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Abstract—Results are presented from an experimental investigation of the relation between heat
transfer and friction in smooth and rough tubes. Three rough tubes and one smooth tube were
formed from electroplated nickel. The rough tubes contained a close-packed, granular type of sur-
face with roughness-height-to-diameter ratios ranging from 0-0024 to 0-049. Measurements of the heat-
transfer coefficients (Cy) and the friction coefficients (Cr) were obtained with distilled water flowing
through electrically heated tubes. A Prandt! number range of 1-20-5-94 was investigated by adjusting
the bulk temperature of the water. Results were obtained for Reynolds numbers from 6 X 10* to
5 x 10° and from 14 x 10%to 12 x 10° at the lowest and highest Prandtl numbers respectively.
A similarity rule for heat transfer was used to correlate, interpret, and extend the experimental
results. The results were compared with previously existing results, both theoretical and experimental.
Increases in Cy due to roughness of as high as 270 per cent were obtained. These increases were, in
general, accompanied by even larger increases in Cp. An exception to this general behavior occurs
at high Prandtl number in the region of transition between the “smooth” and the “fully rough” Cr

characteristic,
NOMENCLATURE E, empirical constant from equation (3);
A, friction similarity function, defined by IA general function;
equation (3); F, function, defined by equation (15);
B, empirical constant from equations (3) g, dimensionless heat-transfer similarity
and (4); function, defined by equation (14);

Cp, dimensionless friction coefficient for k, thermal conductivity;
tubes, Cr = 27y/pu’; Pr, Prandt] number, Pr = cpu/k;
Cy,  dimensionless heat-transfer coefficient Gos mean heat flux normal to the tube
for tubes, Cy = §of pttmcu(Tw — T1); wall;
Cye, roughness-cavity Stanton number, de- r, radius co-ordinate;
fined by equation {17); R, tube radius, R = D/2;
Cps specific heat at constant pressure; Re, Reynolds number for tubes,
D, tube' mgxd; dxame}t}er, bdeﬁned volu- Re = Dup|v;
C r :
metrically for rough tubes; T, temperature;
t+ This paper is based on a thesis submitted by D. F. T, mixed-mean fluid temperature;
Dipprey in partial fulfillment of the requirements for the Tws tube wall temperature;
degree of Doctor of Philosophy at the California Institute : : :
of Technology. The experimental work was carried out 4, mear? axial velocity, a function of ¥
at the Jet Propulsion Laboratory of the California only; .
Institute of Technology, and represents a phase of the Um, tube discharge velocity,
research carried out under Contract No. NAS 7-100, — 2N (R .
sponsored by the National Aeronautics and Space o ‘u’" - (2/ R?) j ¢ u{r}r dr;
Administration. u,, friction velocity, u, == v/(o/p);
1 Assistant  Chief, Liquid Propulsion Section, Jet W, mass flow rate;
I;Pro?ggsmn Laboratory, California Institute of Tech- x, axial distance co-ordinate, originates
§ Professor of Mechanical Engineering, California at the start of heating; .
Institute of Technology. ¥, distance from the wall co-ordinate;
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yE dimensionless distance from the wall,
V¥ =yu lv;

, braces are used exclusively as a
functional form, e.g. f{Re:Pr} is
read, “the variable f, a function of
Re with Pr as a parameter.”

Greek symbols

APrs, pressure-drop in the test section;

ATy, temperature difference between the
wall and the local mixed-mean fluid,
ATy =T, — T1;

€. roughness height;

€ turbulent diffusion coefficient for
momentum transfer;

€n, turbulent diffusion coefficient for heat
transfer;

€s, sand-grain roughness height for equi-
valent friction coefficient at fully rough
conditions;

¥, dimensionless roughness height,

e = eu,fv;

i absolute viscosity;

v, kinematic viscosity;

P- density;

Tos mean shear stress at the tube wall.

Subscripts

FR, fully rough;

g, average value on that surface des-
cribed by the tips of the roughness
elements;

S, smooth.

INTRODUCTION

THE ROLE played by rough surfaces in fluid
mechanics and heat transfer has been of interest
for a long time. On the one hand this interest has
been for practical reasons because of the increase
in friction and heat transfer rate associated with
rough surfaces. On the other hand the effect of
roughness on the flow profiles and the exchange
properties of the flow have posed an intriguing
problem for students of basic fluid mechanics.
A most complete study of the effect of rough-
ness on friction and velocity distribution, was
performed in 1933 by Nikuradse [i] who con-
ducted the now classical series of experiments
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with pipes roughened by sand grains. In contrast
to this very thorough and complete experimental
work, the study of the effect of roughness on
heat transfer has received relatively little atten-
tion. A partial explanation for this lack may lie
in the difficulties involved in obtaining highly
accurate heat-transfer measurements and in the
fact that for a complete study of the heat-transfer
phenomena the influence of the Prandtl number
has to be studied in addition to that of the flow
parameters.

One of the first studies of heat transfer in
rough tubes was conducted by Cope [2] in 1941,
and a very thorough study largely involving two-
dimensional roughness elements and using air
as the working fluid was published by Nunner
[3]in 1958. The purpose of the present study was
to provide a set of experimental data on the
friction as well as heat-transfer characteristics of
rough surfaces for a relatively wide range of
Reynolds numbers, roughness ratios, and Prandtl
numbers. It was hoped that a set of data of this
sort would be useful directly for some design
purposes and that it may also form a basis of
comparison for certain hypotheses that can be
offered as an explanation for the action of
roughnesses.

Considerable thought was given to the
selection of the roughness type to be used in the
present work. Two-dimensional roughnesses
such as could be formed by concentric rings or
by screw threads, three-dimensional roughnesses
formed by spherical segments or sand grains.
and naturally rough surfaces as well as several
others were most carefully considered. It was
finally decided to conduct the experiments with
surfaces having a close-packed sand-grain-type
roughness. Not the least factor in this decision
was the existence of Nikuradse’s work on
friction and velocity distribution which was done
with similar surfaces. [t was thought that the use
of this same type of surface would permit the
present heat-transfer results to be regarded as
an extension of Nikuradse’s work on friction and
would thus prove most serviceable in view of the
large amount of thought which has been given
to the data of Nikuradse. Furthermore, the sand
grain roughness simulates natural roughness to
some extent because of its three-dimensional
nature and of the random shape of the rough-
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ness elements. Lastly, by selecting a narrow
grain size distribution, various roughness sizes
were obtained. With this selection, of course, the
random size distribution characteristic of a
natural roughness is lost. This compromise was,
however, deemed allowable and a sand-grain-
type roughness was selected as a consequence.

EXPERIMENTAL PROCEDURES?

The experiments were conducted with distilled
water flowing upward through a nominally
0-4 in diameter tube which was heated by the
passage of alternating-current electricity through
the tube walls. Friction coefficients were deter-
mined from fluid flow rate and pressure drop
measurements, and the heat-transfer coefficients
were determined from measurements of heating
power, outside tube-wall temperature and fluid
temperature. Fuily established conditions were
approximated by providing forty-five diameters
of hydrodynamic entrance length followed by
thirty-eight diameters of thermal entrance length
ahead of the station at which the heat-transfer
coeflicient was to be measured. The effects of
radial temperature gradients accompanying
finite heat flux values were eliminated by extra-
polating the Stanton number (Cg) results, from
tests with various wall-to-fluid temperature
differences, to the zero temperature difference
condition. Prandtl number variations from 1-20
to 5-94 were achieved by setting the water bulk

t Reference [4] contains a more detailed discussion of
the experiments.
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temperature at selected values from 80° to
290°F. The Reynolds number was independently
varied in the range from 1:4 x 10* to 5-2 x 10°
by adjusting the water flow rate.

