measurement we 
have a further contribution. of up to 5 per cent, 
to the explanation of the low St in zone 4. 

This brief discussion of passage shape effects 
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has suggested the sources of a substantial part 
of the observed St (and to a smaller extent f) 
reduction in zone 4, but much more work 
would be required to substantiate and quantify 
the effects. 

There remains the possibility that the block- 
age caused by the rod supports, unequally 
distributed across the flow area, might be a 
further factor in the unexpected behaviour of 
zone 4. The discussion will be confined to the 
four braces spaced at intervals of 35 in., along 
the test cluster. The pressure loss over a typical 
35 in. length depends upon (4fl/d + C) where 
C is the dimensionless brace pressure loss factor. 
For these braces, somewhat thickened by 
electrical insulation, C would be about 025 
and 4f’l/d is close to 1.59. With a low loss coeffi- 
cient in zone 4, the zone flow rate would not be 
constant but would vary axially, being a 
maximum in the brace region and tending to 
decay to the normal cluster value at a distance 
from the brace. A simple calculation model 
divides a brace pitch length into two regions, a 
fraction 6 of the length. including the brace, 
over which the zone 4 flow rate is enhanced by 
a constant factor, and the remainder (1 - 6) 
which has the ally-developed flow uninfluenced 
by the brace. The following table shows, for 
values of 6 from zero to 1.0 and for C (zone 4) of 
0.15 and 0.05. the enhanced mean velocity 
(u/u,) in the brace region and the reduced 
coolant temperature rise (At/At,) in zone 4. 

Zone 4 
C 0.15 

s _!!_ E II AI 

1’7 .\I,, u,, At, 

I.0 I-03 O-97 1.06 0.94 
0.50 1.05 o-975 1.11 0.95 
o-25 1.09 0.98 1.205 O-96 
0 1.29 1.0 2.25 I.00 

The case 6 = 0 implies that the flow displace- 
ments into and out of zone 4 occur immediately 
before and after a brace; although the mass flow 
increase through the brace itself is very substan- 
tial, the extra flow does not remain in zone 4 
over a finite distance and therefore does not 
affect the zone temperature rise (on the assump- 
tion, a considerable one, that the displaced flow 
enters and leaves zone 4 at the mean coolant 
temperature for that zone). Consider the case 
6 = 05 and C (zone 4) = 015. If, as in the 
cluster experiment analysis, the coolant tem- 
perature rise is interpreted in terms of friction 
factor, the zone 4 f would be underestimated 
by 5 per cent. Moreover, if the rod tem~rature 
measurements are made outside the region of 
enhanced zone flow rate, a distinct possibility 
as the relevant thermocouples were 4.0 in. 
upstream of a brace whereas the disturbance is 
likely to be more prolonged downstream, the 
zone 4 St would be underestimated by 2.5 per 
cent. It cannot immediately be concluded that 
the brace disturbance is a substantial cause of 
the low f and St in zone 4, nor would further 
numerical speculation be profitable at this stage. 
The form and magnitude of support disturbance 
merit further investigation. 

CONCLUDING REMARKS 

Although a series of adjustments had to be 
made to fit HOTSPOT to the cluster results. 
the correction factors were relatively small, and 
can be at least partially understood. It is of 
interest to reflect on the value of the consider- 
able effort expended on more basic experiments 
with simple conjurations and on semi-theo- 
retical developments in an attempt to establish 
a method for predicting cluster performance, in 
preference to a series of ad hoc cluster experi- 
ments. 

Cluster experiments on the scale of the one 
described are very time consuming. It would 
have been unthinkable to try and explore a 
wide range of roughened surface configurations 
by means of a series of cluster experiments. 
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Moreover, as roughened surface heat transfer 
and friction data, obtained from single rod 
experiments, accumulated, there was a natural 
desire for a procedure which would enable them 
to be applied to exploratory cluster calculations. 
Indeed it was only as a result of such studies 
that ideas were clarified on the cluster configura- 
tions which would be of interest. Moreover 
cluster experiments as part of an ad hoc pro- 
gramme may be ill-defined. As discussed in 
relation to the concept of the present experiment, 
it is vital that the adequacy of an experiment to 
resolve the outstanding uncertainties be con- 
sidered in advance, and it is doubtful whether 
this can be done unless the various factors that 
govern cluster performance have been identified 
and separately studied. Yet again, a laboratory 
cluster experiment cannot reproduce every 
detail of the conditions in a reactor channel ; 
the situation must be analysed in sufficient 
detail to create an awareness of these differences, 
and to enable the relevant factors to be 
separately studied and allowances made for 
them. Finally, although the introduction of 
empirical factors means that HOTSPOT cannot 
be used with confidence for appreciably different 
cluster designs, some freedom of application 
can reasonably be assumed, immediately, for 
instance, to optimise the fuel rod pitch-circle 
diameters of this particular cluster for reactor 
conditions. 

