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Abstract—This paper presents the results of an experimental investigation of heat transfer by forced
convection from a cylinder to water in crossflow in the range of Reynolds numbers from approximately
104 to 105, The diameter of the test cylinder was 0-4375 in, and the temperature difference varied from
4 to 10 degF. The experimental data are in close agreement (mean deviation = 1 per cent) with the
McAdams correlation, namely,

(Nu; = [0-35 + 0-56 (Re}sV"5% (Pr);%°%0,

McAdams derived his correlation equation from experimental data taken in the limited range of
crossflow Reynolds numbers from 10-* to 2 x 102 Purves and Brodkey infer from the Colburn analogy
that McAdams’ correlation is valid in the range of Reynolds number from 102 to 104, Therefore, on the
basis of the present experimental data, it is concluded that McAdams’ equation is valid in the extended
range of Reynolds numbers from 10-1 to 105,

The present experimental data are equally well represented by

(N == {0-35 -+ 0:34 (Re);8°50 - 0-15 (Re)s 58] (Pr); 0730,

In the latter equation, the term in (Re);%'50 represents the heat transfer through the laminar boundary
layer on the front portion of the cylinder, and the term in (Re)s'58 accounts for the contribution to the
total heat transfer from the back portion of the cylinder, where separation occurs. Either of the two
equations given here may be used for design calculations, but the second equation is preferable in the

the sense that it is more logically related to the physical processes involved.

NOMENCLATURE At,  difference in temperature between test
a, b, functions of Pr [see equation (5)]; cylinder and bulk of water:
C, C' constants; At = (ts — ta);
D,  diameter of water tunnel test section; i, viscosity.
d, diameter of heat-transfer cylinder;
g indicates functional relationship; Subscripts
h, heat-transfer coefficient; a, refers to conditions at ambient tempera~
I effective length of heat-transfer cylinder ture {bulk water temperature), 74;
(see Fig. 4); S, refers to conditions at test cylinder
n, n, constants; surface temperature, #;
Nu, Nusselt number; 7 refers to conditions at arithmetic mean
Pr,  Prandt]l number; film temperature, ¢7 = (t; + #3)/2.
q, mean convective heat flux;
Re, Reynolds number; INTRODUCTION
t, temperature; THE PrROBLEM of heat transfer by forced con-
V,  velocity {corrected for blockage); vection from single cylinders to gases has been
X, constant, studied in depth and extensive data have been
published on this subject; but for the analogous
Greek symbols case of heat transfer to water the available in-
a, 8, constants; formation is relatively meager. In fact, until the
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present decade, no data for heat transfer from
cylinders to water (or other liquids) for crossflow
Reynolds numbers exceeding 300 had appeared
in the open literature. This lack of information at
higher Reynolds numbers—more specifically, in
the range from 104 to 105—was a serious scientific
and engineering design deficiency, and for this
reason several investigators have recently studied
this problem. Unfortunately, there are dis-
crepancies between the published results of these
investigations. The present study may help
resolve these discrepancies.

SURVEY OF THE LITERATURE

The earliest comprehensive data for forced
convection heat transfer from cylinders to
liquids in crossflow are those of Davis [1], who
employed several sizes of electrically heated
wires and four hydrocarbon oils having a wide
range of viscosities; the range of the Reynolds
number in Davis’ work was from 01 to 200.
Ulsomer [2] correlated Davis’ data for liquids
and those of several investigators on air by an
equation of the form

(Nu)y = C(Pr)}(Re)}, M

where C, m, and »n are numerical constants
having the following values: m = 0-31; C = 0-91
and n = 0-385 for 0-1 < (Re)y < 50; C =06
and »n = 0-5 for 50 < (Re)y < 10%. Kramers [3]
analysed the results of Davis for liquids and of
many others with air and correlated these data
by an equation similar in a form to equation (1),
but containing an additional term as follows:

(Nu)r = C'(Pr)}" + C(Pryp (R}, (2)

where the values of the numerical constants C’,
m', C, m and n are 0-42, 0-2, 0-57, 0-33 and -5
respectively, Subsequently, Piret et al. [4] ob-
tained data for water for Reynolds numbers
ranging from 0'8 to 8 and correlated their data
by equation (1) with C = 0-965, m = 0-30 and
n = 0-28. McAdams [5] compiled the data of
Davis and Piret and concluded that all these data
can be satisfactorily correlated by equation (2)
with C' = 0-35, C = 0-56, m’ = m = 0-30, and
n = 0-52. Since McAdams’ correlation has
special significance in the present work it will be
stated here explicitly:
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(Nu)s = [0-35 4 0-56 (Re)¥>4 (Pr)2%.  (3)

In 1961 Purves and Brodkey [6] conducted an
experimental study of forced convection heat
transfer to water flowing normal to a cylinder at
Reynolds numbers in the neighborhood of
104, They were unable to obtain consistent data,
due to certain experimental difficulties which
they encountered in the construction of suitable
test specimens; however, in order to check the
order of magnitude of their experimental results,
they calculated the heat-transfer coefficient from
friction factor data using the Colburn analogy.
They found that the Colburn analogy gave results
which coincided exactly with McAdams’ corre-
lation at a Reynolds number of about 100, and
they concluded that McAdams’ correlation can
be extrapolated to Reynolds numbers of about
104,

An extensive study of the extant data on heat
transfer from cylinders to crossflow in air has
been made by Douglas and Churchill {7], who
proposed a correlation in the following form:

(Nu)s = a(ROP™® + bRy (4)

The reasoning behind equation (4) is that the
first term on the right represents the heat
transfer through the laminar boundary layer on
the front portion of the cylinder and the second
term represents heat transfer from the rear
portion, where separation occurs. Van der
Hegge Zijnen [§] has made a similar proposal.
The quantities a and b in equation (4) are not
necessarily constants; they are generally taken
proportional to (Pr)”, where m is a constant
between 0-3 and 0-4. More recently, Richardson
[9] has suggested that the heat transfer to the
separated region is a function of (Re)/%%7, and
with this refinement, equation (4) becomes:

(Nw)s = a(Re)?*° + b (Re)}e". (5)

Perkins and Leppert [10] have conducted an
experimental investigation of forced convection
heat transfer from a uniformly heated cylinder to
water and ethylene glycol in crossflow for
Reynolds numbers from 40 to 10° and Prandtl
numbers from 1 to 300. They showed that their
data could be correlated adequately by slight
modifications of either equations (4) or (5), and
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with numerical constants as in the following:

(&)“’25 — o 050 L Q.
(Ni)a = [0-53 (Re)2° + 0:0019 (Re)d]

Ha
Pryg#e, (6
(Nu)q (?)0.25 — [0-30 (Re)230 + 0-10 (Re)2*7]
g (M

The authors state that equation (6) may give
erroneously large values of the Nusselt number
for Reynolds numbers greater than 10, and they
prefer to represent their data by equation (7). The
numerical coefficients in equations (6) and (7)
were determined by using a “mean area”
correction for blockage [see the section on
Calculations and Results (p. 1001) for definition];
in a subsequent related publication, Perkins and
Leppert [11] redetermined these coefficients on
the basis of an experimental correction for
blockage. This experimental blockage correction
agrees with the well-known “solid blocking”
and “wake blocking™ corrections. The redeter-
mined coeficients are indicated in equations (6')
and (7).

(Nw)a ( ;’3)0'25 = [057 (Re)23° + 0-0022 (Re)q]

Pryg, (69

(Vu)a (55)0'25 = [0:31 (Re)2™ + 011 (Re)2*]
@ngee. ()

Nusselt numbers calculated from equation (7')
are about 65 per cent higher than comparable
values calculated from McAdams’ correlation.
Perkins and Leppert [11] have obtained ex-
perimental data on local heat transfer from
several uniformly heated cylinders to water in
crossflow. An analysis of local heat transfer to
the laminar boundary layer on the forward
portion of a cylinder is also presented in [11],
and the results of the analysis are compared with
the experimental data and with the results of
previously published analyses. The experimental
heat-transfer data in the laminar region, after
being corrected for blockage, are about 20 per
cent higher than the analytical prediction. The
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prediction, however, is in good agreement with
previously published analytical results. One very
interesting aspect of the comparison of analyses
made by Perkins and Leppert is the fact that the
theoretically derived local heat-transfer co-
efficients in the region of laminar flow for a
cylinder in crossflow are shown to be very nearly
the same (less than 5 per cent different), whether
the cylinder is isothermal or uniformly heated.