The facility used in the experiments is depicted
schematically in Fig. 1. The water was pumped,
by nitrogen gas pressure, from the reservoir
tank, through the test section and into the
receiver tank. Settings of the gas regulators and
the throttle valve controlled the flow. The flow
rate was measured by means of a calibrated
venturi meter and the bellows-type differential
pressure gages. Similar gages were used to
measure test section pressure-drop. The heating
power for the tube was supplied through a 100
KVA, variable-primary transformer. This power
was determined both by measurements of the
input electrical power and by measurement of
the temperature rise of the fluid passing the test
section.

The three rough tubes used for the experiments
were produced by electroplating nickel over
mandrels coated with closely graded sand grains.
The mandrels were subsequently dissolved with
chemicals leaving a pure nickel shell which
served as the test tube. Before plating, the sur-
faces of the sanded mandrels were partially
filled with lacquer such that the nickel casts of
the surfaces gave the general appearance of an
array of close-packed sand grains (cf. Fig. 2).
A smooth tube was also produced by the same
method using a smooth mandrel. The tube wall
material was found to be of high purity, free of
inclusions and uniform throughout. In the
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construction of the test section, shown in Fig. 3,
each of the nickel test tubes (nominally 36 in
long, 0-4 in diameter, and 0-020 in thick) were
fitted with copper electrodes, pressure taps,
voltage taps and a set of nine outside wall
thermocouples. The respective tube dimensions
and the locations of the various measurements
stations are listed in Table 1. In this table the
inside diameter, D, of the rough tubes is defined
on the basis of the volume contained in an in-
cremental length of tube. The thickness, ¢,,
which is used in the determination of the tube
wall temperature drop is an effective thickness
determined from measurements of the electrical
resistance of the tubes.

The calorimetric power determinations were
facilitated by the mixing flange and two im-
mersion-type thermocouples fused in glass cells.
The latter were used to monitor the inlet and
outlet bulk water temperatures. Outputs from
all of the thermocouples, including those
mounted on the tube wall, were measured with
a hand balance potentiometer-galvanometer.
Switches were provided to permit direct measure-
ment of the e.m.f. difference between any of the
thermocouples and the outlet water thermo-
couple. In the case of the rough tubes, the static
pressure taps were placed in short smooth
sections, the center tap area being formed in the
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nickel tube and the exit tap area being machined
in the exit electrode. The two voltage probes on
the tube walls were used to measure local power
input in the region of the downstream thermo-
couple station.

Since it was desired to obtain data with accur-
acies sufficient for testing theoretical deductions,
considerable redundancy and extensive calibra-
tions were employed in the measurements. The
differential pressure recording gages were cali-
brated in situ against manometers. The metering
venturi was calibrated, as installed in the system,
against a weighed discharge. The electrical
power meters were calibrated against standard
instruments and redundant measurements of
power input were provided in each test. The
glass-cell, immersion thermocouples were cali-
brated against mercury-in-glass thermometers
in a controlled furnace. A series of calibration
tests at each of the nominal combinations of
water flow rate arid temperature was performed
on each tube. These tests were carried out in the
same way as the heat transfer test except that
no heating power was applied. The resulting
data were used to provide the isothermal friction
vs. Reynolds number characteristics of each tube
and to calibrate the tube-wall thermocouples
against the immersion thermocouples. These
calibrations also provided corrections for second-

Table 1. Tube dimensions
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ary effects such as heat exchange at the elec-
trodes.

By using the force balance equation for fully
established flow, one obtains an expression for
the friction factor used in the date reduction,

7t D5p A_PTs
P o
Small corrections were allowed for the pressure-
drop of the smooth sections adjoining the
pressure taps. The estimated error limits for the
friction factor determinations vary from —+2-5
per cent for the smooth tube to 442 per cent
for the roughest tube (95 per cent confidence
coefficient).
The dimensionless heat-transfer coefficient
(Stanton number) is defined herein as

=

Cy = LI
plim Cp ’-’ij

o,
3"
ot

In the data reduction, the heat flux at the inner
wall (4,) was computed from measurement of
the power generated in the tube and the dimen-
sions of the test section. The wall-to-bulk-
fluid temperature difference (4T5) was obtained
by adjusting the measured temperature differ-
ence, between the tube outer wall and the mixed
fluid at the exit, to account for the temperature
drop in the wall and the temperature rise of the
fluid between the wall thermocouple station and
the exit. The wall temperature drop was deduced
from the heat flux, the tube geometry, the thermal
conductivity and the electrical resistivity of the
tube material. The use of pure nickel for the
tubes made possible the use of existing experi-
mental information on the material properties.
An integration of the heat addition in the region
between the wall thermocouple and the exit
permitted computation of the bulk temperature
of the fluid passing this region. For reducing the
heat-transfer data to obtain local values of the
heat-transfer coefficient, the Reynolds number
and the Prandtl number, correction factors
were developed and applied which accounted for
the effects of longitudinal variations in tube wall
thickness and wall temperature. These varia-
tions cause a small, monotonic variation in heat
flux with longitudinal station,
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Tests at three different heat flux values were
performed for each of the nominal combinations
of water bulk temperature and flow rate, i.e.
of Reynolds number and Prandtl number. To
obtain the reported isothermal heat-transfer
coefficients, the data from each test were first
adjusted to correspond to the nominal local
Reynolds and Prandtl number conditions. The
adjusted heat-transfer coefficients (Cy)} were
then plotted against wall-to-mixed-fluid tem-
perature difference (47%). An extrapolation of
the straight line best approximating the three
points provided an intercept with the ordinate
{47 = 0). This intercept was taken to represent
the desired isothermal Cy value. In the case of
the smooth tube, the observed sensitivity of heat-
transfer coefficients to variations in 47; was
found to be consistent with previously existing
information [5].

For each test, the average of the three,
circumferentially displaced, measurements of
heat-transfer coefficient determined for each of
the three thermocouple stations was plotted as
a function of longitudinal station. In general,
these plots showed very little difference between
the heat-transfer coefficients for the iast two
stations, at twenty-six and forty diameters from
the start of heating respectively. This implies
that the desired conditions of hydrodynamically
and thermally fully established flow were
attained. For ceriain test conditions, the data
obtained with the smooth tube and the smoothest
of the rough tubes indicated that the Cy values
at the forty diameter point was slightly less than
at twenty-six diameters.

The effects of spatial variations in liquid-side
heat-transfer film conductance, electric current
density in the wall and temperature-drop through
the wall add to the uncertainty of the final
results. This uncertainty increases with the size
of the roughness elements. These effects, taken
together with the previously mentioned un-
certainties in the degree to which the flow is
fully established and the possible errors in the
instrument measurements, were combined to
obtain the uncertainty limits of the final heat-
transfer results. The combined uncertainties in
the reported heat-transfer coefficients are less
than —4-5 per cent (95 per cent confidence co-
efficient) for most of the test conditions reported.
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For a few combinations of tube roughness,
Prandtl number and Reynolds number, how-
ever, the value may reach -+7 per cent. Of these
uncertainties, less than 4-2 per cent is attributed
to instrumentation and reading errors.

A deviation from the foregoing uncertainty
limits occurs in the case of the smoothest of the
rough tubes (tube designation, D-3) operating
at high Reynolds numbers. Relatively large
circumferential variations in heat-transfer co-
efficient were observed in this case making it
necessary to degrade the resulting data to un-
certainty limits of as large as +17 per cent. In
the low Reynolds number region, wherein the
friction characteristics of the D-3 tube were
similar to that of a smooth tube, the circumfer-
ferential Cg variations did not appear. This
observation contributes to the conclusion [4]
that differences in roughness height on different
sides of the tube are responsible for the varia-
tions observed at high Reynolds number. This
explanation is particularly plausible since the
average physical height of the roughness elements
in this tube is only approximately 0-001 in, so
that large percentage variations could easily be
incurred.