If a purely ad hoc approach is untenable, the 
danger of over-reliance on calculations based 
on theory and simple experiments also exists, 
and in particular the apparent power and com- 
prehensiveness of computer calculations may 
lead to an unwarranted degree of confidence in 
the accuracy of the answers. The balance 
between detinitive cluster experiments and more 
basic approaches is a matter for judgement, 
but there is a somewhat surprising lack of 
evidence of other comprehensive cluster ex- 
periments. 

There is scope for a number of further 
investigations in&ding : 

(a) A fundamental re-examination of the 

treatment of heat transfer and friction 
data for mixed rough-smooth passages. It 
is likely that, even with a more accurate 
location of the surface of zero shear stress, 
the present transformation method has 
now reached the limit of its usefulness and 
will be superseded. 

(b) The treatment of heat transfer and friction 
in the complex passage shapes occurring 
within clusters. 

64 Heat and momentum transfer between 
adjacent flow zones, covering a range of 
rod spacing, degree of roughness and 
helical as well as strictly transverse ribs. 

(d) Detailed velocity distribution measure- 
ments as a direct check on the zonal flow 
distribution part of the HOTSPOT cal- 
culations, with an extension to determine 
the flow redistribution produced by typical 
fuel element supports. 

A number of colieagues at RDL, Windscale have made 
substantial contributions to this investigation. Particular 
thanks am due to Dr. D. Wilkie for detailed guidance on 
the statistical analysis and Mr. M. Cowin for experimental 
assistance and the formulation of computer programmes for 
data reduction. 
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TRANSFERT THERMIQUE A CONVECTION FORCEEPOUR UN ECOULEMENT 
PARALLkLE A TRAVERS UNE GRAPPE DE TIGES RUGUEUSES 

R&urn&-Pour des rCacteurs performants refroidis par gaz, on souhaite disposer de mtthodes pour estimer 
la distribution de temperature sur l’enveloppe de l’ensemble des tltments combustibles de faGon trts 
dttaillte avec une prCcision maximum. La premiere partie de l’artlcle dtcrit la formulation d’un pro&d& 
de calcul de temptrature incorpore dans un programme de calculateur HOTSPOT. On se donne la distribu- 
tion de puissance du canal combustible et le d&bit de flux refroidissant, puis par pas le long du canal on 
d&ermine la distribution de l’bcoulement parmi Ies sous-canaux de I’ensemble, la tempkrature moyenne 
du r&frig&rant dans chaque sous-canal, en tolerant des &changes thermiques entre les sous-canaux adjacent% 
et les diffkrences de temperature locale l’enveloppe rifrig&ant. La partie principale de l’article contient 
ensuite une description du montage, l’ex&cution et l’analyse d’une exp&ience qui teste le pro&d& de calcul. 
L’exp&ience est relative B une grappe de 36 tiges de 4,5h m de long avec une puissance de chauffage de 900 
kW don&e par une r&stance Clectrique, B distribution contrcilCe et avec plus de 600 thermocouple 
install&s de faGon I dCterminer la distribution de tem@rature. 

Cet article est bask sur le travail men& au Reactor Development Laboratory U.K. Atomic Energy 
Authority, Windscale, Cumberland, Angleterre. 

