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CONDUCTIVITY EFFECTS ON RIBBED SURFACE 

HEAT TRANSFER 
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(Received 31 August 1970 und in revisedform I5 February 1971) 

Abstract-This paper considers heat-transfer from rib roughened surfaces, in particular A.G.R. fuel ele- 
ments and the electrically heated scaled-up dummy elements used in establishing their performance in the 
Laboratory. It is shown that important corrections have to be made for the conductivity of the test element 
and coolant gas. Computed temperature distributions within ribbed surfaces are correlated in such a way 
that an allowance for surface heat-transfer efficiency (g,) can be predicted for different operating condi- 
tions. The laboratory heat-transfer measurements have to ,be reduced by typically 8 per cent to give per- 
formance information appropriate to reactor conditions. The principles should be applied to any heat- 

transfer surface when interpreting experimental results and comparing data 
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NOMENCLATURE 

area ; 
surface area of node n ; 
surface root area of roughened ele- 
ment i.e. area with ribs absent ; 
total surface area of roughened 
element ; 
Biot number ; 
modified Biot numbers ; 
specific heat ; 
surface efficiency ; 
function describing heat-transfer vari- 
ation over a roughened surface ; 
Prandtl number ; 
rate of heat-transfer/unit length ; 
dimensionless radius (r/E) ; 
Reynolds number @de/p); 
Stanton number ; 
Stanton number for an infinitely 
conducting surface ; 
temperature ; 
gas temperature ; 
inner wall temperature ; 
dimensionless temperature (T-T,)/ 

(T-T,); 
dimensionless length (z/s) ; 
equivalent diameter : 
heat-transfer coefficient at point I, z 
on roughened surface ; 

mean heat-transfer coefficient over 
roughened surface ; 
effective heat-transfer coefficient as 
measured on a surface ; 
heat-transfer coefficient of node n ; 
thermal conductivity of gas ; 
thermal conductivity of metal ; 
refers to node n ; 
number of nodes in one rib pitch of 
surface ; 
surface flux at a point on a roughened 
surface ; 
surface flux at node n ; 
radius ; 
root radius of ribbed element; 
wall thickness of roughened element ; 
fluid velocity ; 
rib width ; 
length ; 
rib height ; 
density ; 
fluid viscosity ; 
maximum surface to gas temperature 
difference ; 
surface to gas temperature difference 
for k,,, = cc ; 
angle. 
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INTRODUCTION 

THE IMPROVEMENT in heat transfer caused by 
surface roughening has been studied for a 
considerable number of years. A roughened 
surface has been adopted for the stainless steel 
cladding of fuel pins in the Advanced Gas 
Cooled Reactors (A.G.R.). 

Much of the development work for such a 
surface is carried out in the laboratory using 
relatively high conductivity aluminium test 
elements in a CO2 loop operating at different 
conditions of temperature and pressure from 
those existing in the reactor. 

Williams and Watts [ 13 have shown that for 
widely spaced rib type roughnesses, similar to 
those in the A.G.R., a very high heat-transfer 
coefficient exists over much of the rib and thus 
a high proportion of the heat passes through 
the rib. This means that there must be an axial 
flow of heat along or just below the surface of 
the test element. The proportion of heat flowing 
axially, for a given distribution of surface heat- 
transfer coefficient, will depend on the conduc- 
tivity of the metal, the heat-transfer coefficient 
and, possibly the wall thickness between the 
ribs. 

These effects have been investigated theoreti- 
cally and numerically in this paper using 
published heat-transfer coefficient distributions. 
It is shown that the heat-transfer performance 
of a stainless steel surface operating under 
reactor conditions is typically 8 per cent lower 
than that of an aluminium surface tested under 
laboratory conditions. A generalized method 
of making a quantitative correction is given. 