NOMINAL WATER
TEMPERATURE °F

—
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RESULTS FOR THE SMOOTH TUBE

Experiments were first carried out with a
smooth tube. This work was performed for a
dual purpose: first, to compare the present
results with those of previous experimenters,
thereby creating a general basis for evaluating
the experimental methods employed, and
secondly to establish a reference for the results
obtained with the rough tubes.

As seen in Fig. 4, the friction coefficient for
the smooth tube matches the data obtained by
Nikuradse within less than +2 per cent (which
is within the limits of experimental accuracy)
from the lowest Reynolds number at which
tests were conducted (Re =25000) to a
Reynolds number of 300 000. The experimental
range extended to Re values of about 500 000,
but beyond 300 000 the surface finish of the so-
called smooth tube was sufficiently coarse to
cause a slight variation from the reference curve.
The experiments showed, however, that up to a
Re = 300000 the tube fulfilled perfectly the
conditions of a hydraulically smooth one.

The results of the heat-transfer coefficient
were compared with the data published by
Eagle and Ferguson [6] and Allen [5]; both of
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the referenced experiments are believed to have
been conducted with extreme care. The variation
of Cx vs. Re at a given Pr was examined first.
As the various experiments were conducted at
different Pr, slight extrapolations were required
to reduce the data to correspond to a single
Prandt! number. The value of Pr =8 was
selected for this purpose as it required the least
extrapolation. The experiments of Allen were
conducted at this value and those of Eagle and
Ferguson included data at Pr 8. The results of
the present work were readily extrapolated to
this Pr. The subsequent comparison showed that
the data of the three sets of experiments did not
deviate by more than -+2-5 per cent from a
median curve anywhere within the Reynolds
number range covered by the present results.
Next, the effect of Pr was studied by examining
Fig. 5 in which the ratio 2Cy/Cr is shown as a
function of Pr for a fixed Re = 1-5 < 108,
Extremely close agreement is again observed
between the results of Eagle and Ferguson and
the present data within the range covered by
both experiments, which extends from Pr =3
to Pr = 6. Allen’s data [5] are represented by
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a single point on this graph, as his work was
limited to one Prandtl number, and the same
comments as before apply to the close agree-
ment with these data.

Further inspection of Fig. 5 shows that the
extrapolation of the present data to Prandtl
numbers below 1-2, with the aid of Nunner's
experimental point at Pr 0-72 [3], yields a curve
which gives a value of unity for 2Cy/Cr at a
Pr =1, a result which has been predicted by
several theoretical approaches. These theories,
it is true, involve certain simplifying assumptions.
As discussed in [4], p. 28, however, these theories
are quite successful in predicting the experi-
mental results, due in part to a self-cancellation
of errors introduced by the assumptions on
which the theories are based.

In addition to the experimentally obtained
results, a curve derived analytically by Rannie
[7] has also been entered in Fig. 5, and it is seen
to fit the experimental results almost perfectly.
On the other hand, it can be seen that the
commonly used extrapolation for the ratio
2Cy/Cr to higher Prandtl numbers by means
of the relation
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2Cy/Cp = Pr-23

underestimates this ratio, giving for example a
value 25 per cent below the measured one at a
Prof 6.

RESULTS FOR THE ROUGH TUBES

It is felt that the close agreement of the
present results for the smooth tube with the most
reliable published results lends confidence to the
reliability of the experimental methods and
therefore also to the results obtained with the
rough tubes.

Three rough tubes were tested. The friction
factor for all of these tubes is shown in Fig. 4.
The tubes were constructed with geometrically
similar {in a statistical sense) roughness shapes
so that the roughness of each tube could be
characterized by a single length parameter. The
length €, which is the hydraulic equivalent sand
grain size, was chosen for this purpose. This
size was determined by comparing, for the
“hydraulically fully rough region,” the friction
factor of the present pipes with the equation
derived by Nikuradse, based on his experimental
results [see also equation (3) of the present
paper]. It is noted that microscopic examination
of the tube surfaces showed the character of the
surfaces to be qualitatively similar to those
produced by sand grains. Proceeding in the
above manner, the effective roughness ratios
were determined to be es/D = 0-0488, 0-0138
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and 0-0024, respectively. The shape of the
curves of Cg vs. Re is typical of those for sand-
grain-type roughness in that they reach a
minimum at an intermediate Re value and then
gradually rise to a value beyond which the
friction factor becomes insensitive to Reynolds
number. This behavior differs from that for a
naturally rough tube in which the friction co-
efficient continuously decreases in approaching
the final asymptotic value at high Re values.
For the tubes of the present experiments, the
region from the point where the curve deviates
from the behavior of a smooth tube up to the
point at which the friction coefficient becomes
essentially independent of Re is called the
“transition region.” The region beyond this
point is termed the “fully rough region.”

The heat-transfer coefficients for the three
rough tubes are shown in Fig. 6, 7 and 8,
respectively, in which Cy is plotted as a function
of Re for several Prandtl numbers. A similar
plot for the smooth tube is shown in Fig. 9 for
comparison. First it may be seen that, at any
given Re and Pr, Cy increases with progressively
higher roughness values, and correspondingly
with higher friction coefficients. Examining next
the shape of the curves at a given Pr, one notes
the general tendency that Cy increases with Re
in the transition region, which is the region in
which the friction coefficient changes its behavior
from that corresponding to a smooth tube to that
of a fully rough tube. A maximum is reached in
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FiG. 8. Heat-transfer coefficient vs, Reynolds number for tube A-4 (¢;/ D = 0-0488) at Prandtl numbers
1-20, 2-79, 4-38 and 5-94,

this region near the start of the fully rough
behavior. In the hydraulically fully rough region,
the heat-transfer coeflicient, unlike the friction
coefficient, decreases monotonically. For the
higher Prandtl numbers, the maximum of the
curve is more pronounced. These tendencies are
illustrated best for the tube with a roughness
ratio of e;/D = 0-0138. For the Reynolds num-
ber range investigated in these experiments, the
roughest tube (e/D = 0-0488) covers mainly
the Cmg behavior at Re values beyond the
maximum and the tube for the lowest roughness

(es/D = 0-0024) gives data principally in the
range before this maximum,.

Whether or not rough pipes are advantageous
for engineering use depends on the specific
application. In general, however, the ratio
2Cy/Cr is important along with Cy in consider-
ing the relative merit of heat-transfer surfaces,
the ratio being related to the heat-transfer
obtainable per unit of pumping power. Two
graphs (Figs. 10 and 11) are shown in which
this ratio (2Cy/Cp) is plotted as a function of
Re for the different tubes. The first graph (Fig.
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FiG. 10. Comparisons of heat-transfer and friction coefficients vs. Reynolds number for Pr = 1-20.

10) has been prepared for a Pr of 1-20 and the
second (Fig. 11) for a Pr of 5-94. An inspection
of Fig. 10 shows that, for the conditions of these
tests, no gain is obtainable by roughening at the
low Prandtl number. At the higher Pr of 594,
however, it is apparent that there is at least one
tube roughness value at each Re which gives a
ratio 2Cu/Cr exceeding that of the smooth tube.
It is interesting to note that this favorable ratio

of Cr/Cr occurs in the transition region rather
than in the fully rough region. More generally,
the present experimental results show that with
the type of roughness used the 2Cyx/Cr values
can only be lowered by roughening if Pr < 3;
whereas for Pr > 3 it will always be possible to
select a finite roughness so as to obtain 2Cy/Cr
values somewhat above those for the smooth
tube.
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Fic. 11. Comparisons of heat-transfer and friction coefficients vs. Reynolds number for Pr = 5-94.