The disparity between the analytical predictions
and experimental results in [11] are attributed by
the authors to the influence of free stream
turbulence. Measurements taken with a hot film
anemometer indicate an average turbulence level
of 29 4-0-5 per cent; however, the authors
conclude that both their average and local heat-
transfer results appear to be more in line with a
1 per cent turbulence level. Perkins and Leppert
{10] estimated the turbulence intensity at the
location of their test cylinders to be about 1-1
per cent on the basis of the linear decay law of
Batchelor and Townsend; they hypothesize in
[11] that the disparity between the measured
29 per cent intensity of turbulence and the
“predicted” level of 1-1 per cent may be due to
the effect of the walls in the relatively narrow
channel which they employed.

There has been considerable divergence of
opinion as to how best to account for variations
in fluid properties—particularly the viscosity—
in convective heat transfer; for example, some
authors recommend that the viscosity, u, in
the Reynolds number be evaluated at the ambient
temperature, and then add a separate correction
factor to the correlation in the form (ps/uq)?,
where (us/nq) is the ratio of the viscosity at the
temperature of the heat-transfer surface to the
viscosity at the ambient temperature, and x is
a constant [see equations (6) and (7)]; others
recommend that fluid properties be evaluated at
the integrated mean film temperature; still
others favor the approach indicated in equations
(1), (2) and (3), where the fluid properties are
evaluated at the arithmetic mean film tempera-
ture, tr = (¢5 -+ to)/2. Douglas and Churchill [7]
have made a careful and extensive study of this
question and report that convective heat transfer
from cylinders is best correlated by evaluating
the fluid properties at the arithmetic mean film
temperature.
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Douglas and Churchill also make an im-
portant point concerning the general theory of
dynamic similarity, upon which all heat transfer
correlation equations depend. The point is
expressed in their paper as follows:

“Jacob has pointed out that for complete
dynamic similarity between two nonisothermal
systems the same ratios must exist between the
significant physical properties at geometrically
equivalent points. A lack of similarity will neces-
sarily exist for any two fluids whose properties do
not vary identically with temperature. A liquid
and a gas fail in this respect, but two gases provide
reasonable similarity.”

Thus, in theory, the same correlation equation
cannot be expected to predict Nusselt numbers
for both gases and liquids, as is frequently
assumed. This is not to say that the general form
of the correlation equations is necessarily
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different for liquids and gases, but it does imply
that the constants—such as C’, m’, C, m and »
in equation (2)—will be different for liquids and
gases. The reason why the same correlation
equations have been used to predict Nusselt
numbers for both gases and liquids is probably
because other experimental factors—such as free
stream turbulence—have masked the errors
incurred by this procedure. For most practical
design purposes the lack of exact dynamic
similarity between nonisothermal systems of
gases and liquids may not be important, but for
understanding the physical processes involved in
convective heat transfer, this factor must be
taken into consideration.

APPARATUS AND PROCEDURE
Water tunnel
The experiments in this study were performed
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in the water tunnel, shown schematically in
Fig. 1. The tunnel consists of a closed loop
through which water can be pumped at con-
trolled and measured velocities; all components
in contact with water are made of either stainless
steel, copper, bronze, Teflon or rubber. The
tunnel contains two circular test sections, a
surge tank for reducing pump-induced pulsa-
tions, a heat exchanger for controlling the bulk
temperature of the water in the tunnel, and a
measuring orifice for determining the velocity
of flow. In order to obtain maximum experi-
mental flow velocities (maximum Reynolds
numbers), the heat-transfer data were taken in
the smaller of the two test sections (Test Section 1;
I.D. = 3410 in). In this arrangement, Test
Section 2 and Reducer 2 act as calming sections
for the flow before it enters Test Section 1.