THEORY 

The temperature distribution in the body of 
the roughened surfaces considered in this paper 
is determined by the conduction equation and 
the appropriate boundary conditions. The test 
elements and fuel pins can be assumed to be 
running under conditions of cylindrical sym- 
metry so that variations of temperature with 
@in r, z, 8 geometry) are zero. Thus. 

The heat-transfer coefficient between the 
roughened surface and the gas varies from place 
to place on the surface. However this variation 
G(r, z) is often known and a heat-transfer coeffi- 
cient h can be specified for every ppsition on the 
roughened surface i.e. 

h = h,G(r. z) (2) 

where h, represents the mean heat-transfer 
coefficient. 

Also the bulk mean coolant gas temperature 
TG can be specified as constant over one rib 
pitch. 

The boundary condition at the element/gas 
interface may therefore be expressed in the form : 

h(T - TG) = - k, ; 

dT h,G(r, z) 
or ar + -~--k ~- (T - TG) = 0. 

m 
(3) 

Heat transfer from the rib sides may be 
considered similarly. 

The boundary condition for the inner heated 
surface of the elements is assumed to be constant 
wall temperature i.e. 

T = T = constant. 

This is discussed later. 

(4) 

Equations (l), (3) and (4) determine the 
temperature distribution in the body of the test 
elements. These equations may be made dimen- 
sionless by defining dimensionless temperatures 
I/in terms of a reference temperature difference 
T - T, 

(5) 

Similarly dimensionless lengths are defined 
in terms of the rib height E. 
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Equation (1) becomes 

Equation (3) becomes 

Equation (4) becomes 

v= 1. (8) 

Equations (6)-(S) completely define the tem- 
perature distribution within ribbed elements of 
the same dimensionless shape, i.e. constant P/E, 
r,&-, t/.c, w/s. Provided G(r, z) is assumed to vary 
very little with changes in Reynolds number 
and Prandtl number, the temperature distribu- 
tion solutions will only depend on the dimen- 
sionless group &Jkm. This is kn&wn as the 
Biot number. 

The heat transfer performance of a ribbed 
element can be expressed in terms of E, which 
is a measure of the surface efficiency. 

It is defined 

AT= 
or-E, =--- 

AT 

where AT is the maximum element-gas tem- 
perature difference under the conditions of 
interest and AT, the corresponding value under 
the same conditions of flux and heat-transfer 
coefficient but with the material conductivity 
assumed infinite 

i.e. 
$fHdr.ds 

ATw = jjhrldr.dz. 
zr 
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Thus for a particular geometry and heat-transfer 
coeffcient dist~bution Glr, z) the surface effr- 
ciency should be uniquely related to the Biot 
number. The aim of the next section is to 
calculate this relationship and show how to use 
it in the interpretation of experimental results. 

METHOD OF ANALYSIS 

The temperature distribution within the body 
of the ribbed test elements was calculated using 
the ORSFT 2 [Z] computer program. This 
program solves the time dependant form of the 
heat conduction equation using a finite dif- 
ference technique. The steady state solutions 
used in this paper were obtained by solving 
the equations successively until the rate of 
change of temperature was zero. 

Stainless 
steel beater 
tube 

FIG. 1. A typicat Iaboratory test ekment. 

Figure 1 shows a typical test element which 
would be used in the faboratory to determine 
the heat-transfer performance of a particular 
ribbed surfaGe. Figure 2 shows how the body of 
the element was divided up into “Nodes’” for 
the ORSFT 2 analysis, which in this example is 
carried out in r, 8, z geometry with variations 
in the 0 direction taken as zero. 

For each example investigated the ORSFT 2 
model was set up for a one rib pitch section of 
element, The nodes at opposite ends of the 
element were connected by the program to 
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Boundary node, Tg 

Forced convection poth, h 

Internal node 

One rib pitch 

A IS connected to A’etc 

FIG. 2. Typical node structure used in roughened surface problems. 

eliminate end conduction effects. A surface 
heat-transfer coefficient distributed as shown in 
Fig. 3 (Williams and Watts fl]) was assigned to 
the surface nodes. A coolant gas temperature 
and the heat source boundary conditions were 
also specified to correspond to various test 
conditions. 

