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Abstract-An electrochemical analogue technique has been used to measure the mass-heat transfer 
distribution in pipes roughened with square small ribs. The rib pitch to height ratios were varied from 3 to 10, 
the Reynolds number from 1 x lo4 to 2.5 x lo5 and the Schmidt number from 1 x lo3 to 7 x 103. 
Measurements were made in regions with different degrees of flow development. Representative mass 
transfer distributions are given and discussed. It has been found that the mass transfer distributions are less 
non-uniform at higher Reynolds numbers and that they are virtually independent of the Schmidt number 

over a wide range of SC. 
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NOMENCLATURE 

surface area of the cathode; 
momentum transfer roughness 
function ; 
bulk concentration of reacting species 
of ions; 
diameter of pipe (at rib root); 
diffusion coefficient ; 
rib height ; 
dimensionless rib height; 
friction factor; 
Faraday constant ; 
heat transfer roughness function ; 
limiting current; 
mass transfer coefficient ; 
length of rough upstream section ; 
valency change of reacting ion species ; 
rib pitch; 
local velocity,; 
mean flow velocity ; 
rib width; 
distance downstream of rib ; 
kinematic viscosity ; 
Reynolds number, Udfv ; 
Schmidt number, v/D; 

Stanton number, KfU. 

downstream ; 
rough mean ; 
rough local ; 
smooth ; 
upstream. 

INTRODUCDON 

SURFACES roughened with discrete small square ribs 
have been widely used for improving heat transfer 
from the fuel pins of gas-cooled nuclear reactors, less 
frequently in other applications. A large amount of 

work has been done on experimental and semi- 
theoretical studies of the mean values of heat transfer 
(Stanton number) and friction factor on such surfaces, 
and this work has been comprehensively surveyed 
[l, 21. The flow and turbulence patterns over such 
surfaces have also been studied in some detail [3-51. 
However, relatively little has been done on the 
distribution of local heat transfer coefficients on such 
surfaces, probably because accurate measurements of 
this kind are rather difficult. 

A good knowledge of the heat transfer distribution 
on and between the ribs is desirable for two main 
reasons. First .of all it will improve our understanding 
of the mechanism by which the ribs actually influence 
heat transfer. Thus it will further theoretical 
approaches to the problem which so far have not been 
very successful. The second reason is a practical one. 
The heat rating of a reactor fuel element is often limited 
by the maximum temperature of the element’s 
cladding. The actual surface temperature of the 
cladding varies to some extent over each rib-pitch 
depending on the heat transfer distribution and on the 
thermal conductivity of the cladding material. Codes 
exist for the calculation of the temperature micro- 
distribution [6] but they suffer from the lack of reliable 
data for the local heat transfer distribution. The 
problem may not be too serious in present thermal 
reactors but would be more significant in gas-cooled 
fast reactors with their high heat rating and stainless 
steel claddings. 

Direct heat transfer experiments of this type are very 
difficult because of problems connected with the 
thermal insulation of small sections of the surface and 
with accurate measurements of the local heat flux and 
surface temperature. Therefore, virtually all previous 
investigators used some kind of mass transfer 
technique assuming the validity of the mass-heat 
transfer analogy. Two basic techniques have been 
employed-one based on the non-uniform 
sublimation of a naphthalene layer [7,8], the other on 
the evaporation of water from absorbent paper 
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covering the ribbed surface [9]. Both methods suffer 
from drawbacks-in the first method the 
characteristics of the surface will be affected by the 
non-uniform wear of the naphthalene layer, in the 
second capillarity effects in the paper have an effect 
similar to that of the thermal conductivity in heat 
transfer experiments. In each of the few experiments 
that have been reported measurements were taken at 
one Reynolds number only; all were done at low 

Schmidt numbers. 
For these reasons an experimental study was 

undertaken to determine local heat transfer 
distributions on the inner surface of a tube roughened 
with square sharp edged ribs in conditions of turbulent 

flow. This rib shape affects heat transfer performance 
more than most others and is widely used on nuclear 
fuel elements. The rib pitch to height ratio was varied 
from p/e = 3 to p/e = 10, thus covering the range most 
relevant for reactor applications and linking up with 
previous experiments at the same laboratory 
[4,10,11]. The ratio of rib height to tube diameter was 
kept constant at e/d = 0.0364. In the experiments an 
electrochemical analogue method was used which has 
been successfully applied in a number of other 
applications [12]. It is believed to be free from the 
mentioned drawbacks of other techniques and has 
other advantages as well. The main aims of the study 
were as follows: to verify the suitability of the 
electrochemical method for this type of measurement ; 
to obtain reliable and accurate data for the local 
mass-heat transfer distribution over a wide range of 
Reynolds numbers, in particular for p/e = 10 but also 
for other p/e ratios; and to investigate the possible 

effect of Schmidt-Prandtl number variations on the 
distribution. 