DERIVATION OF THE HEAT-TRANSFER
SIMILARITY LAW

Having presented the experimental data, let
us now turn to some general analytical considera-
tions regarding the heat transfer in rough tubes.
Theoretical approaches to the problem of
momentum transfer in smooth and rough tubes,
as well as to the problem of heat transfer in a
smooth tube, have been available for some time.
These approaches have been based on similarity
considerations and on the analogy between the
turbulent diffusivities of heat and momentum.
Because of the complex nature of turbulent
flow, the theoretical work still must rely exten-
sively on empirical information. However, the
results of similarity theories permit the presenta-
tion of experimental results in their most general
form by establishing the basic forms of the
relationships between the essential parameters,
in addition to specifying the significant para-
meters themselves.

As a direct consequence of widely applicable
similarity assumptions, the “friction similarity
law™ can be developed [4] for pipes having
geometrically similar roughness, i.e. roughness
that can be represented by a single length para-
meter. The basic similarity assumptions {8] are
the “principle of Reynolds number similarity”
and the “law of the wall similarity.” For turbu-
lent pipe flow, the first of these implies the
existence of a region, away from the immediate
vicinity of the wall, where the direct effect of

viscosity on the mean flow is negligible. The
second postulates the existence of a region close
to the wall where the velocity distribution
depends exclusively on the local conditions, y,
70, p» v and e. The resulting friction similarity
law may be written.

"2 2¢
. [ o *Y
\/(,CF)“ Bin®py + A{e*) — E

where e is a representative length, say the rough-
ness height. This is essentially the equation
previously developed by Nikuradse starting from
a somewhat different approach [1]. The symbol
e* = eu, /v can be identified as [Re/(Cr/2)¢/ D]
as follows from the definitions of the respective
terms, and A{e*} is a general function deter-
mined empirically for each roughness shape.
The function A{e*} is expected to be different
for different geometrical roughness configura-
tions. The constants B and FE are universally
valid for all roughness shapes, having been
evaluated by Nikuradse as 2:50 and 3-75,
respectively. The velocity distribution corres-
ponding to (3) is given by

ufu, = Bin(y/e) + A{e*}. “

Equation (4) is valid in a region close enough
to the wall so that the shear stress can be con-
sidered constant (y/R < 1) and far enough from
the wall so that Reynolds number similarity
holds true.

(3)
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FiG. 12. Friction similarity function;for close-packed sand-grain roughness.

The function A{e*} for Nikuradse’s sand-
grain roughness is reproduced in Fig. 12.
Equation (3) also illustrates how, by virtue of
the analysis, it has become possible to reduce
the experimental work in determining Cpr.
Instead of having to determine Cr as a function
of the two parameters, Re and ¢/D, it is now
only necessary to determine the function A{e*}
which depends on the single parameter *.

Following steps similar in nature to those
which lead to the ““friction similarity law” and
including the above mentioned analogy between
the turbulent diffusivities of heat and momen-
tum, we shall now attempt to develop a general
“heat transfer similarity law.” This law should
be applicable to rough as well as to smooth
tubes. The considerations will be subject to the
restrictions listed below.

1. Fully turbulent (Re greater than about
2000), steady, pipe flow.

2. Hydrodynamically fully established flow in
which the mean fluid motions are invariant with
axial station.

3. Thermally fully established conditions
whereby the radial temperature profile, refer-
enced to the local wall temperature, is indepen-
dent of axial location.

4. Constant fluid properties, i.e. constant

density (p), viscosity (u), thermal conductivity
(k), and specific heat (cp).

5. Surface roughness patterns which are
statistically independent of circumferential or
axial position provided that statistical samples
are taken for regions much greater than the
scale of the roughness elements.

6. Roughness patterns which are statistically
geometrically similar from tube to tube with
only a geometrical scale factor being different.

7. Constant heat-transfer rate at the surface
(4o = const.).

The velocities and temperatures being discussed
are averaged both temporally and spatiaily in
the circumferential and axial directions, and the
spatial averaging is carried over distances greater
than the size of the roughness elements.

The usual assumptions for the constant heat
flux boundary condition then lead to the equa-
tions (cf., e.g. Appendix A of [7]),

(7o/pP)(1 — 2y/D) = (em + ») du/dy (5)
and
—(Go/pcp)(1 — 2y/D) = (en + v/Pr)dT[dy (6)

for momentum (5) and heat transfer (6). The
terms e, and e, are respectively the turbulent
diffusivities for momentum and heat, defined
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from the temporal and spatial averages of the
velocity—velocity and temperature-velocity pro-
ducts of the turbulent fluctuations.

Three essential further assumptions are then
adopted: (1) the “law of the wall”” used for the
velocity and friction similarity laws is assumed
to hold in the region of 2y/D < 1. This law,
which states that in the neighborhood of the
wall u = u{y, 7, p, v, €} also leads to the
conclusion that

emfv == [{}*, € (7
(2) The Reynolds analogy, stating that
€ = €p (8)

for the fully turbulent region of the flow, is
assumed to be valid. And (3) the respective dis-
tance from the wall at which the velocity equals
wy, and at which the temperature equals 77, are
assumed to be the same.

The first of these assumptions has been veri-
fied as previously indicated. The latter two
assumptions are the same as those used in
smooth pipe theories by von Karman [9] and by
Rannie [7]. The success of these smooth pipe
theories is due in part to a cancellation of the
errors introduced by these two assumptions. It
is implied here that this same cancellation will
occur for rough surfaces; this implication is
supported by an analysis in [4] given for the
case of the “fully rough” flow condition.

The heat-transfer similarity law for geometri-
cally similar rough surfaces is then a necessary
consequence of the assumptions. The region
between the rough wall and the distance yp,
where uy, and T occur, is resolved into two
regions at the distance y, which is arbitrarily
selected to be far enough from the wall that
viscous shear stresses are negligible. The defining
equation for Cx can then be written

1 pepum pc » Um
Cu™ gy Tw

In the region between y, and y;, a combination
of the integrals of (5) and (6) yields

T +

(T — T1). 9)

U/t
Cr V(Crf2)

where use has been made of assumptions (2) and

pCp i 2

ST T = (10)

D. F. DIPPREY and R. H. SABERSKY

(3) and the identity unfu, = 1/(2/Cr). Using
assumption (1), one can write

wpfu, = folyi, *} (1)
A dimensional analysis for the temperature
difference (T — T,) based on the parameters of
the law of the wall y,, 74, p, v and e and on the
heat-transfer parameters ¢, ¢p and k is then
performed. The result can be written

P Cp Um

U,
(T —T) = u"f vt €, Pr}

r

)
—
\/(CF/2)f3ly27

Then substituting (10), (11) and (12) into (9) and

reorganizing the latter gives

ng/ZCH)
V(Cr2)

Since y; is an arbitrary constant number it can
be dropped from the function and the resulting

e* Pri. (12)

' '*fa{ylf. e, Pri — fifyl, *). (13)

“heat-transfer similarity law” is written
(Cr/2CH) - ok
ACr /2) +A g{e*, Pri. (14)

The constant, A, which is the A{e*} value for
the “fully rough” region, has been included to
simplify the form of certain limiting cases of
(14).