The output from ORSFT 2 is the temperature 
at each internal node and the heat flux and 
temperature at each surface node. This informa- 

--- Dota of Wikm 

Flow -.L 

-------Gap between rib s-----,-~~e Ri b-‘-(111 

I 
ing 
e 

tion is used to plot the isotherms within the 
element body {Fig. 4) and the dist~but~ou of 
surface t~rn~~rat~re and flux (Fig. 5). 

FE. 4. lerrqxrature distribution within the body of a 
roughened dement. 

The maximum can-to-gas temperature dif- 
ference AT is determined from this figure, and 
ATm is also readily determined from the ORSFT 
2 output being given by : 

Ew. 3. The d~~t~bu~on of heat-transfer coefficient over 
ribbed heat-transfer surfaces. 

5: k&i 
I 
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face face 

FIG. 5. Variation of surface temperature, surface heat flux and heat-transfer coefficient over a rib pitch of a 
roughened element. 

Hence E, was found: 

cc 
E, =“h’, -. (9) 

The Biot number corresponding to the test 
conditions was calculated from the input data 

(10) 

where h, is the average surface heat-transfer 
coefficient and is given by 

RESULTS 
The analysis as described above was carried 

out for a variety of conditions. At first the 
geometry of the test element was maintained 
constant i.e. P/E = 7, W/E = 1, t/E = 10, ro/.s = 20, 
and a constant temperature inner wall boundary 
was used. The Biot number was varied by using 

a range of values of h,, E and k,,,. The results are 
plotted in Fig. 6. 

The effect of a substantial change in the 
distribution of the heat-transfer coefficient over 
the ribbed surface was studied by using the 
relatively flat heat-transfer coefficient distribu- 
tion measured by Wilson [3] as shown in Fig. 3. 
For a given Biot number a higher E, results 
as shown in Fig. 6. 

All the above analyses were repeated using a 
constant flux inner wall boundary condition, 
and for the thick walled element considered, 
the same values of E, were obtained as for the 
constant temperature case, see Fig. 6. 

The effect of wall thickness (t/c) was studied 
using both the constant temperature and con- 
stant flux inner wall boundaries. The results 
are presented in Fig. 7 for a constant Biot 
number. 

Further runs were also carried out to represent 
a fuel can in a reactor with heat generated in 
the fuel pellets. Finally, since some laboratory 
experiments are performed using electrical re- 
sistance heating of the can wall itself a run was 
carried out to study this situation. The heat 
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Boundary condition Inner wall temperature 

I, constant 

j.,, $ii,2Q 

x +-‘Fiat’ h distribution reference r31 

Note 

Identical results were obfained 

for constant flux boundary condition 
at the inner wall 

I 1 I I I i I I I J 
0-85O 0.01 0.02 0.03 0.04 DO5 0.06 0.07 0.08 0.09 0.10 

&al number, 

FE. 6. The ~elationshjp between surface &ciency E, and the surface Biot number h,tik, for a thick walEed 
element (t/e = 10). 

generation rate distribution within the ribbed 
can wali was computed using QRSFT 2 and 
the analogy between heat and eIectrica1 conduc- 
tion. The temperature distribution within the 
wall was then found in the normal way using 
ORSm 2, and hence E, and the Biot number 
were calculated. The results for both the pellet 
heating and electrical wall heating are within 
0.06 per cent of the constant inner wall flux 

Sot number 
* 
k, = 0~04344 

0.95 
-20 \ 3 

!$ Constant temperature inner wall boundory 5 f constant 

0.85 - 

III1 I Ill 1 J 
0 I 2 3 4 5 6 7 8 9 10 

Wall thitknesslrib height ratio, f 

Fro, 7. Surface efficiency, E,, as a function of the wall 
thickness-rib height ratio for both constant flux and 

constant tem~rature bounda~ conditions. 

case and are all shown as one line in Fig. 8 
(E/k = 1.36). 