EXPERIMENTAL TECHNIQUE 
AND APPARATUS 

In the experiments the well known system consisting 
of an aqueous solution of potassium ferri- and 
ferrocyanide with NaOH as the inert electrolyte was 
used as the flow medium. The principle advantages 
and limitations of the method have been discussed by 
the authors in some detail in a previous paper [13]. 
Here it will suffice to say that the method is 
particularly suitable for local measurements because 
the electrical insulation of small sections of the surface 
is easy (the applied potentials are very low, typically 
1 V), and the quantity analogous to the heat flux (an 
electrical current) can be measured with high accuracy. 

The experimental rig was the same as used in our 
previous experiments and has been described in 
[13,14]. Four different measuring sections were used, 
each with a different p/e ratio, i.e. p/e = 10, 7, 5, 3 
respectively. All of them had a rib root diameter of 
110 mm and the rib width was always equal to the rib 
height, w = e = 4mm. The first of these sections 
(p/e = 10) is shown in Fig. l(a). It was composed of 10 

ring-shaped nickel electrodes, each 3-3.5 mm wide, 
one of which formed the rib tip and the remaining 9 the 

surface between 2 ribs ; the electrodes were separated 
by insulating UPVC rings. The other three measuring 
sections each consisted of two rib pitches as shown in 
Fig. l(b) for p/e = 7. Again 3 mm wide electrodes with 
insulating rings formed the two rib tips, however the 
surface between the first and second rib was formed by 
a continuous ring electrode, and the section between 
the 2nd and 3rd rib was divided into 6 electrodes. The 
design of the measuring sections for the smaller pitch 

to height ratios was quite similar, only the number of 
electrodes between the second and third rib was 
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FIG 1. (a) Measuring section with p/e = 10 
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FIG. 1. (b) Measuring sections with p/e = 7. 
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FIG. 2. Schematic arrangement of the six test sections. C = cathodes, A = anode. 
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correspondingly smaller (4 for p/e = 5 ; 2 for p/e = 3). 
The assembled measuring sections were polished in 
order to remove any unevenness or micro-roughness 
on the surface. 

The measuring sections were variously combined 
with three different upstream and two different 
downstream sections, so that 6 different test sections 
(TS) were obtained; these are shown diagrammatically 
in Fig. 2. All the upstream and downstream sections 
were made from perspex and had the same inner 
diameter and rib dimensions as the measuring 
sections; they differed, however, in length and rib 
pitch. The first upstream section was 2.4m long 
(L/d z 23) and had a rib pitch p/e = 10; it was used in 
combination with all four measuring sections (TS 1, 3, 

4, 5). It has been proved in earlier experiments [lo] 
that an L/d ratio of 23 is sufficient for full flow 

development in a rough pipe. Thus in test section 1 the 
flow in the measuring section may be assumed as fully 
developed. The same cannot be said of TS 3,4 and 5, 
since here the rib pitch in the measuring section 
differed from that upstream of it. The second upstream 
section again had a ratio of p/e = 10 but contained 
only 4 ribs and was 160mm long (L/d z 1.5); it was 
used in TS 2 together with the measuring section 
having p/e = 10. The conditions in the measuring 

section therefore corresponded to an early stage in 
flow development. The third upstream section had a 
rib pitch p/e = 3, contained 12 ribs and was 144mm 
long (L/d = 1.3); it was used in TS 6 together with the 

measuring section having p/e = 3. The roughened 
downstream test section in TS l-5 was 160 mm long 
and had a ratio p/e = 10; in TS 6 the downstream 
section was only 36 mm long and had p/e = 3. 

