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Abstract—The heat-transfer and friction characteristics of a surface with discrete roughnesses have been

investigated experimentally.

The surfaces were roughened by means of a wire wrapping at a constant pitch-to-wire diameter ratio of
10: 1, with wire sizes varying from 0-002- to 0-040-in dia.
A simple correlation on the basis of a non-dimensional roughness parameter ¢* was found to be useful,
but a more exact correlation on the basis of a two-layer model of the heat-transfer resistance was more
exact. In this model the heat-transfer process was sub-divided into a region from the wall to the envelope
enclosing the roughness tips, and a central core region.
The heat-transfer resistance from the wall to the roughness tips has a minimum value at e* ~ 35, and
this produces an optimum heat-transfer surface.

NOMENCLATURE

constant in rough-surface velocity
profile;

specific heat ;

roughness height ;
dimensionless roughness
e J(x/p)v;

fanning friction coefficient ;
thermal conductivity;
mean heat-transfer coefficient ;

wall heat-transfer coefficient, g/(t,, — t,);
heat flux;

Prandtl number ;

Reynolds number;

Stanton number, h/puc;

wall Stanton number, h,/pu.c;
temperature ;

dimensionless temperature, t/(q,./pu.c);
fluid velocity;

friction velocity, \/(t/p);

dimensionless velocity, u/\/(t/p);
distance from the wall;
dimensionless  distance
yJ&/p)v;

shear stress;

density;

parameter,

parameter,

v,  kinematic viscosity;

€y, eddy diffusivity of momentum;

e, eddy diffusivity of heat;

om, correction to allow for differences be-
tween velocity and temperature dis-
tribution [see equation (3)].

Subscripts

1 evaluated at boundary between régimes
in roughened channel;

m, evaluated at maximum velocity position ;

e,  evaluated at roughness tip;

0, mean value;

w, evaluated at the wall;

R, roughened surface;

s, smooth surface.

INTRODUCTION

1. There have been many heat-transfer in-
vestigations involving roughened surfaces since
the initial work of Cope [1]. Most of these
studies have been made in the past twelve years
and inspired mainly by nuclear reactor applica-
tions. The improved heat-transfer performance
of roughened surfaces enables the reactor rating
to be increased for a given size, and the capital
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cost per unit sent out reduced. The types of
roughnesses have varied, from machined threads
to wires close to the surface, as have also the
flow geometries. Table 1 lists the major works,
showing the differing geometries and roughness
configurations.

2. The emphasis of the various investigations
naturally has depended on the principal ob-
jectives. For example, the studies of Sams [2, 3],
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coefficient for roughened surfaces help to fill
this gap, and are provided by references [10]
and [11]. The main feature of these experiments
was the measurement of the heat-transfer rate
between the discrete roughnesses, in one case
with a direct heat-transfer experiment and in
the other with a mass-transfer analogue.

3. In addition to these heat-transfer studies,
Savage and Myers investigated the loss charac-

Table 1. Roughened-surface heat-transfer studies

Investigators Geometry Type of roughness Fluid Rey nol:i:;lgl;mbcr Ns‘:;lr_}:zés()f
Nunner [6] circular tube semi-circular, air 103-7 x 10* 8
rectangular
Dipprey and Sabersky [7] circular tube sand grain water 2 x 10* 4
5 x 10°
Edwards and Sheriff [10]  rectangular duct  wire air 2 x 10° 8
Sams [2, 3] circular tube machined square- air 10%-2 x 10° 3 sq. thread
thread and wire 7 x 103-7 x 10* 14 wire
Walker and Rapier [5] annulus machined rectangular  air ~2 % 10° 17
Draycott and Lawther [4]  annulus machined square and  air 4 x 10*4 x 10* 21
thread, wire-wound
Lancet [21] rectangular duct  numerous finite air 4 x 103-3 x 10* 1
protrusions
Fournel [20] rectangular duct  wire air 17 x 10%-5 x 10* 2
This work annulus wire air 1042 x 10° 6