APPLICATION OF WX_JLTS 

In a laboratory experiment the maximum 
can-to-gas temperature difference AT,,,and the 
heat rating are the usual quantities measured 
and from these an effective heat-transfer co- 
efficient h, and Stanton number are determined 
based on the root surface area A,. If Q is the 
rate of heat-transfer, then 

Q =h,.A,.AT~, 

h 
and St_ =: -_-? ___.. _. . 

c, . p .I: 

(II) 

From equations 19) and (iI), therefore, the 
rate of heat-transfer can be represented by : 

Since h, is the average heat-transfer coefficient 
over the total surface area A,, the heat rate can 
also be represented by : 

Q = Iz,.A,.AT,. 03) 
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>3) test element 

I I I I I 
0.01 0.02 0.03 CM4 0.05 0xX 0.07 0.08 0.09 

Biot number f$f 

FIG. 8. Surface efficiency, E, as a fun~~on of the surface Biot number ~~/~~ for typical reactor fuel pins and 
laboratory test elements. 

Hence, using the equations (lo), (12) and (13), 
the Biot number may be written : 

*_!!! -!- !!E 
- A,‘E;k, 

or B=~.~.St.Re.Pr.;.~. 
At Em m 

However, for most practical purposes, this 
expression is not the most convenient, and so 
that E, may be found explicitly, use is made of 

modified Biot numbers, B’ and B”, where : 

B’== SLR&PL$.> 
m 

and B”= St,.Re.Pr.i.: 
m 

On the basis of these parameters, Figs. 9 and 
10 are.plotted from the data presented in Fig. 8. 

The Stanton number for. experimental con- 
ditions, St,, can now be corrected as outlined 

Thick walled (f>3) fesf element 

htoled with o heoter tube OS in 

O-85, ’ j ’ I I I I 
0.01 0.02 O-03 O-04 0.05 0.06 0.07 008 0.09 0.10 

Fig. I 

Modified Biot number B’-M Re. P,: d% x.2 
m 

FIG. 9. Surface efficiency E, as a function of the modified Biot number, B’. 
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below, so as to provide the Stanton number, 
St,. for some other conditions, e.g. reactor 
conditions. 

Thick walled (f>3) lest clement 

heated with a heater tube OS in Fig. 1 

0.85,- O-01 1 O-02 ’ 0.04 1 005 ’ 1 1 0.06 0.08 1 1 0.03 Y 0.07 0.09 0.10 

Modlfwd BIOI number Bq=St, Re. PI. ,$xF 
m 

FIG. 10. Surface efficiency E, as a function of the modified 
Biot number. t?“. 

The experimental data, St,, Re, Pr. E/&T and 
k$k, are used in Fig. 9 to determine a value of 

E,, say E,,, which applies to the experimental 
conditions, and hence St,, is found, 

Now, assuming comparisons are made at the 
same values of Reynolds number and c/cle. and 
that the following relationship holds. 

St a Pp.-‘-’ 

then St,, is given by 

St,, = St,, f$ ( > 
0.6 

. 
2 

The reactor data and StzZ are now used to 
calculate B”, enabling E xii to be evaluated from 
Fig. 10. 

The performance of the surface at reactor 
conditions, St,, is now given by : 

St, = ST,.~ x E,?. 

For conditions (1) 

B’ = St, . Re . Pr . c/de . kg/k, = 03028 

Example 

Laboratory data (11 Reactor data (2) 

Material Aluminium Stainless steel 
coolant CO,(2oo”C) CO,(6oo”C) 

E:lIP 0,007 0.007 
ti: 10 I .x1 
k, CH U1in.s “C 4.15 10 7 84 * Ior- 
k, C’H U Gn.s ‘C 3.1 i 10-J 3.75 I IO ,i 
Re 8 i 10’ i; 8 1oi 
Pr O-74h-I O-7265 
Sr OGX 

--- --._.~_ ._ -~==.=-=.~~~=~~~~=-_=.~.._-_-_= 

hence E,, = 0994 from Fig. 9 for a t/c = 10 

0005 
:. St.,, = -.~ 

0.994. 