Examining (14) one sees that the experimental
task of determining the heat-transfer coefficient
Cy is now reduced to that of obtaining the g-
function which depends on the two variables *
and Pr; whereas without the foregoing analysis
Cy had to be regarded as a function of the three
parameters, ¢/ D, Pr and Re. This simplification
is analogous to the one which was made possible
by the friction similarity law in connection with
the determination of Cr. It should be re-
emphasized that in both cases the functions
A{e*} and g{e*, Pr} are restricted to some
specified type of geometrically similar rough-
ness, and a new set of experiments is required
for each roughness type.

1t is of interest to point briefly to the limiting
form of (14), as ¢ approaches 0 and the pipe
approaches a smooth one. It is possible to show
[4] that for this limit
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lg{e*, Pr} — A]— F{Pr}
€—>0
(v 1 1
o } 0 [(Em/") —(1/Pr)  (em/v) — 1]
For sufficiently large values of y., as are being
considered here, the integral of (15) becomes
independent of the exact value of y;. Substituting
the limit of (15) into (14) gives the previously
established heat -transfer similarity law for
smooth tubes. Rannie [7] has evaluated F{Pr}
using a mathematical model for the relation
em/v{y*}. Other evaluations of the function
F{Pr} have been made by several authors, in
particular by von Kdrman [9] and more recently
by Deissler [10].

dy*. (15)

EVALUATION OF THE HEAT-TRANSFER
SIMILARITY LAW

The results of the present experiments may be
used to obtain a first check on the validity of the
heat-transfer similarity law as presented by (14).
For evaluating *, the equivalent sand-grain
roughness ratio (e;/D) will be used. In terms of
the friction similarity law this corresponds to
selecting Nikuradse’s value of 4 = §-48 for the
fully rough region. It may be pointed out that,
having made this selection, the curve of A{e*}
vs. €* is quite similar to that of Nikuradse for
the entire range of €*, as is implied by the results
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been shown to be consistent with the friction
similarity law equation (3), the use of e/D
assures compliance with that similarity law in
the fully rough region prior to testing the heat-
transfer similarity law with the present results.

With this definition of roughness ratio, the
results from the present experiments are plotted
as “g” versus ¢* [¢* = Re+/(Cr/2)es/D] in Fig.
13 for the four Prandtl numbers investigated.
The fact that the curves, generated by the data
points from three tubes of differing roughness,
are nearly continuous is regarded as a significant
substantiation of the heat-transfer similarity
rule (14). At Prandtl number of 1-20, the match
of the data from the different tubes is excellent;
whereas at the highest Prandtl number there
exists, in the region of overlap, some discrepancy
between the data from the tubes with ratios
es/D = 00488 and e;/D = 0-0138. This dis-
crepancy, which corresponds to approximately
8 per cent in the heat-transfer coefficient could
be ascribed to the basic inaccuracies of the
experimental results and/or to the slight lack of
geometrical similarity between the roughness
shapes of these tubes.

The €* regions shown in Fig. 13 correspond
to the respective regions in the A{e*} curve for
sand-grain roughness (Fig. 12). In the “smooth”
region, the points from the tube with the lowest
roughness (es/ D = 0-0024) approach, but remain

shown in Fig. 4. Since Nikuradse’s results have slightly above, the horizontal broken lines
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FiG. 13. Correlation of experimental results, using the heat-transfer similarity law.



344

representing the smooth tube experimental
results. These smooth tube lines also correspond
to the theoretical results of von Kdrmén and of
Rannie in the form which is obtained by the
substitution of (15) into (14). In the fully rough
region (* > 67), the curves become parallel on
this log-log plot and tend toward a fixed positive
slope.

CAVITY VORTEX HYPOTHESISt

The considerations leading to the derivation
of the “heat-transfer similarity law” were of a
very general nature and did not require any
detailed assumptions as to the type of flow which
might take place near the rough surface. In this
section we shall now introduce such an addi-
tional assumption by speculating that the rough
wall can be imagined to consist of a series of
small cavities of depth € and that the time-mean
flow in and about these cavities consists of a
pattern of one or more standing vortices. Such
patterns have been observed in cavities of larger
size in past visualization experiments [11]. Such
a flow pattern conforms to the cavity wall pro-
file with a finite number of stagnation points
between neighboring vortices. Thin boundary
layers are formed on the cavity walls starting
at alternate stagnation points and separating at
the subsequent ones. The heat, once transmitted
through the thin boundary layer, is assumed to
be convected by the vortices to the cavity open-
ing. The temperature rise in the vortex fluid as
it passes over the transmitting boundary layers
1s negligible compared to the temperature drop
across the boundary layers.

Further discussion is now limited to the
region of “fully rough™ hydraulic behavior. In
this region the surface drag is independent of
viscosity. This leads to the conclusion that the
integrated axial component of the pressure
forces on the roughness-cavity walls greatly
exceeds the viscosity dependent shear stress
acting on the same walls. The independence of
the surface pressure drag from viscosity also
implies that the time-mean flow pattern in each
cavity is independent of viscosity. It follows from
the above reasoning that the Reynolds number

hypothesis consult Appendix VII of [4].
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similarity assumption is still valid at the cavity
openings, and it is thus permissible to set the
distance y, [used in the development of (14)]
equal to ¢ the roughness height. Following
otherwise the same reasoning as before yields
for (12)

perunlTe Ty |

4% V(D)

Recalling that un/u, = +/(2/Cr), one may re-
arrange (16) into the form

Fule¥, &, Pri. (16)

_ 4 _ L
T pepug(Tw — To) ugfu, {e*} fole*. Pr
(17)

CHe

where uy, T,, and ¢, are respectively the spatial
and temporal means of the velocity, the tempera-
ture and the heat flux at the level of the tips of
the roughness elements. The left-hand side of
(17) is a Stanton number based on the tempera-
ture difference between the walls and the cavity
opening and the velocity at the cavity opening.
The quantity Cr. is determined by the resistance
to the heat flow through the cavity and it is
called, therefore, the cavity heat-transfer co-
efficient, or the cavity Stanton number.

Continuing the st&ps of the previous develop-
ment, but letting y, = ¢, brings (13) into the
form

(Cp2Cy) —1 1 -
CV(Cr2) T (ugfu,){€*}Choie*, Pr]

— (ug/u ). (18)
For the fully rough conditions which are being
considered, the function A{e*} in the generalized
velocity equation becomes a constant, A.

Evaluating then the velocity at y = € from (4)
shows that ug/u, = A, hence (18) reduces to

(Cr2Cp) —1+ 1
V(Cr2)  ACHc{e* Pr}
and the g-function defined by equation (14)
becomes

A (19)

1
8FR = 4 Ce (&, PrY
This equation lends a physical meaning to the
function g in the fully rough region, showing that

(20)
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it is inversely proportional to the cavity Stanton
number. The cavity Stanton number, in turn,
depends only on Pr and €*, where ¥ may be
regarded as the Reynolds number based on the
characteristics of the cavity.

Recalling that for the fully rough condition
the mean flow patterns in the cavities must be
independent of both the pipe Reynolds number
and the roughness ratio, one may now go even
further by attempting to compute the coefficient
Cyec. The general approach to this step will be
briefly outlined. It will be assumed that the heat-
transfer coefficient, Cn,,, for any of the several
short boundary layers in the cavity can be
approximated by a relation of the type

Ch,; = kyi (Rey)~P(Pr)—m 21

where Cpy,, is the average Stanton number
based on the temperature and velocity locally
external to the boundary layer and the local heat-
flux normal to the wall, and where Re,; is the
Reynolds number based on the same velocity
and the length of the ith boundary layer segment.
By combining the effects of the several boundary
layer segments as estimated by (21) and by using
the previously stated assumptions of the cavity
vortex hypothesis, the overall cavity Stanton
number for fully rough flow is found to be

Cre =

(22)

e

or by (20)
grr = ks(e*)? (Pr)™
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where ks is a constant dependent only on the
particular type of roughness shape being con-
sidered. The constant exponents p and m on the
other hand should be universally valid in
accordance with the assumptions leading to (21).