Draycott and Lawther [4] and Walker and
Rapier [5] were directed to optimizing the
heat-transfer surface of a fuel element. Conse-
quently comprehensive testing of various

roughened surfaces was necessary; in particular

Draycott and Lawther studied twenty-one dif-
ferent surfaces. In contrast, Nunner and Dipprey
and Sabersky used semi-theoretical arguments
to explain the effects of roughened surfaces on
the heat-transfer coefficient [6, 7]. The work of
Dipprey and Sabersky involved a study of the
heat-transfer properties of surfaces similar to
those used by Nikuradse in his historic work on
roughened surfaces [8]. Owen and Thomson
simultaneously with Dipprey and Sabersky
produced a similar analysis [9]. In both analyses
an assumption as to the flow and mechanism
of heat removal in the wall region was necessary.
Experimental results on the local heat-transfer

teristics of finned surfaces [12]. They studied the
pressure distribution around rectangular fins
for various pitches and thus divided the loss
into its two components, friction and form
drag. Onme pertinent conclusion from their
results is that the friction resistance is a minimum
at a pitch-to-height ratio of about 10, which is
the value used in the present investigation.

4. This brief guide to the main studies shows
that the field of roughened-surface heat-transfer
is already extensive. The present work was an
attempt at a general correlation for one particu-
lar roughness configuration, ie. circular in
shape and with a constant pitch-to-diameter
ratio. If such a correlation proved possible the
data could be used more flexibly by design-
ers, and less experimental work would be
needed to study similar configurations in the
future.
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EXPERIMENTAL RIG AND PROCEDURE

5. The rig consisted essentially of an air
blower leading to a vertical measuring section,
which was followed after a bend of 180° by the
test section. The test section was an annular
flow passage formed by a central stainless-steel
heater tube of 1-03-in o.d., with the inside
diameter of the main pipework 3-13 in. The
length of the test section was approximately
100 in, giving a length-to-equivalent-diameter
ratio of about 50. Surrounding the test section was
alayer, 4-in thick, of regranulated cork for insula-
tion. Fig. 1 shows the rig diagrammatically.

6. Electricity was supplied to the heater tube
from the transformer via a specially machined
copper flange at the top and a copper rod at
the bottom. Both these connections were shrunk-
fitted to the heater tube, which was machined
from 0-75-in-n.b. stainless-steel tubing. Details
of the heater tube are shown in Fig, 2.

7. Most of the instrumentation of the rig was
centred on the heater tube, to which were
spot-welded, on the inside, 21 Chromel-Alumel
thermocouples and four voltage tappings. The
current was measured via a current transformer,
and the power evaluated using the measured
resistance of the heater and measured tempera-
ture coefficient of resistance. The thermocouples
and voltage tappings were brought out of the
heater tube through slots at the lower end.
Other instrumentation included a suction pyro-
meter for the inlet air temperature measurement
and four thermocouples on the outside of the
outer tube of the annulus. Pressure tappings
at 10-in intervals along the test section and
positions for velocity and temperature trans-
verses were also included. The total flow was
measured by an orifice plate in the section
upstream of the test section.

8. The roughened surfaces were produced by
wrapping wire tightly around the heater tube
(Fig. 3). The wire was chosen so that it had a
slightly lower coefficient of expansion than the
tube, and any tendency to become loose when
heated was reduced. The geometry of the
roughened surfaces was such that the pitch-to-
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height ratio was maintained at 10. The accuracy
of the winding was checked by a shadow
enlargement of the surface, which revealed that
the mean spacing of the surfaces varied from
99 to 10-5 between tubes with a mean standard
deviation of +0-5. Altogether six roughness
sizes were studied, viz. 0040, 0-0285, 0-020,
0-010, 0-005 and 0-002 in in dia.