Therefore for conditions (2) 

00X 0.7464 “’ 
St,, = - 

(-..&I 0.994 O-7265 

= 0.005 113. 

Now B” = St,, Re Pr E/de k,/k, 

= 0.05 120. 

Hence from Fig. 10 E,, = 0,914 for t/c = l-36 

:. St, = 0~005113 X 0.914 

= OG’J467. 

The Stanton number under reactor conditions 
will therefore be 6-5 per cent lower than the 
value measured in the laboratory. 

DISCUSSION 

The theory demonstrates that the Biot num- 
ber governs the tem~rature distribution in a 
ribbed heat-transfer surface for a given geometry 
and heat-transfer coefficient distribution. A 
constant temperature inner wall boundary con- 
dition is assumed, but a similar result could 
have been derived using constant flux or some 
other heat source boundary condition. 

The results of the numerical analysis plotted 
in Fig. 6 show that if the same Biot number is 



RIBBED SURFACE HEAT TRANSFER 1873 

achieved using different values of h,, E, and k,,, 
then the same E, is obtained. This confirms 
that the temperature field, or rather a particular 
feature of it E,, is uniquely related to the Biot 
number for a given distribution of heat-transfer 
coefficient over the surface and constant pin 
wall geometry with a specified heat source 
boundary condition. 

The heat-transfer coefficient distribution over 
the ribbed surface was taken from the data of 
Williams and Watts [l] (see Fig. 3) who used a 
water vapour mass transfer analogue. These 
results are very similar to the earlier work of 
Kattchee and Mackewicz [4] and to the results 
of Wilkie [5] who both used a naphthalene 
sublimation technique. However Wilson [3] 
reported a much flatter distribution with rela- 
tively low coefficients over the rib top. This is 
regarded as non-typical and is used to show the 
effect of a substantial change in the distribution 
of the heat-transfer coefficient, see Fig. 6. As 
expected the flatter distribution gives E, values 
closer to unity than those obtained from a more 
typical distribution. In general very little vari- 
ation in the distribution has been reported even 
when considerable changes have been made in 
the Reynolds number. 

The results presented in Fig. 7 show that the 
effect of reducing wall thickness (t/s) depends 
on what heat ‘source boundary condition is 
applied. Below a t/c value of about 3, E, 
increases with decreasing wall thickness if the 
boundary condition applied is that of constant 
temperature, whereas for constant flux E, is 
seen to decrease. 

At a value for t/E of 1.36, which is typical for 
reactor fuel cans, the discrepancy is only about 
O-8 per cent, but below this value the two lines 
diverge very rapidly to limiting values for E, 
of 0.952 in the case of constant temperature, and 
0.216 in the case of constant flux. 

It is obvious from Fig. 7 why the results of the 
initial investigation, for a $5 value of 10, were 
identical for the two different boundary 
conditions. 

The remainder of the runs, to establish the 

effect of different modes of heating, were 
mostly performed at B = 0.04344 and t/E = 1.36, 
these being typical reactor values. The results 
show at this Biot number that the effect of 
changes in the heat source on E, are very small 
indeed. In both the case of fuel pellet heating, 
and where the heat was generated electrically in 
the can wall itself, the results correspond to 
within 0.06 per cent of that obtained using a 
constant inner wall heat flux boundary condi- 
tion. Since the differences are so small it is not 
possible to distinguish between the modes of 
heating in Fig. 8, and therefore the results for a 
‘reactor type can’ are shown by a single dashed 
line. 