Prior to taking heat-transfer data, the velocity
at the center of Test Section 1 was measured
with a small pitot tube, and these measurements
were related to the pressure drop (manometer
readings) across the measuring orifice; by this
procedure, the velocity at the center of Test
Section 1 could be subsequently inferred with
an accuracy of about 1 per cent from readings
of the manometer associated with the measuring
orifice. The pitot tube was also used to deter-
mine velocity profiles in Test Section 1. It was
found that all velocity profiles were flat in a
region extending radially outward } in from the
center of Test Section 1; the significance of this
finding will become apparent shortly. The
maximum velocity in Test Section 1, when
unobstructed by the heat-transfer test specimen,
was 13-4 ft/s.

The components labeled Accumulators in
Fig. 1 are toroidal sections which convey the
flowing water into and out of the test sections of
the tunnel, as shown by the arrows in Fig. 1;
this conveyance is achieved through a number of
symmetrically placed radial tubes (shown sche-
matically in perspective affixed to the Accumula-
tors in Fig. 1), such that the flow enters Test
Section 2 and leaves Reducer 1 without intro-
ducing the asymmetry in the flow which ordinary
90° elbows would cause. A thermocouple was
inserted into Accumulator 1 through one of the
radial tubes for the purpose of measuring the
bulk water temperature.

999

Heat-transfer cylinder

The heat-transfer cylinder used in these ex-
periments was constructed in accordance with
the “guarded test section™ technique. In this
technique, the test specimen consists of three
cylindrical sections—a “test section” flanked by
two “guard sections”—which are thermally in-
sulated from one another, as shown in Fig. 2;
each section contains a separate electric re-
sistance heater and thermocouples to measure its
temperature. The guard sections contain one
thermocouple each, and the test section contains
two thermocouples; the readings of the two
thermocouples in the test section were found to
be equal in all tests. The thermocouples and
heaters are mounted in hypodermic tubes which
are inserted longitudinally into the test and guard
sections through accurately drilled holes; these
hypodermic tubes serve to align the three heated
sections and stiffen the composite structure.
Each of the three hypodermic tubes which
contains a heater threads through all three
sections of the test cylinder and is embedded at
its extremities in masses of epoxy adhesive which
fill the tubular end pieces of the test cylinder
(see Fig. 2); thus, these three heater-carrying
hypodermic tubes serve the additional function
of holding together the several parts of the test
cylinder.

The function of the guard sections is to
prevent the transfer of heat by conduction from
the centrally located test section to its supporting
structure; this is achieved operationally by ad-
justing the electrical input to the guard heaters
until the temperatures of the guard sections are
equal to the temperature of the central test
section. Thus, when the temperatures of all three
heated sections are equal, the electrical input to
the central test section is equal to the heat
transfer by convection from its surface. Electrical
power was delivered to the three heaters by
individual Variacs, and the power dissipated in
the central test section was measured with an
accuracy of about 1 per cent. A portable pre-
cision potentiometer was used in conjunction
with the thermocouples, which provided tempera-
ture readings having an accuracy of at least
0-05 degF.

In order to achieve a uniform surface tempera-
ture, the cores of the heated sections of the test
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cylinder were made of copper, because this
metal has high thermal conductivity. However,
in order to provide a hard, non-oxidizing surface,
a thin layer of chromium was plated onto these
copper cores. The plated pieces were centerless
ground to a final diameter of 0-4375 in. The test
cylinder was inserted across Test Section 1 of
the water tunnel with the aid of two special
plugs which contained O-rings for sealing and
which were screwed into threaded holes located
on opposite sides of Test Section 1 (not shown
in Fig. 1); the physical arrangement was such as
to leave the entire heated length of the test
cylinder exposed to the convective flow. The
heated length of test cylinder (3-404 in—see
Fig. 2) is practically identical to the internal
diameter of Test Section 1 (3410 in—see Fig. 1).

The guarded test section technique is a very
accurate method for measuring convective heat-
transfer coefficients; first, because it practically
eliminates spurious heat flows by conduction
from the data-producing test section and along
thermocouple lead wires; and second, because
the heated test section is suspended in the central
portion of the duct wherein convection occurs
and is, therefore, unaffected by the velocity
gradients which inevitably occur near the duct
walls. In the present case the central test section
was 1 in Iong and, as has been mentioned above,
the velocity profiles were found to be flat over
this length, within the sensitivity of the instru-
mentation.