9. The several preliminary tests and measure-
ments made will be dealt with briefly. The wide
flow range of the experiment involved the use of
two orifice plates, and to ensure a reliable
overlap they were calibrated against a velocity
transverse. A flow straightener in the form of a
shaped gauge was placed in the 180° bend to
ensure a uniform flow distribution in the test
section. Static heat tests were made to calibrate
the thermocouples on the outside of the outer
tube of the annulus in terms of heat loss from the
test section. From the same tests the effective
emissivity from the heater to the outer tube was
assessed and the contribution of the heat loss
by radiation under conditions of forced con-
vection was small. The inlet air thermocouple
measurement was calibrated against the wall
thermocouples to reduce temperature errors.

10. The procedure for each test is now so
standard that details will not be given here;
it is worth noting, however, the method used
to evaluate the heat-transfer coefficients. A
typical test result is shown in Fig. 4, indicating
the variation of the surface temperature along
the channel length and the inlet gas tempera-
ture. Allowance has been made for the radial
temperature drop through the heater wall.
From the heat flux, mass flow and heat loss
the bulk gas temperature rise can be evaluated,
and the line through the inlet gas temperature
shows the rate of rise of the gas temperature.
From a distance along the heater of about
30 in, the temperature difference between the
heater surface and the bulk gas temperature
does not vary appreciably for the remainder of
the heater length. The temperature difference
used to evaluate the heat-transfer coefficient
was the mean of all the surface-to-bulk
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temperature differences in this region of nomin-
ally constant temperature difference.

11. In general, about eleven thermocouple
readings were used to evaluate the mean tem-
perature difference. The root-mean-square de-
viation from the mean was never greater than
2 per cent, and in most cases was about 1 per
cent, Temperature variations around the heater
were checked from three thermocouples all
at the same axial position but spaced 120°
apart. The temperature variations measured
were about 1 per cent of the surface-to-bulk
temperature difference, and represent a com-
bination of heater wall-thickness variation and
asymmetric cooling of the heater.
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RESULTS

Heat transfer and friction

12. The range of Reynolds number used
was 10* to 2 x 10 and the conventional plot
of Nusselt number against Reynolds number is
shown in Fig. 5. The effective diameter used
was based on an annulus with the inner surface
taken as the cylinder enveloping the roughness
peaks. The same surface was used for the heat-
transfer area. Comparison of the smooth annular
data with a recent semi-theoretical analysis
[13] gives an agreement to within 10 per cent
at the higher Reynolds numbers.

13. The presentation of annular heat-transfer
and friction results based on the equivalent
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diameter of the annulus is not completely
satisfactory, particularly with only the inner
diameter of the annulus being both roughened
and heated. To allow for this, Hall introduced
a transformation in which he treated the flow
passage as two distinct regions on either side
of the radius of zero shear, and made the heat
flux zero at the position of zero shear [14].
This made the boundary conditions of the inner
region of the annulus the same as those for a
heated circular tube. An outline of the method
for the heat-transfer data is given in Appendix 1,
and the effects in a typical case are shown in
Fig. 6.

14. The transformation of the smooth-surface
heat-transfer data gives a Nusselt-number cor-
relation similar to the accepted one for turbulent
flow in circular tubes, except that the constant
0-023 is replaced by 0-020. This decrease of the
constant agrees with observations made by
Ede [15]. Similarly the friction-factor data can
be transformed, and the remainder of the
presentation of results refers to transformed
data.

15. Fig. 7 shows the heat-transfer results on
a Stanton number-Reynolds number plot, and
Fig. 8 gives the friction factors.

16. The velocity-distribution data for the
region inside the zero shear boundary are
presented in the usual plot of u* against y*;
Fig. 9 gives the results for the smooth surface
and Fig. 10 for the roughened surface with wire
height of 0-040 in. The agreement with the
universal velocity-distribution law for a smooth
surface is reasonable, particularly if the slopes
are compared, although there is a Reynolds-
number effect. Using the shear-stress distribu-
tions given for the annulus in Fig. 11 [16] the
results for all the surfaces are plotted in Fig. 12
to illustrate the velocity defect law.