The term ‘fully developed’ implies that in the bulk of 
the flow the x-wise velocity gradient du/dx = 0. In the 
immediate vicinity of the surface flow, contraction and 
expansion occurs on each rib pitch and du/dx will, 
therefore, always vary with x. It has been shown in 
other experiments [4] that the region where 
du/dx =f(x) extends to a distance of about two rib 
heights above the rib tip. In view of the high Schmidt 
numbers in the present experiments, the concentration 
boundary layer is much thinner than the region of 
variable du/dx. Hence one would expect that the 
development of the mass transfer coefficient will be 
governed by the development of the velocity profile 
and it was deemed sufficient to use the short active 
measuring sections described before. Indeed tests on 
the section with two rib pitches have shown that the 
readings on the second pitch do not change when the 
first pitch is disconnected from the electrical circuit. 

In all cases a smooth nickel tube (I.D. = 102 mm, 
length 1 m) was placed below the downstream section 
and was used as the anode. 

The flow through the test sections was always 
downwards. The elements of the test sections were 
centred and sealed with O-rings and the whole 
assembly was held together by three long tie-rods. 
Great care was taken to ensure straightness of the test 

sections and to avoid any discontinuities or steps on 
the inner surface. The straight length in front of each 
measuring section was about 50 tube diameters, so 
that any effect of the upper bend could be neglected. 

All the cathodes and the anode were permanently 

connected to a continuously variable stabilised power 
supply but the current on each of the cathodes was 
measured separately with an accuracy of +O.Sy,. The 
current-voltage curves were plotted with the help of an 
X-Y recorder and the limiting current I,. was found 
from this curve. The mass transfer coefficient K was 
then calculated from the well known formula 

I 
K=‘.. 

n,FAC, 
(1) 

The electrolytic aqueous solution employed as the 
flow medium contained 0.002-0.005 M potassium 
ferricyanide K,Fe(CN),, 0.005-0.01 M potassium 

ferrocyanide K,Fe(CN), and 1.0-4.0 M sodium 
hydroxide NaOH. High purity chemicals and 
demineralized water were used for its preparation. It 

has been pointed out earlier [13] that it is beneficial to 
work with lower ferricyanide concentrations because 
this helps to ensure that the reaction on the cathode is 
the controlling one, and also because the effect of the 
ohmic resistance on the results is reduced. The 
Schmidt number is controlled by the NaOH 
concentration and by the temperature of the 
solution-in the given case SC was varied in the range 
lOO&7000. The concentration of the cyanides was 
determined by titration methods with an accuracy not 
worse than & 1.2pb. The experimental and activation 
procedure was essentially the same as described in 

[131. 
The flow rate through the test section was controlled 

by throttling in the outlet pipe from the pump and was 
measured with two alternative orifices. The 
temperature of the fluid was kept constant by a 
thermostat-controlled cooler coil in the tank. The tests 
were carried out at Reynolds numbers ranging from 
1 x lo4 to 2.5 x 105. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Test section with p/e = 10 
The measured local mass transfer coefficients K,,, 

were normalized by the value of the mean mass 
transfer coefficient K, which would obtain in a smooth 
pipe at the same values of Re and SC. The values of K, 
were calculated from a formula, derived from earlier 
tests with smooth pipes [13] 

K, = 0.0165U Re-0.14Sc-0.b7, (2) 

where U is the mean flow velocity. 
Figure 3 shows the normalized local mass transfer 

coefficients on the surface with p/e = 10 for fully 
developed flow conditions and varying Reynolds 
numbers. It is seen that the curves have three maxima 
and 2 minima. The first and highest maximum is on the 
rib tip. This is immediately followed by a deep 
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FIG. 3. Mass transfer coefficient distribution in fully developed flow for p/e = 10 at SC = 1535. 