The predictions embodied in (23) may now be
compared with the results of the present experi-
ments. An inspection of the data from the present
experiments as presented in Fig. 14 shows that
in the “fully rough” region the function g may
be presented in the form proposed by (23), with
k=519, p =020 and m = 0-44.

The fact that the experimental results can be
cast into the form of (23) lends a modest degree
of support to the concept of cavity-vortex flow.
Some additional encouragement may be derived
from the fact that the exponents p and m, of the
cavity Reynolds number and the Prandtl number
respectively, are of the same general magnitude
as the corresponding exponents which occur in
equations of the form of (21) written for various
boundary layer problems. A further check may
be obtained by testing the prediction that other
types of roughnesses should lead to a g-function
which, in the fully rough regime, differs from
the present one only in the magnitude of the
constant ky. As will be seen below, Nunner’s
data are in agreement with this prediction.

COMPARISON WITH PREVIOUS WORK
As mentioned previously, very extensive
experiments were conducted by Nunner [3] with
air as a working fluid. The roughnesses in most
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of Nunner’s work were produced by rings
located at regular intervals in pipes. This rough-
ness was, therefore, two-dimensional in nature.
The effects of various sizes, cross-sectional
shapes and spacings of such rings were investi-
gated. For the following comparison the equiva-
lent sand grain height, e, was used as the
characteristic roughness dimension, and this
dimension was established by comparison of the
friction results in the fully rough region to the
equation of Nikuradse, in the manner previously
discussed. The data from Nunner’s tubes B-20
and D-20, which have differing roughness
heights but have geometrically similar roughness
shape, may then be represented by a single g-
function as is shown in Fig. 15. This fact may be
taken as additional support for the heat-transfer
similarity law, (14). The curve generated by
Nunner’s data is seen to be parallel to that
attained for the tubes with sand grain rough-
nesses of the present experiment. This fact is in
agreement with the special predictions based on
the model of the cavity vortex, as was just
mentioned. It may further be noted that the
points for different ring geometries (tubes D-5,
D-2 and A-20) also fall on the curve formed by
the data for the B-20 and D-20 tubes. This
feature, which is most useful for engineering
applications, is beyond what could have been
predicted by any of the theoretical considera-
tions given in this paper. It should be emphasized
however that, although differing roughness
geometries of the same class (say all two-
dimensional) may lead to the same single g-

function, such a coincidence is not the general
rule. As seen in Fig. 15, the three-dimensional
sand grain roughnesses of the present experi-
ments lead to a different g-curve than the
roughnesses used by Nunner. As a consequence,
rough pipes which show identical friction
characteristics may lead to a different heat-
transfer performance, and one type of roughness
may be preferable to another for this reason.
The three-dimensional roughness of the present
paper, for example, by virtue of the lower values
for g, would show somewhat higher ratios of
Cy/Cr than the two-dimensional roughness
investigated by Nunner.

For completeness, additional experimental
results have also been entered in Fig. 15, in
particular those obtained with galvanized pipes
and a “Karbate”f pipe by Smith and Epstein
{12] and those obtained with a cast iron pipe
by Nunner [3]. Again the equivalent sand grain
roughness was used as the characteristic rough-
ness dimension. These data fall mostly in a
transition region where the friction factor
changes with Reynolds number. It is seen that
the results of the galvanized pipes may be
adequately represented by a single curve on the
g vs. ¢* graph. From this, one may conclude
that there exists a certain statistical similarity
between the roughnesses of galvanized pipes of
various sizes. The type of roughness represented
by the “Karbate” and by the cast iron pipe, how-
ever, are probably geometrically dissimilar from

t Trade name for a resin bonded graphite made by
National Carbon Company.
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that of the galvanized pipe. This is certainly
plausible, but it means that all “natural” rough-
nesses may not be considered as a single class.
It may also be noted that on the g vs. ¢* graph
the results of the cast tron pipe of Nunner’s fall
approximately on the extension of the straight
line determined by his results for tubes with
two dimensional roughnesses. As was just shown
however, one may not conclude from this co-
incidence that the curve for the two dimensional
ring roughness is a universal one.

Various experimental data are compared
further by means of Fig. 16. In this figure the
quantity Cy/Cr divided by the corresponding
ratio for a smooth tube (Crs/Crs) at the same
Re and Pr is plotted as the ordinate, and the
ratio Cp/Crs is the abscissa. The symbol Crs
designates the friction factor of the smooth tube
at the given Re. In general, high values of
Cu/Cr at high values of Cy are desirable for
heat exchanger designs. Thus the data repre-
sented by curve number 1 would seem to be the
most interesting of those presented. These data,
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FiG. 16. Comparisons of experimental heat-transfer

results for rough surface in relation to smooth
surfaces.
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taken from well known experiments by Fortescue
and Hall [13], were carried out in the course of
the design of the cooling system for the Calder
Hall reactor. The flow in this case took place in
an annular passage. Heat was transferred from
the inner surface only and this surface was
provided with transverse fins extending partially
across the flow passage. The fluid was a gas with
a Pr ~ 0-7. The results are particularly remark-
able in that the points, corresponding to several
different fin geometries, on curve number | are
well above unity, On the basis of concepts
deriving from the Reynolds analogy (cf. [4],
p. 160) a ratio of (Cy/Cr)/(Cus/Crs) greater
than 1-0 should not be expected for a fluid with
a Prandtl number close to [-0. The flow in
question, however, takes place in an annulus
rather than in a pipe, and the adiabatic outer
surface of the annulus was smooth. Estimating
the friction coefficient based on the finned surface
alone transposes the maximum point on curve
number 1 to the location (1') as shown in Fig.
16. This new point is at approximately 0-9 which
is no longer in disagreement with the predictions
from Reynolds analogy. Nevertheless, even after
this adjustment the surface investigated by
Fortesque and Hall appears to have excellent
characteristics for use in heat exchanger designs.
It provides a heat-transfer coefficient approxi-
mately five times that of a smooth tube with a
decrease of only about 10 per cent in the ratio
of Cy/Cr over that of a smooth tube.

Next it may be noted that portions of curves
2, 3 and 4 also reach ordinates greater than
unity. All of these curves were obtained from
the present experiments for a Pr = 6. As
discussed before in connection with Fig. 11,
there are regions at high Pr in which a rough
tube exceeds the ratio of Cy/Cr of a smooth
tube. The flow in these instances takes place
usually in the transition range between ““smooth”
and “fully rough” behavior. The top portions of
the three curves mentioned correspond to this
type of flow, and it is also believed that point
number & can be explained in this way. The data
for this point were obtained by Grass [14] with
water (Pr ~ 6:0 probably) in pipes with cross
grooves.

Several analytical expressions for the heat
transfer in rough tubes have also been developed
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Table 2, Index to Fig. 16

D. F. DIPPREY and R. H. SABERSKY

Prandtl

Item Investigator Roughness geometry Reynolds number number Remarks
1 Fortesque and Hall Transferse fins on inner Not given ~0-7 Combination of
[13] wall of an annulus, Fin outer and inner
Root Dia. >~ 14 in wall effects in Cr
Channel Dia. > 4-0 in terms.

Fin Pitch = & in

Tip-to-Root-Dia. ratio of

fins 1-3 to 19

1 Same Same

2 Present investigation Close-packed, granular
roughness in pipe

Tube A-4, e/D = 0049

3 Same Tube C-9, /D = 0014
4 Same Tube D-3, &/D = 00024
5 Same Tube A-4, /D = 0049
6 Same Tube C-9, /D = 0014
7 Same Tube D-3, /D = 0-0024

8 Grass [14] Cross-grooved pipe

Groove depth/Dia. = 0-005

previous to the present work. Of these, the ones
by Nunner and by Martinelli are perhaps known
best.