17. The temperature-distribution data are
plotted in Fig. 13 in a similar way to the velocity
data.

ANALYSIS OF HEAT-TRANSFER RESULTS

18. In the semi-theoretical analyses of
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roughened-surface heat transfer presented in
references [7] and [9], one concept was de-
veloped in similar ways. Briefly, this consisted
of dividing the heat-transfer resistance into two
parts: an inner region enveloping the tips of
the roughness protrusions, and a central region
in which it was assumed that Reynolds analogy
was obeyed. The analysis of the present data
follows the same line of thinking,

19. The temperature at the boundary of the
regions is taken as t;, and the temperature
differences can be made non-dimensional in a
similar way as velocity differences (see Appendix
2)

20. Writing,
(At™), = (A7), + (Ar™), (1)
where
t, —t £, —t
AtT) = __W_L’ AtT = w1
(A7) q/p.u,.c (ar) qa/p -u..c
and
t, —t
At?), = ——5
(A7) q/p.u..c

21. In the region outside the hypothetical
boundary (¢,) the velocity distribution is used
to predict the value of (At™),. In evaluating the
mean temperature, a “weighting” to allow for
the velocity distribution must be applied, and
the dimensionless velocity and temperature
distributions will be slightly different; the
difference is expressed as om.

(ty = to)* =(up — uy)* + om. 2

22. The value of dm depends on the related
velocity and temperature distributions, which
in turn depend on the ratio of the eddy dif-
fusivities (eg/€p). For example, if eg/e, = 10,
om is positive, caused by hot fluid near the
wall having a low velocity and thus lowering
the mean temperature. If ¢4/¢y, increases, the
“weighting” effect explained above remains, but
the temperature differences decrease compared
to velocity differences in the turbulent core.
Consequently dm decreases and can have a
negative value.
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23. Inserting the value of (f; — )" into
equation (1),
{At+}w = (At+)t - (up — ul)+ — om. 3)

Now (At™), is by definition equal to /(f/2)/St,
and ug also by definition equals \/(2/f); hence
equation (3) becomes:

N (f2Ssn -1 u
WO ="T0m T,

24. This expression is similar to that used by
Dipprey and Sabersky [7], differing only by
the inclusion of the correction factor ém. Values
of om were found from the measured velocity
and temperature profiles, and since eg/ey = 1°5
these were negative.

4)

DISCUSSION OF RESULTS

25. Some comments are made on the overall
heat-transfer and friction results before the
more detailed discussion. The agreement to
within 10 per cent of the smooth annular
results with the predicted values of Kays and
Leung [13] and the agreement of transformed
values with circular tube correlations, are both

encouraging results and add to the confidence
in these semi-theoretical approaches. That the
friction factor for the 0-005- and 0-010-in rough-
nesses do not approach the smooth surface
value at low Reynolds number (Fig. 8) is
thought to be caused by the definition of
equivalent diameter. Basing the equivalent
diameter on the actual surface shape, and not
the enveloping cylinder around the rough-
nesses, the friction factors for 0-005 and 0-010 in
are more reasonable in the low Reynolds-
number region.

26. The roughened-surface velocity-distribu-
tion results, of which Fig, 10 is a typical example,
can be correlated by an equation of the form:

ut = 2:5In(yle) + A. (5)

27. The values of 4 for all the surfaces are
shown in Fig. 14 as a function of e*. At the
higher values of e* (>70), A is constant at a
mean value of 465. This is different from the
value of 85 obtained by Nikuradse {8, 22] for
sandgrain type roughnesses, which is not sur-
prising since A has never been expected to be a
universal constant.
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FIG. 14. Variation of 4 with e*.

28. Comparing the velocity and temperature
profiles shown in Figs. 12 and 13, a value for
/€y can be found since the heat-flux and shear-
stress distributions in the central region of the
flow will be similar. The value of eg/¢), obtained
is 1-5 which appears to be on the high side, but
Larkin [17] has also measured values as large
as this.