W;iRMEflBERGANG BEI ERZWUNGENER KONVEKTION AN EINEM PARALLEL 
ANGESTRBMTEN, RAUHEN STABBmDEL 

Zusammenfassung-Fiir fortgeschrittene. gasgekiihlte Reaktoren benatigt man Methoden, urn die 
Temperaturverteilung iiber die Hiille der Biindelbrennelemente in allen Einzelheiten und mit grijsster 
Genauigkeit berechnen zu k&men. Der erste Teil der Arbeit beschreibt die Formulierung eines Verfahrens 
fur die Temperaturberechnung. das in ein Re~henprogramm HOTSPOT eingebaut ist. Die Verteilung der 
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WBrmestromdichtc im Kanal und die Massenstromdichte des Kiihlmittels werden vorgegeben, urn dann 
stufenweise entlang des Kanals die Geschwindigkeitsverteilung in den Unterkanglen des Biindels, die 
mittlere K~hlmit~eltemperatur in jedem Unterkanal mit Ber~cksichtigung des W~rmeaustausches 
zwischen den benachbarten UnterkanSien und die Grtliche Temperaturdifferenz zwischen Hiille und 
Kiihlmittel zu bestimmcn. Der Hauptteil der Arbeit beschgftigt sich mit einer Beschreibung des Entwurfs. 
der Priifung und Analyse eines umfangreic~leren Versuchs zur Erprobung dcs Berechnungsverfahrens. 
Der Versuch wurdc an einem 457 m langen Biindel mit 36 rauhen Stlben mit elektrischer Widerstand- 
heizung von 9(x) KW, deren Verteilung geregelt werden konnte. durchgefiihrt. Zur Bestimmung der 
Temperaturverteilung waren iiber 600 Thermoelement eingebaut. Der Arbeit liegen Untersuchungen 
zugrunde. die am Reactor Development Laboratory. U.K. Atomic Energy Authority. Windscale. Cumber- 

land. England durchgef~hrt wurden. 

IIEPEHOC TEIIJIA IIPLl BIJII-IY~~EHHO~ ICOHBEKUMB B I-IAPAJIJIEJlbHOM 
IJOTOKE 9EPE3 I-IYYIEH IIIEPOXOBATbIX CTEP1ICHEkf 

Amcvraqxix-j&m cospenreHKrax oxna~~aemblx ra3oM peawropoe Tpe6yIoTCR BecbMa 
nojrpo6HbIe E MaIwwanbHo ToYHbIe MeTogbI pacYeTa pacnpeAenews TeMnepaTypbI 40 
06~KBKe IlyYEOB TO~~K3H~X 3~e~eHT0B. B nepftol YaeTA CTaTbYl O~~cblBaeTc~ MeTo~~Ka 
paceeTa Te~~epaTyp~, B~~~~aeMo~ B nporpaiilnry cYeTHo--pemamIIier0 YCTpO~CTBa. 
Onpe~enfwfcb pacnpenenewse 3aeprnH no TOII~HBH~MY KaHany II cKopocTb noToKa oxna- 
AHTenR, a BaTeM mar 38 IuaroM Bgonb KaHana nposoasnm2b onpeneneawf pacnpeneneIn4fl 
IIOTOHa BAOJIb IIyYKOB ~O~O~K~Te~bH~X HaRBJIOB, CpeAHea TeMIIepaTypbI OXJN.AHTeJIR B 
Kazoos Xo~o~~~Te~bHo~ Kaftane c yYeTos Ten~oo~MeKa MemAy C~e~H~M~ ~O~o~K~~Te~b- 
HEJMH KanaJIaME M pa3HocTeR JIOKZIJEH~IX TemnepaTyp O~IUSIBKU~ M OxnaAaTenfl. OCHOBH~R 
YacTb~TaTb~co~ep~KI2TonKca~~eK0~~Tp~~q~11,tf~nom~eH~K~aaaa~3a0c~0~~0r0awcnep~- 
MeHTa ~jrff O~pO6OBaK~~ ~eTo~KK~ pacYeTa. J&n22 3Kc~ep~~eKTa ~c~o~b3oBa~c~ nyYoK 1-13 
%l'U UIepOXOBaTbIX CTepWHelt AJIElHOfi 15 (PyT. C 3JIeKTpSIYeCKEIM COIIpOTKBJIeHEleM HarpeBa 
9mK6T, pacnpeneneHHe KOTOpOrO MOHCHO B~IJIO KoHTpoJIHpoBaTb. 

I3onee veM 600 TepMonap 6bun4 ycTaHosnew fisus onpeAeneaIu4 pacnpeneneevrfi Teiw- 

nepaTypn. 
CTaTbH IIORI%TOBjleHa TIQ pa6oTe, B~~O~HeHHO~ B ~a6OpaTOp~~ pe3KTOpOB 06IIJeCTBa II0 

aTo&wofi arreprll~,)('yMBepneH~,A~r~~~~R. 