minimum in the wake of the rib, but at all Reynolds 
numbers the value of KR,x at this point is still higher 
than K, in a smooth pipe. With increasing distance 
from the rib, K,,, increases again until the second 
maximum is reached at. three to four rib heights 
downstream of the rib; the distance decreases with 
increasing Re. It is believed that the position of this 
maximum more or less coincides with the 
reattachment point of the separated flow. Indeed its 
position agrees very well with the reattachment points 
found by wind-tunnel measurements on similar 
surfaces at the same laboratory [4] (3.2 rib heights 
downstream of the rib for Re > 105). The position of 
the maximum also agrees reasonably well with that 
found by other investigators [4,8,9]. With x 
increasing further, the boundary layer starts 
developing and the mass transfer coefficients fall again 
until the second minimum is reached one to two rib 
heights upstream of the next rib; the value of K,., at 
this point is always higher than in the immediate wake. 
Just in front ofthe next rib a third maximum, similar in 
value to the second, is observed. It is believed that this 
maximum is caused by flow separation and eddying. 
Apart from the shift in position of the second 
maximum the Reynolds number does not seem to have 
much effect on the general shape of the mass transfer 
distribution. It is, however, seen that as Re increases the 

curve becomes flatter and the values of K&K, 
generally decrease. This implies that at these high 
ghmidt numbers the improvement in heat transfer 
caused by the roughnesses is smaller at higher 
Reynolds numbers. In other words, the mean mass 
transfer coefficient KR is a stronger function of Re than 
K, given by equation (2); this is shown in Fig. 4. In this 
respect the relative change of the K, and K, values 
differs from that in the low Schmidt (or Prandtl) 
number range where the variation of K,JK, with Re is 
very small. On the other hand, for a given Reynolds 
number, the values found for K&K, at higher 
Schmidt numbers (up to SC = 7200) were quite similar 
to those in Fig. 3. It follows that at least in the tested 
range of SC the dependence of KR on SC is the same as 
that of the smooth K,, and also that the dependence of 
KR on Re in this Schmidt number range can be 
expressed as a power function with a constant 
exponent on Re. It was found that the experimental 
results were well represented by the equation 

St, = 0.281 Re-0.305 SC-‘.~‘, (3) 

the deviations being within + 5.5%. 
The mean mass transfer coefficient in St, was 

calculated from the measured local values on the rib 
tip and between the ribs, as if the total surface area 
were equal to the surface area of a smooth pipe with the 
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FIG. 4. Normalized mean Stanton number vs Reynolds number for p/e = 10 in fully developed flow at 
different Schmidt numbers. 

rib root diameter. This is an approach often used in the 
evaluation of St,. It is implicitly assumed in this 
method of calculating St, that the local mass transfer 
coefficients on the sides of the rib (which were not 
measured in the present study) are equal to the mean 
value over the surface. This assumption is supported 
by the experiments of Katchee and Mackewicz, and for 
the surface with p/e = 10 the error caused by it will in 
all probability be very small. However, for smaller p/e 
ratios the relative importance of the side walls of the 
rib increases and measurements of the mass transfer on 
these sides will be made in the near future. 

Figure 5 shows a comparison of the present 
distribution (this time expressed as the ratio of the 
local to the mean value of the mass transfer coefficient 

p/e=9.7-14.0 

on the rough surface) with that of Katchee and 
Mackewicz [7] for very similar values of p/e and Re. 
Also included are the data of Walker and Wilkie [8] 
obtained at higher values ofp/e and Re. The agreement 
is generally reasonable, the positions and values of the 
maxima agree particularly well. Walker’s third 
maximum is naturally further downstream because of 
the higher p/e, but its value appears to be abnormally 
high, perhaps due to the technique used. Since all 
previous measurements were done at low Schmidt 
numbers (SC = 1) it appears that the distribution of the 
normalized mass transfer coefficient (KK.JKH) is 

independent of Sc over a very wide range of Schmidt or 

Prandtl numbers. 
Figure 6 shows a comparison of the measured K,,, 

-A- 

-& 

0 10.0 5.6 x IO4 Present data 

A 9.7 6.1 x IO4 Kattchee and Mockewicz [71 

o 14.0 1.5~10~ Walker and Wilkie 181 

_-I I 1 1 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 I 2 3 4 5 6 7 8 9 IO II I2 13 14 

x/e 

FIG. 5. Comparison of mass transfer coefficient distributions with those obtained by other investigators. 
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FIG. 6. Comparison of mass transfer coefficients in the developing and fully developed flow regions. 
(p/e = 10, Re = 1.5 x 105, SC = 1535). 

in the fully developed region (TS 1) and in the 
developing regions (TS 2). It is seen that already after 4 
rib pitches from the start of roughening the curves are 
very similar to those for fully developed flow ; the local 
K,,, is slightly higher on the rib tip but slightly lower 
over most of the surface between the ribs ; the mean KR 
is about 5% lower than in the fully developed flow. 