29. Initially the heat-transfer results were
assumed to correlate in terms of hg/h, and e”
with a simple curve giving a constant value of
hg/h, at large values of e* (Fig. 15). Studying

the results in detail showed that the smaller
roughnesses did not correlate at low e*, and
that the value of hg/h, was not constant with e*
at the higher values.

30. A more detailed analysis of the results
has been made, and this is outlined in the
preceding section. Basically a correlation of the
wall Stanton number [= (At*);!%] with e*
has been found. The value of At} was found
from equation (4) in which the overall heat-
transfer and friction values are used together
with (u;/u) and ém. From equation (5), u,/u,
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is equal to A, and the values of om were obtained
from the velocity and temperature profiles and
varied between —144 and —2-1. The results
for the roughened surfaces for e* > 50 are
shown in Fig. 16 and the best-fit line is:

Att = (St,)"10 = 537(e*)°1°° (6)

31. These results are all in the “fully
roughened” regime, i.e. e* > 50. In Fig. 17 the
results at lower values of e* are presented in a
similar manner, and a reasonable correlation is
obtained. The absolute value of St,,, however, is
open to question at the lower e* values since
from Fig. 14 it is not clear that the value of 4.
below e* = 50 remains at 4-65. There is every
indication from Nikuradse’s work on sand-grain
roughnesses that 4 does correlate with e* in
this region, but not enough information is
available in Fig. 14 to reveal the variation for
the roughnesses used in the present investiga-
tion. For the values of St,, shown in Fig. 17
it has been assumed that 4 = 4-65, and since
at et =5 the value of 4 will tend to 5 for
agreement with a smooth surface, any error is
likely to be small.

32. The general pattern of Fig. 17 indicates
that there are two regimes bounded by e* ~ 35,
at which value the magnitude of St,, reaches a

1313

maximum. As would be expected, this maximum
coincides with the maxima for the overall
Stanton number shown in Fig. 7. It is considered
that only a correlation in the “fully rough.”
regime at e* > 50 is possible from the experi-
mental results, and no attempt has been made
to extend this correlation to lower values of e
33. For the regime with e* > 50 the overall
Stanton number can be obtained from:

VNG

34. Use of equation (7) for the overall Stanton
number involves:

+ L + om — 4~65].
St,,

(a) Estimating the friction factor

(b) Calculation of St,, from equation (6)

{(c) Estimating ém, which for the present
purposes can be taken as the mean
measured in these tests, ie. — 18

35. Equation (7) has been used to extrapolate
the experimental results in Fig. 7, and these are
shown by dotted lines.

36. In comparing the results with those of
other workers it is only profitable to make the
comparison when the velocity and temperature
profiles are also quoted. Only under these

>° % —0-040 in ROUGHNESS
«0 0-0-030 in ROUGHNESS
A—0-020 in ROUGHNESS
+=0-030 in ROUGHNESS (ggnu,o”
30
20
. L
o -
. g e 8
° M
K““’.’:—"‘*?
10
50 100 260 300 400

et

500

F1G. 16. Correlation of wall Stanton number, vertical axis,
with et
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conditions can the value of St, be evaluated.
Such details were given by Edwards in his
study of square-sectioned roughnesses at a
pitch-to-height ratio of 15 in a rectangular
channel [18]. The velocity distributions gave
values of 4 ~ 45, which compares with the
present value of 4-65, and the values of St
are plotted in Fig. 17. Whilst the absolute
values differ, being actually lower (possibly
because of the larger pitching and shape), the
form of the correlation is similar to that of the
present results. Also included in Fig. 17 are the
results of Nunner [6] for a tube roughened with
semi-circular rings with pitch-to-height ratios
of 10 and 20. The value of 4 obtained from
Nunner’s velocity data was ~4-0, and the values
of St,, are shown on Fig. 17. It was necessary
to assess dm from the experimental results.
The form of the results is similar to that of the
present results, but as with the results of
Edwards [18] the absolute value and the
slopes are different. These differences emphasize
the effects of different configurations, which
must be evaluated experimentally.