Nunner [3] proposed a model in which the
flow field was divided into two portions by an
imaginary grid. As a first approximation he
postulated this grid to exist at the outer edge of
the laminar sublayer that would exist at the
given Re if the tube were smooth. A form drag
is produced at the grid which accounts for the
observed increase in Cr of the rough tube over
the smooth tube, and the grid benefits the heat
transfer only insofar as the turbulent diffusivity
in the central flow is increased by the grid’s pres-
ence. With this model he developed the relation

Cr/2

CH = § T15 ReVePr Vo[(PrCeCrs) — 1T )

~0-7 Cr terms computed
on the basis of the
inner, heat-trans-
ferring surface
only.
14— 115 x 104 60
14— 115 < 10 60
14— 115 x 10¢ 60
58— 51-0 x 10¢ 1-2
58 — 510 -~ 10* 12
58 — 510 < 10¢ 12
37 » 10¢ ~6:0
Assumed
for water

A fair correlation of Nunner’s experimental
results at Pr ~ 0-7 is obtained with this expres-
sion. In Fig. 17 a comparison of this, and other
theoretical expressions, is made with the present
experiments. For this, the ratio 2Cyx/Cr is
plotted vs. Pr for Re = 1-5 x 10% and &/D
= 0:049 or Cr,, = 0-018. The latter conditions
correspond to the data shown for the roughest
tube of the present experiments. From the inspec-
tion of this figure one must conclude that (24)
does not adequately predict the present results,
particularly at high Prandtl number. Equation
(24) also implies that there is a unique relation-
ship between the friction factor and the heat-
transfer coefficient of a rough pipe, which
relationship is independent of the type of rough-
ness. The existence of such a relationship is not
corroborated by the present experiments and
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FiG. 17. Comparison of rough tube theories at Re = 1-5 X 10° and /D = 0-049 (Crpp = 0-018).

analysis. One may further note that (24) cannot
be arranged in a form such that

(Cr2CH) — 1)/V/(Cr[2) = g{e*, Pr} — 4 (25)

which is the universal form proposed previously.
It was also noted in conjunction with the
discussion of Fig. 15 that Nunner’s experimental
results as well as the present experimental results
are in agreement with this universal form.

A second equation for the heat transfer which
is frequently quoted is that developed by
Martinelli [15]:

(%’)"1:5\/(%“)[Pr+ln(l+spr)
(53] @

This equation differs from that derived by
Martinelli for smooth tubes only by the omission
of the temperature ratio (T, — To)/(Ty — Ti) in
the numerator. Martinelli suggested that the
above equation might also apply to rough tubes,

the effect of roughness entering the equation
simply through the increase in Cp. The omission
of the temperature ratio has relatively little
effect as this term is usually just slightly less than
1:0 and rarely below 0-8. This equation is also
compared to the present data in Fig. 17. Again
the effect of Pr is not properly predicted and
again a unique relationship between Cx and Cr
is implied which is in contradiction to the
findings of this paper. It may be pointed out,
however, that Martinelli’s equation can be
written in the general form suggested (25) with
the g-function being

g{e*, Pr} =5[(Pr— 1)+ In(1 + 5Pr)
+ (1/2) In ¥) + 871 — A{e*}). (27)

APPLICATION OF THE DATA
For designing a heat exchanger, a knowledge
of the coefficients Cy{Re, ¢/D, Pr} and Cr
{Re, ¢/D} is a prerequisite. It will be indicated,
on the basis of the generalized results, how it is
possible to obtain rather complete information
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on these coefficients for a minimum of experi-
mental results obtained with geometrically
similar roughnesses. In the example to be
discussed, we consider the type of roughness
which was used for the present experiments,
that is, a close-packed granular type. The charac-
teristic size of the roughness, ¢, was as discussed
before, set equal to the equivalent sand grain
size, €;, by comparison with Nikuradse’s sand-
grain roughness results in the fully rough region.
1t is reasonable, as was indicated in the discussion
of Fig. 4, to assume that the friction character-
istics in the other flow regions are properly
represented by Nikuradse’s function A{e*}
which is shown in Fig. 12.

iIf now the universal presentation of the heat
transfer results in terms of the g-function (cf.
Fig. 14) is accepted as valid for the present
roughness, the derived coefficients Cy and Cp
can be computed for a wide range of the vari-
ables Re, ¢;/D, and Pr. The introduction of the
g-function and the parameter * thus allows an
extension of the data beyond the range of Re
and es/D actually covered by the tests, without
exceeding the experimental range of €*. It also

allows more exact interpolations between the
data points.

To show explicitly the results of the preceding
derivation, the curves of Cu{Re; e/D} and
2Cy/Cr{Re, es/ D} shown in Figs. 18 and 19 are
presented. These were generated by means of
Figs. 12 and 14 and (3) and (14) with the
universal constants B and F being taken as 2-5
and 3-75 respectively. Corresponding to the use
of the sand-grain equivalent roughness ratio, the
value of A was set at 8-48. Figs. 18 and 19 apply
for a Prandtl number of 6-0. Clearly, similar
charts could be generated for any Prandtl
number in the range of the experiments, 1-2 to
6-0, and furthermore, slight extrapolations to
say Pr = 0-7 and Pr = 10 may also be permis-
sible. The necessary extrapolation of the func-
tion g(Pr)~0%4{e*; Pr} to Pr = 0-7 between the
“smooth” and “fully rough™ limits is shown as
line 1 — ¢ in Fig. 15. The authors are preparing
design charts similar to Figs. 18 and 19 for
differing Prandtl numbers. These will be pub-
lished at some future time.

For the case of “fully rough™ conditions the
information in Figs. 18 and 19 can be expressed
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FiG. 18. Heat-transfer coefficient vs. Reynolds number for Pr = 6-0, generated from the similarity
functions gle*; Pr] and A[e*].
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in closed analytical form based on the cavity
vortex hypothesis. Thus

CFm/ 2

Ctrn = [ A Crnf?) ks RN Crngl) 2D
e/ D]%2 (Pr)* 44 — 8-48}
where
e/ D = exp {[30 — 1/v/(Crrg/DV25}. (29)

The subscript FR refers to conditions in the
“fully rough” flow regime. Equation (29) is an
inversion of (3). The constant ky depends on the
roughness form. For the granular close-packed
roughness of the present experiments, k5 = 5-19.
For the variety of two-dimensional roughnesses
investigated by Nunner, k5 = 6-37. In the latter
case experimental verification is limited to
Pr =07, Thus, vsing (28) and (29), one may
compute the heat-transfer coefficient given either
the roughness ratio or the friction coefficient.

From an inspection of the figures presented,
several features of interest in heat exchanger
design may be noted:

1. For a wide range of Reynolds number and
Prandtl number an improvement by a factor of
two to three in the Stanton number can be ob-
tained by substituting rough tubes for smooth
tubes. With the present type of tubes, however,
no higher factors should be expected.

2. There is a limit for any combination of
Reynolds number and Prandtl number beyond
which increases in roughness, while increasing
Cr, will no longer increase Cy.

3. For any given roughness ratio and Prandtl
number, the Cx{Re} curves and the Cy/Cr{Re}
curves both have maxima. These occur in or
near the transition region for the respective
roughness ratios.