Since the dependence of St on Re is generally 
different at very high and low Schmidt or Prandtl 
numbers, equation (3) should not be used directly for 
predicting St, for the case of heat transfer at low Pr, 
and some transformation is required. In order to 
establish how the present results can best be applied to 
the low Pr range, data obtained by Whitehead [2] and 
Webb [ 161 in heat transfer tests in similar geometries 
were used for comparison. It was found that good 
agreement was achieved by using the correlation 
suggested by Leslie [17] 

(l/&J = (2/fR) + m[G(e+)F(Pr - Me+)] 

+P+QJ,i?ii% (4) 

where P = 18.2, Q = 15.5. 

Since the friction factor was not measured in the 
present tests,fand Ar were calculated from expressions 
given by Whitehead, (these quantities are obviously 
not affected by the value of Pr) 

&#$= 2.44 In(d/2e) - 4.5 + Ar(e+), 

Ar(e+) = 6.53(p/e)-“.24. 

(5) 

(6) 

For the case of high Schmidt numbers the term 

&@&G(e+)F(Pr)] in equation (4) is very much 
larger than all the other terms on the right hand side 

and can be calculated directly from equation (3). The 
equation used for transformation can then be written 
as 

(l/St&, = (llSt&,(PrlSc)0.“7 + (2/fR) 

+P+Qm- mArk+), (7) 

where (l/St,),, corresponds to the presently measured 
St, at high Schmidt numbers, (l/St,),, corresponds to 
the value of St, in heat transfer at low Pr. 

The maximum deviations of Whitehead’s 
experimental data from the values predicted in this 
way was less than loo/,. Webb’s data exhibit a larger 
deviation (up to 20%) but this discrepancy is due to the 
generally lower value offR found by Webb. 

Test sections with p/e = 7, 5 and 3 
The mass transfer distribution on the surface with 

p/e = 7 is shown in Fig. 7. As mentioned before the 
upstream section had in this case a pitch to height ratio 
p/e = 10 and the flow in the measuring section may, 
therefore, not be fully developed. However, because of 
the known similarity of behaviour of surfaces with 
those two p/e ratios and in view of the observed 
similarity in behaviour of the fully developed and 
developing regions in the case of p/e = 10 (see Fig. 6), 
the observed profile is in all probability very similar to 
that in the fully developed region. The distribution is 
indeed similar to that in Fig. 5 (p/e = lo), the main 
difference being that the third maximum is now even 
higher than the second. This may perhaps be caused 
by the relative proximity of the two maxima; the low 
between them is very short and shallow because of the 
shorter rib pitch. The data are again in reasonable 
agreement with those of [7] and [S] who tested 
surfaces with p/e z 8. 
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FIG. 7. Mass transfer coefficient distributions in measuring section with p/e = 7; SC = 1566. 

The behaviour of the two surfaces with small p/e 
ratios is different. Figure 8 shows that for p/e = 5 there 
is again a high maximum on the rib tip followed by a 

minimum in the wake. A second unusually high 
maximum appears immediately in front ofthe next rib; 
the value of K,,, at this point is even slightly higher 
than on the rib tip. Obviously in this case flow 
reattachment and flow separation occur very close 
together and this produces locally very favourable 
conditions for mass and heat transfer. 

The behaviour of the surface with p/e = 3 in both its 
arrangements is shown in Fig. 9. The dashed lines are 
those from the arrangement with the long upstream 
section having p/e= 10 (TS S), the full lines are those 
obtained with the short upstream section having 
p/e = 3 (TS 6). With the narrow rib spacing of p/e = 3 
reattachment should not occur and one would expect 
that the flow will skim over the surface with standing 
vortices filling the space between the ribs, and that the 
values of K,,, will be, relatively low. Contrary to these 
expectations in both cases a pronounced maximum is 
found in front of the second rib. However in TS 6 all 
local values of K,,, are lower than in TS 5, and the 
difference is largest in the position of the second 
maximum. This may be due on the one hand to the 

different conditions on the inlet to the measuring 
section and on the other hand to the higher degree of 
flow development in TS 6. 