37. The existence of the maximum in the
Stanton number for each roughened surface
indicates that there is an optimum heat-transfer
condition for each surface. This is discussed in
more detail in Appendix 3 together with the
application of roughened surfaces. It is shown
that the characteristics of a roughened surface
necessary to give less pumping power, for the
same heat generation and surface-fluid tem-
perature difference in the channel, are:

3
£ (oY)
o \St
38. Since the results plotted in Fig. 18 show
that
2
TNEAY
£ \Sg

these roughened surfaces could be used bene-
ficially in the simple example considered.
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CONCLUSIONS

39. The important conclusions from the
present work are:

(a) A correlation of the heat-transfer results
for a given configuration of roughened
surface is possible once the roughness has
become fully effective. The limit for the
effectiveness of the roughness is e™ ~ 50,
and the correlating equation is:

s= YL () +s: ;

(b) The wall heat-transfer resistance, 1/St,,
has a minimum value at e* ~ 35 which
produces an optimum heat-transfer con-
dition.

(c}) Theimproved heat-transfer characteristics
of roughened surfaces produce a more
efficient heat-transfer surface, despite the
increased friction factor (Appendix 3).
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APPENDIX 1
Transformation of Heat-transfer Data

In 1962 Hall [ 14] introduced a transformation
particularly for annular passages with only the
core tube heated and roughened. Essentially
the temperature profile is transformed such
that at the position of zero shear stress the heat
flux is made zero. Briefly this is achieved by
first calculating the effective conductivity up
to the zero shear position from the measured
velocity and temperature profiles. With the
known heat flux, effective conductivity and
velocity profile, a temperature profile making
the heat flux zero at the zero shear position can
be calculated. Using this temperature profile
a transformed heat-transfer coefficient can be
calculated. Since detailed velocity and tempera-
ture transverses are required to apply the

transformation. the present etndv was reduced

to about five transverses per roughness over the
full Reynolds-number range. The ratios of the
transformed to the untransformed heat-transfer
coefficients are given in Table 2.

APPENDIX 2
Dimensionless Temperature Distributions
Just as the velocity distribution can be

the untransformed heat-transfer coefficient

‘. S h 0-002-in 0-005-in 0-010-in 0020-in 0-0285-in  0-040-in
Surface moot wire wire wire wire wire wire
1-088 1-100 1111 1-094 1-088
Increasing 1-086 1-099 1-089 1091 1-086 1-089 1-082
Reynolds 1-099 1-080 1-089 1-086 1-069 1-082 1-076
number 1078 1-107 1076 1-087 1-075 1071 1-069
1-084 1-081 1-069 1-056
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analysed by making the velocity dimensionless
by dividing by the friction velocity /(z/p), so
too can the temperature distribution. If we
consider the fully turbulent core, the heat
flux and shear stress, respectively, are given by:

de
4= —creny,
_ e du
T = pey .
Dividing these two equations gives:
(dt/dy) pecey _ 4 ®)
(du/dy) pem T

Simplifying this and expressing du/\/(t/p) as
Au* we obtain:

_w 4
RN}

Now g/pc \/(t/p) has dimensions of temperature
and can be used to make dt dimensionless;
therefore equation (8) becomes:

Au®.

€
Att = MAut
€y

where
4
g/pc J(t/p)

This expresses the fact that temperature
and velocity distribution in the turbulent core
are identical if the eddy diffusivities of heat and
momentum are equal.