In the laboratory heat may be sometimes 
supplied from an electrically heated tube sprayed 
with alumina insulation which is then mounted 
in the bore of the test element as in Fig. 1. The 
inner wall boundary condition will be some- 
where between constant temperature and con- 
stant flux. However since the wall thickness of 
such elements is usually greater than t/e = 3 
the type of boundary condition will have no 
effect and the E, values will be as in Fig. 6. 
These are shown by a full line in Fig. 8. 

All the results presented in this paper apply 
to cases where the radius of the test element is 
large compared with the rib size i.e. I& 
= 20 -+ 28. Should small values of I& ever be 
of interest then new E, - Biot curves would 
have to be derived. 

As the example shows, the correction from 
laboratory to reactor conditions for conduc- 
tivity effects can be very significant. The conduc- 
tivity effects alone produce a - 8 per cent correc- 
tion and a Prandtl number change gives a 
+ ti6 per cent correction resulting in a nett 
- 6.5 per cent. The graphs of E, v. modified 
Biot numbers presented in Figs. 9 and 10 are 
very convenient for calculating the corrections. 

CONCLUSIONS 

The importance of thermal conductivity effects 
in the interpretation of the heat-transfer per- 
formance of ribbed surfaces is demonstrated. 
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A simp&z method of making correetims for a a sludy of the meechdnisms inv&& F.C. 5.5, Fourth 

particuIar type of ribbed surface is given. The 
principtes are generally applicable to all heat- 2. A. LICKORISH, ORSFT 2- A revised version of the IBM 

transfer surfaces. 
7090 program ORSIFT for computing heat distributions. 
CEGBlRDlUMl2. 
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EFFETS DE ~UN~~CTIVITE SUR LE TRANSFERT T~ERMI~U~ DXJNE SURFACE 
CANNELEE 

R&urn-et article cunccrnc le transfert thermique des surfacer rugueuses cannel&s. en particulier des 
ClBments combustibles A.G.R. et des Uments modkles chauffks t?lectriquement utilists pour dtterminer 
en laboratoire leurs performances. On montre que des corrections importantes doivent &tre faites pour la 
conductiviti de I’&ment d’essni et le gaz rCfrig6rant. Des distributions de temptrature calcul&es pour 
surfaces canneICes sent regroup&es de man&e B prtdire I’efficaciti: thermique de la surface (E,) pour 
diffkrentes conditions optratoircs. Les mesures thermiques sent unifi&s a 8 pour cent p&s et donnent une 
information approprite sur lea performances dans les conditions du rbacteur. Les principes peuvent &re 
appliquts B une surface quelconque & partir d’essais comparatifs et des r&hats exp&imentaux d’inter- 

prktation. 

W~RMELEITE~F~KT~ BEIM W~RME~BERGANG AN BERIPPTEN OEERFL~C~~N 

~~rn~~a~~g--~i~~ Arbeit behaadeh den W~m~~~rg~ng a31 berippten OberfI%chen, insbesonderc 
an A.G.R.-Brennstoffelem~~t~ und an vergriisserten. elektrisch b&&in V~rgIe~chs~l~ment~. wie sie 
fiir Laborversuche verwendct wurden. 

Es wird gezeigt dass erheblicbe Korrekturen zu machen sind fils die Leitfghigkeit des Tcsteiements und 
des Kiihlgases. Berechnete Temperaturverteilungen in berippten Fl&hen werden so korreliert. dass fiir 
verschi dene Betriebsbedingungen ein Bereich fti den Wtimeiibergang an der OberflPche angegcben 
werden kann. Die WQmeiibergangsmessungen im Laboratorium miissen urn 8% verkleinert werden, urn 
Informationen fiir den Betricb unter Reaktorbedingungen zu liefern. Dieses Verfahren sollte auf den 
Wsrmeiibergang an beliebigcn Oberfllchen angewendet werden, wenn man experimentelle Ergebnisse 

und Vergleichsdaten auswerten will. 

o6pa6oTKe BHCfff$GiMeHTaJlbHbIX pe3yJIbTaToB H CpaBHeNUB E@HHblX. 