Williams and Watts in their experiments with 
square ribs with p/e = 3 also found that the mass 
transfer coefficient between the ribs was highest in 
front of the second rib, but their actual values of K,., 
over a substantial part of this surface were lower than 
that for a smooth tube. This discrepancy may well be 
due to the low degree of flow development in the 
present experiments. 

Table 1 provides further information on this point. 
It gives the mean values of the Stanton number 
St, = KR/U obtained on the first (St,.,.) and second 
pitch (St,,,) of the measuring sections with p/e = 3 
(both arrangements), p/e = 5 and p/e = 7. The values 
of St,.c and StR,D were calculated from the arithmetic 
mean of K,,, excluding the rib tip. The data for both 
measuring sections with p/e = 3 show that the down- 
stream St,, D is lower than StR,L.. The difference 
between the two values is larger in the case of TS 6 
(short upstream section with p/e = 3), especially at 
high Reynolds numbers. Thus it appears that in the 
inlet section of a pipe roughened with ribs having 
p/e = 3 the mass transfer coefficient decreases with 
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increasing distance from the entrance, quite similarly 

to the behaviour in a smooth pipe. However, the 
results from TS 5 (long upstream section with 
p/e = 10) are probably strongly influenced by the 
highly turbulent flow in the upstream section. 

A comparison of the two pitches of the measuring 
section with p/e = 5 shows a similar behaviour. Again 

St R,D is lower than StR,Ir and the difference at low Re is 
more significant (-77;) than at high Re (Re > 105) 
when it amounts to only 2-3”/,. 

However, the behaviour of the surfaces with the 
other two p/e ratios is different. For p/e = 7 the 
downstream pitch has a higher mean mass transfer 
coefficient than the upstream one. A similar 
observation on the test section with p/e = 10 has 
already been mentioned. Thus it appears that in the 
entrance section of pipes roughened with square ribs 

having p/e > 7 the mass-heat transfer coefficient 
increases with increasing x until the fully developed 
value is reached, whereas for p/e < 5 the opposite is 

true. These findings are in qualitative agreement with 

those of Edwards and Sheriff [15] who roughened 

their surfaces with strung wires. 
For a complete picture of the variations of the mean 

K, in the entrance sectiSh of pipes with different p/e 
ratios it is necessary to carry out more extensive tests 
over the whole length of developing flow. Considering 
the differing effects at different p/e ratios conclusions 
should not be drawn from the present data as to the 
mean values of the mass-heat transfer coefficients in 
fully developed flow for ratios different from p/e = 10. 
The present tests imply that very near the entrance the 
variation of K, with p/e can be substantially different 
from that in fully developed flow. 

Nevertheless, the distributions of the local mass 
transfer coefficients found for p/e = 7 and also for 
p/e = 3 are in all probability representative of the 
distributions in fully developed flow. In the case of 
p/e = 5 complementary tests are required to confirm 
the observed distribution. 
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FIG. 8. Mass transfer coefficient distributions in measuring section with p/e = 5; SC = 1445. 
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FIG. 9. Mass transfer coefficient distributions in the 
measuring section with p/e = 3 for the two different inlet 

conditions. SC = 1535 in both cases. 

CONCLUSIONS 

1. It has been shown that the electrochemical 
analogue technique is a useful and convenient tool for 
investigating local and mean transfer values on rough 
surfaces. 

2. Local mass transfer distributions have been 
established for surfaces roughened with square ribs 
with p/e = 10 in fully developed flow, and also in the 

region of developing flow. For the given p/e ratio, the 
distribution after 4 rib pitches is already very similar to 
that in fully developed flow and so is the mean 
mass-heat transfer coefficient. 

3. Mass transfer distributions have been obtained 
for p/e = 7, 5 and 3 in the region of developing flow, 
and in the case of .p/e = 3 for two different inlet 
conditions. The results indicate that the change in the 
mean Stanton number with distance from inlet has a 
different character for p/e > 7 and for pJe < 5. 

4. In all cases the variations in the local mass 
transfer coefficients along one rib pitch are smaller at 

7. Further work is required to establish the local 

transfer distributions in fully developed flow for p/e 

ratios smaller than 10, and to verify their antilicabilitv . _ 
the case of low Schmidt numbers. to 
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higher Reynolds numbers. The reduction in the mean 
Stanton number with increasing Re is larger than for a 
smooth surface. 