At =

APPENDIX 3
Application of Roughened Surfaces

From the experimental results the increase in
the friction factor is greater than the increase
in the Stanton number for roughened surfaces.
This result agrees with those of most roughened-
surface studies. For a smooth surface, a sig-
nificant part of the fluid resistance and heat-
transfer resistance occurs in the region near the
wall. The thickness of the laminar boundary
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layer and the molecular properties of the fluid
determine the magnitude of these resistances to
the transport of heat and momentum. Condi-
tions for a roughened surface are different, in
that the high shear stress in the fluid is the result
of form drag on the roughness elements.
Consequently, despite the increase in the friction
factor, there is not a region near the wall where
this increased shear stress is transported by
means of the viscosity of the fluid alone, which
would result in a limitation because of the
fluid viscosity. The transportation of heat, on
the other hand, is still limited by the thermal
conductivity of the fluid adjacent to the wall,
These differences between smooth and
roughened surfaces are such that it is not to
be expected that Reynolds analogy holds for
roughened surfaces.

In analysing the expected effect of increasing
the friction factor, it is useful to consider the
turbulent velocity component derived from the
definition of the friction factor, namely u, =
u \/(f/2). In broad terms this velocity determines
the eddy diffusivity in the core of the flow and
the thickness of any laminar sub-layer. For
smooth surfaces the value of u, increases as the
Reynolds number increases, because of the
increase in u, and the heat transfer correspond-
ingly increases. For roughened surfaces the value
of u, increases because of the increase in f,
and thus the heat transfer increases. These
simple considerations show that the same
increase in the heat-transfer coefficient can be
obtained for either a smooth surface with a
higher velocity, or a roughened one with a
higher friction factor. Whichever method is
used, the shear stress at the wall, and hence the
pressure drop, will be the same. For a smooth
surface, however, more energy is dissipated in
the process of increasing h, since the increase
in u, applies to more fluid per unit of time.
The roughened surface can thus be considered
as a more efficient way of increasing the heat-
transfer properties of the surface, and the
following example underlines the above argu-
ment.
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Let L = length, Pumping power for fluid,
d = diameter, 2
V = fluid velocity, P =1Lpv¥ EE Vv lrd_
(AT)g = fluid temperature rise, d 4
AT = surface-fluid temperature difference. ndL
3
Now =1 2 ”
(AT)r d Ratio of the pumping power to the heat output
St=— L in the channel is:
fv?
Total heat output from channel, (2cAT) St
2
Q= pycﬂ (AT)x Consider increasing the power in the channel
4 for the same surface—fluid temperature dif-
= pVcndL StAT. ference. The ratio P/Q is proportional to
e
|~
7 7
Ve
e
ol
¢ g ’/\o S
re ’7_1.\0
Rre
/
5 7 //’/
/
/] //
4 7
/
. /
P 3 a
2 / /
-y ) /
N /
2
—~=Ple=12 _
Re =2 x I(BURGOYNE efa/.)
!
) ! 2 3 4 5 6 7

"1t

FiG. 18. Comparison of roughened surface in terms of (St,/St,) and (f£,/f,).
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fV?/St. If a smooth surface is used, let the
velocity be increased to V. For the same heat
output for a roughened surface, St,/St, ~ V,/V,
and the condition for less pumping power for
the roughened surface is:

Soa I o2
Ir Ly
St,V <St, !
or
i sund
fi S, v?
or
3
b5
S \S¢t,

Thus, if it is required to double the power
output of the channel, the roughened surface
must be such that St./St, =2 and f/f, <8
These conditions are easily met for the surfaces
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studied; in fact f,/f, < (St,/St,)* as is shown in
Fig. 18.

Whilst this example has been simplified, the
general principle applies in the more rigorous
use of roughened surfaces.

From Fig. 18 the optimum surface would
occur at a value of f,/f, of about 3, since at
greater values the rate of increase in Stanton
number is reduced. The reason for the optimum
follows from the maximum value of Stanton
number on the St—Re plot of Fig. 7, which has
been explained in terms of a maximum value
of the wall Stanton number at e* ~ 35. A
similar optimum is obtained from the results
of Burgoyne et al. [19] when plotted on Fig. 18.
Although this work is not directly comparable,
since the pitch-to-height ratio was 12 and the
cross-section of the roughness was square, the
existence of a similar optimum surface is
encouraging to the present analysis.