4. At the higher Prandtl numbers large im-
provements in Stanton number due to roughen-
ing can be achieved with little or no loss in
Cy/Cr; in fact, at Pr = 5-94, roughness ratios
can be selected that will increase Cy/Cr values
by as much as 10 per cent over those of the
smooth tube.

A simple illustration of the possible advantages
of employing roughened tubes can be demon-
strated as a consequence of items 1 and 4 above.
In a heat exchanger designed for cold water
flow through tubes with the controlling thermal
resistance on the water side, it would always be
possible to replace smooth tubes by selected
rough tubes having only one-half of the length
of the smooth tubes. This could be done with-
out changing the number of tubes, the tube
diameter, the flow rate, the pressure drop, the
amount of heat exchanged, the maximum wall
temperature or the temperature difference be-
tween the wall and the bulk fluid. Thus, to a
first order, the size and weight of the heat ex-
changer could be reduced by a factor of two
without affecting any other system condition.

Finally, in contemplating the use of rough
tubes, consideration must be given to the com-
petition between this and other methods of
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improving heat exchanger efficiency. One such
method is the induction of swirl flow in pipes by
the use of twisted tapes passing through the
pipes. Two of the more favorable swirl flow
conditions studied by Gambill, Bundy, and
Wansbrough [16] were compared with rough
tubes having roughness ratios selected to pro-
duce the same increase in friction factor. The
rough tubes gave nearly the same Cg/Cr
performance as that obtained with swirl flow.
This suggests that these two methods are indeed
competitive means for improving heat exchanger
efficiency. This is true at least for operation at
low heat flux values.
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Résumé—Les auteurs présentent les résultats d’une recherche expérimentale sur la relation entre
transmission de chaleur et frottement dans les tubes lisses et rugueux. Trois tubes rugueux et un tube
lisse ont été réalisés par nickelage. La surface des tubes rugueux est du type granulaire 4 grains serrés,
les rapports diameétre sur hauteur des rugosités s’échelonnent de 0,0024 4 0,049. Les mesures des
coefficients de transmission de chaleur (Cy) et de frottement (Cr) ont été obtenues dans le cas d’une
circulation d’eau distillée dans les tubes chauffés électriquement. En réglant la température moyenne
de ’eau on a étudié un domaine de nombres de Prandtl compris entre 1,20 et 5,94. Les résultats sont
donnés pour des nombres de Reynolds de 6. 10* 4 5. 10° pour les nombres de Prandtl les plus bas, et
de 14 .10* a4 1,2 . 10° pour les nombres de Prandtl les plus élevés.

On a utilisé une régle de similitude pour la transmission de chaleur, pour relier, interpréter et
étendre les résultats expérimentaux. Ces résultats ont été comparés aux résultats théoriques et expéri-
mentaux antérieurs. On a obtenu des accroissements de Cy dus 2 la rugosité allant jusqu’a 27 9. Ces
accroissements sont en général accompagnés d’accroissement aussi importants de Cr. Une exception
A cette régle générale est & noter dans le cas des nombres de Prandt] élevés dans la région de transition

entre le cas “lisse” et le cas “‘pleinement rugueux’.
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Zusammenfassung—FEs werden Versuchsergebnisse iiber den Zusammenhang zwischen Wirmeiiber-
gang und Reibung in glatten und rauhen Rohren angegeben. Aus elektroplattiertem Nickel waren
drei rauhe und ein glattes Rohr gefertigt. Die rauhen Rohre waren so mit kérnigen Schichten belegt,
dass die Verhiltnisse von Rauhigkeitshéhe zu Rohrdurchmesser Werte von 0,0024 bis 0,049 ergaben.
Die Messungen der Warmeiibergangskoeffizienten (C) und der Reibungskoeffizienten (Cr) erfolgten
an destilliertem, in elektrisch beheizten Rohren fliessendem Wasser. Durch Verdnderung der mittleren
Wassertemperatur liess sich ein Bereich von Prandtlzahlen von 1,20 bis 5,94 erreichen. Die Ergebnisse
erstrecken sich auf Reynoldszahlen von 6 - 10 bis 5 - 10° und von 1,4 - 10* bis 1,2 - 10° bei niedrigsten
bzw. hochsten Werten der Prandtlzahlen.

Mit Hilfe eines Ahnlichkeitsgesetzes fiir den Wirmeiibergang liessen sich die Versuchsergebnisse
korrelieren, interpretieren und auf andere Bereiche anwenden. Sie wurden mit kiirzlich gefundenen
theoretischen und experimentellen Daten verglichen. Infolge der Rauhigkeit ergab sich ein Cy-
Anstieg bis zu 2709;. Dieser Anstieg wurde im allgemeinen von einem noch grosseren Anwachsen
des Cz-Wertes begleitet. Eine Ausnahme ergab sich nur bei hohen Prandtlzahlen im Ubergangsgebiet

von “‘glatter” zu “vollkommen rauher” Cp-Charakteristik.

Annoranua—IlpuBoaArea pe3yabTaTl IKCHEPHMEHTAJIBHOTO HCCIEZOBAHMA 3aBHCHMOCTH
TerI006MeHa 0T TPEHNA B TIAIKUX I LIePOXOBATHIX Tpy0ax. BN H3rOTOBJIEHEL TPH HIEPOXO-
BaThie TpyOH M OAHA TJIAJKAA ¢ HIKeJMPOBAHHBIMM IIOBepXHOCTAMU. [loBepxHOCTU
WepOXOBATHX TPy6 OBLIA NJIOTHOYNAKOBAHHHWIMN 1 3eDHUCTHIMH C OTHOIIEHMAMU BBHICOTHI
HIePOXOBAaTOCTH K fuaMeTpy Tpy6s B npenere ot 0,0024 o 0,049. NsMepenun kosdduunenTosn
renooOmena (Cx) U Tpenud (Cr) NPOBOIMINCE B ONBITAX ¢ AUCTHILIUPOBAHHOI Bofoif, mpo-
TeKawIeil Yepes dIekTpudecknm oborpeBaeMble TpyOu. VcelegoBaHHA INIPOBOTMIMCE B
auanasone ducern [Ipaugraa or 1,20-5,94, nyreM perylInpoBaHHA NpPHBeJeHHON TeMIIEPATY P
Bogwl. Tloay4eHBl pesyapTaTh AJd caMbix Goapumx yuced [Ipauaras ot 6.10* po 5.10°, a
TarKe oA caMbix Maabix uucea [Ipamaras ot 1,4.10* zo 1,2.10%,

Henonesys MeTons Teopuy nogo6ud AIA TenaoodMena, GbliM ycTaHOBIEHEL COOTHOIIEHUA,
KOTOPHE Al BOBMOMHOCTb OOBACHUTH ¥ DACIIMPHUTH HKCIEPHUMEHTANbHBE TaHHBeE. Pes-
YIbTATH CPABHUBAIKCEH ¢ PaHee NMEIOIMNMHCA KAK TEOPeTHYeCKUMH, TAK U DKCIePUMeHTA-
bHBIM N gJauHbMU . Halineno, uro sHaueHuA Kosgduienta Cy YBEIUYNBAIOTCA [IPH YBEJIHUEHU I
repoxoBarocty, pocrurawoueii 2709%;. Hapagy ¢ ysennvenuem sHadeHuii kosdduuuenra Cy
Habmogaerca ewe Gonbhiee yBeJumveHune 3HadeHMT KoaQduuuenta Cr.

pu Goxpmux uncaax Ipangria nabmogaeTcA MCKITOYEHNEe M3 3TOTO MpaBUIA JIA 3HA-
vennit Koagduiuenta Cp B 00JACTH IEePEX0XA MERAY «IJIATKHMU» H HOJHOCTBHIO HIEPOX0OBA-

TBIMH TpyOamu.
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