5. In the tested range of Schmidt numbers 

(SC = lOOC-7000) the relative local mass transfer 
distributions (KR,JKR) are independent of SC. The 
similarity of the present curves to those obtained by 
other investigators at low SC numbers implies that the 
relative distributions obtained with the 
electrochemical method are representative even for 
low SC, at least in fully developed flow over rough- 

nesses with p/e = 10. 
6. It has been shown for the case of p/e= 10 that 

from the mean Stanton number obtained by the 
electrochemical method (high SC) it is possible to 
predict with fair accuracy the corresponding St in heat 
transfer at low Pr, provided that the friction factor and 

roughness function of the surface are known or 
measured. 
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HMT 680 

DISTRIBUTION DU TRANSFERT LOCAL DE CHALEUR ET DE MASSE 
SUR DES SURFACES RENDUES RUGUEUSES PAR DES PETITS 

ANNEAUX CARRES 

R&me - Une mtthode analogique tlectrochimique est utilisee pour mesurer la distribution du transfert de 
chaleur et de masse dans des tubes rendus rugueux par des petits anneaux car&. Les rapports pas/hauteur 
des anneaux varient de 3 B 10, le nombre de Reynolds de lo4 B 2,5 x lo5 et le nombre de Schmidt de lo3 B 
7 x 103. Les mesures sont faites $ diffbrentes &tapes du dlveloppement de I’&oulement. Des distributions de 
transfert massique sont donnBes et discutCes. On trouve que les distributions de transfert massique sont 
moins non-uniformes aux nombres de Reynolds plus &levts et qu’elles sont virtuellement indipendantes du 

nombre de Schmidt pour un large domaine de celui-ci. 

ORTLICHE WbiRME- bzw. STOFFtiBERGANGSVERTEILUNG AUF 
OBERFLACHEN MIT KUNSTLICHEN RAUHIGKEITEN IN FORM KLEINER 

QUADRATRIPPEN 

Zusammenfassung-Mit Hilfe einer elektrochemischen Analogietechnik wurde die Wgrme- bzw. Stoffiiber- 
gangsverteilung in Rohren, die mittels kleiner Quadratrippen rauh gemacht worden waren, gemessen. Das 
VerhPltnis von Rippenabstand zu H(ihe wurde im Bereich van 3 bis 10 variiert, die Reynolds-Zahl von lo4 bis 
2,5. IO5 und die Schmidt-Zahl von lo3 bis 7’ IO’. Messungen wurden in Bereichen unterschiedlicher 
Striimungsausbildung gemacht. Typische Stoffiibergangsverteilungen werden angegeben und diskutiert. Es 
zeigte sich, daB die Stoffiibergangsverteilungen bei hohen Reynolds-Zahlen weniger ungleichfiirmig sind und 

daD sie iiber einen weiten Bereich van Schmidt-Zahlen von diesen praktisch nicht abhlngen. 

JIOKAnbHOE PACIIPEAEflEHME TEIIJIO- M MACCOO6MEHA II0 fIOBEPXHOCTJIM 
C HE6OJIbllJMMM KBAAPATHbIMM PESPAMM 

AHHoTaunn- &WI H3MCpeHHR paCn~LieJlCH&iS TenJla A MaCCblB Tpy6aX C He6OflbwkiMH KBanpaTHMMH 

pe6paMH HCnOJb30BaH MeTO 3~leKTpOXHMW,eCKOE? aHanOTHH. OTHOLIJCHHC Wai-a K BblCOTe pe6pa 
&iwewnocb B npenenax OT 3 n0 IO. ‘Ikfcno Peihonbnca ~ OT I x IO4 no 2.5 x IO’. wcno UhnnTa 

-0~ 1 x IO’ i10 7 x IO’. kf3MepeHm-i npoeonnnHcb B o6nacTnx c pa3nerHblMs CTenemMH pa3B&iTm 

noToKa. FlpaBeneHbl xapaXTepHble pacnpeneneHan MacconepeHoca w nan wx aHanW3. Haiineuo. STO 

pacnpe2eneHen nepewca Maccbl hieHee HeonHoponHbl npii 6onee BbIcomx qticnax Peiinonbnca w L~TO 

$aKTnqecxI( 0HH He 3aaWcaT 0~ wcna UlhlmTa B tunpoKob4 mana30He ero H3tdeHeHm. 