Résumé—Les caractéristiques de transport de chaleur et de frottement d’une surface avec des rugosités

distinctes ont été étudiées expérimentalement.

Les surfaces ont été rendues rugueuses au moyen d’un fil enroulé avec un rapport constant du pas au
diameétre du fil de 10:1, avec des diamétres de fil variant de 0,05 mm 4 1 mm.

On a trouvé utile une corrélation simple basée sur un paramétre de rugosité sans dimensions e*, mais une
corrélation basée sur un modele 4 deux couches de la résistance au transport de chaleur était plus exacte.
Dans ce modele, le processus de transport de chaleur était divisé en une région allant de la paroi & I'enveloppe

des sommets des rugosités et une région centrale.

La résistance au transport de chaleur de la paroi aux extrémitiés des rugosités a une valeur minimale pour
e* ~ 35, et ceci correspond a une surface optimale de transport de chaleur.

Zusammenfassung—
Rauhigkeiten wurden experimentell untersucht.

Wirmeiibergang und Reibungscharakteristika an Oberflichen mit besonderen

Die Oberflichenrauhigkeit wurde durch eine Drahtbewicklung erzielt mit einem konstanten Verhilinis
10:1 von Steigung zu Drahtdurchmesser bei verschiedenen Drahtdurchmessern von 0,05 bis 1 mm.

Eine einfache Beziehung auf Grund des dimensionslosen Rauhigkeitsparameters e* erwies sich als
niitzlich; eine, auf dem Zweischichtenmodell des Warmeiibergangswiderstandes beruhende Korrelation
zeigte sich jedoch als genauer. Bei diesem Modell wurde der Wirmeiibergang unterteilt fiir einen Bereich
von der Wand bis zur Umbhiillenden um die Rauhigkeitsspitzen und fiir einen zentralen Kernbereich.

Der Wirmeiibergangswiderstand von der Wand zu den Rauhigkeitsspitzen hat ein Minimum bei

e* ~ 35; dafiir ergibt sich eine optimale Warmeiibergangsfliche.

Annoranua—IIpoBefieHO BKCIIEPUMERTANILHOE MCCTeTOBAHNE TEMNOOOMEHA H TPEeHUA Ha
TIOBEPXHOCTH € pacHpeResieHHO! MIEPOXOBATOCTHIO.
IllepoxoBaTOCTs HOBEPXHOCTH CO3LABATIACH NPOBONOKOH, NPpH 96M OTHOIIGHHE IIara BHTKA
& guamerpy 6ruto 10 : 1, a gmamerp nposoaoxy uamensnca or 0,002 xo 0,040 motmos.
VCTaHOBIIGHO, YTO Pe3YIbTATH DKCIEPUMEHTOR MOMKHO 0GOGLIATE C nomomeo Gespasmep-
HOrO IapaMerpa 1epOXoBaTOCTH ¢*, OMHAKO Jy4llee COBNAAECHME TOCTHIAETCH TMpUMEHeHUeM
0600IEHHOTO COOTHOUIEHUA HA OCHOBe aByxcioinoft mopmenn. B artolt momeam npoLece
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TEMI006MEHa [eNUTCA Ha [iBe 00JACTH | YYACTOK MeHly CTEHKON M BepLIMHAMU DIIEMEHTOB
MIEPOXOBATOCTH M LIEHTPATILHYI0 YaCTh IOTOKA,
Munumym TemnoofMena B 00gacTH MeMy CTEHKON M BEPLIMHAMH 3TEMEHTOB HIEPOXOBA-
TOCTH COOTBETCTBYeT ¥~ 35, 4To II03BOJIAET CO3OATH ONTHMANBHYIO NOBEPXHOCTHL TEILIo-
ofmeHa,