The one major limitation in the design of the
test cylinder shown in Fig. 2 is the limited
power handling capability of the electrical coils
installed in the three heated sections. The
geometry of the design demands that these coils
be not much greater than s in, and to fabricate,
support, accurately locate and insulate a high-
performance coil of this size inside of a small
hypodermic tube is a delicate matter (see Fig. 3
for details). For the design shown in Figs. 2 and
3, the coil inside the 1 in long central test
section was capable of dissipating not more than
60 W of electrical power without burning out. As
a safety measure, no more than 50 W were
delivered to the central test section during heat-
transfer tests; this resulted in differences in
temperature between the thermocouples in the
test cylinder and the bulk of water ranging from
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4 to 10 degF. Since the temperature difference
was determined from two readings, each of
which was measured with an accuracy of at least
0-05 degF, the combined maximum error in the
measurements of temperature differences is
0-1 degF (2-5 per cent).

CALCULATIONS AND RESULTS
Velocity blockage correction

The calibration technique described in the
foregoing section provided a means for de-
terming the velocity at the center of Test Section
1 with an accuracy of about 1 per cent in the
absence of the heat-transfer cylinder. When the
test cylinder is inserted into the water tunnel, it
obstructs the flow and necessitates a correction
of the indicated velocity. Perkins and Leppert
[10] describe three different ways in which this
correction can be made ; the method of Vliet and
Leppert [12] has been adopted here.

In the method of Vliet and Leppert a mean
area for blocked flow, A, is defined and the
corrected velocity, V, is obtained from the
unobstructed velocity by using the continuity
equation as follows:

_ Aunobstructea

V= y (Vunovstructed)- )]
m

The mean area for blocked flow, A, is
defined as that area, which, when multiplied by
the test specimen diameter, is equal to the net
volume of fluid at the location of the test speci-
men. Thus, referring to Fig. 4,

Apd = (ff—z) d— (’%2) I. o)

When D is large in comparison to d, as is the
case here, / may be taken equal to D. Since
Aunobstructea = (7 D?[4), (equation (8) may be
written as follows:
2
V= m (Vunobstructed)-

By inserting the numerical values D =1[=
3-410 in and d = 0-4375 in into the foregoing
expression, one obtains ¥ = 1:146 (Vunobstructed)-

Temperature correction
In order to determine the surface temperature
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of the test cylinder, the readings of the thermo-
couples embedded in the test cylinder were
corrected for the small radial temperature drop
across the layers of copper and chromium which
lie between them and the surface of the cylinder
(see Fig. 3, Section BB). This radial temperature
drop, At,, was calculated by assuming that the

0= DIAMETER OF TEST SECTION OF
WATER TUNNEL

d= DIAMETER OF HEAT TRANSFER TEST
CYLINDER

{= EFFECTIVE LENGTH OF HEAT TRANSFER
TEST CYLINDER

F1G. 4, Geometry for calculating mean area for blocked
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simple conduction equation for radial heat
transfer through composite cylinders [13] is
applicable. For conditions of the present ex-
periment, the value of Az, varied from 0-54 to
0-83 degF; this represents from 5-0 to 12 per cent
of the measured temperature difference between
the thermocouples in the test cylinder and the
ambient fluid. The method used here to calculate
Aty is considered to be an approximation, be-
cause of the simplifying assumptions upon which
it is based.

Heat-transfer correlations

Six heat-transfer tests were performed at
different Reynolds numbers ranging from
11420 to 63200. A complete tabulation of all
measured quantities and Reynolds numbers are
presented in Table 1.

Table 2 contains comparisons of the Nusselt
number calculated from equations (3) and (7))
with corresponding experimentally determined
values. The values of (Nu); calculated from
equation (3), McAdams’ correlation, are in
excellent agreement with the experimental re-
sults; the deviation for any single run does not
exceed 3-1 per cent, and the mean deviation for
all six runs is 1-3 per cent. The experimental
points and the McAdams correlation are plotted
in Fig. 5. The deviations of (Nu), calculated from
Perkins and Leppert’s correlation, equation (7'),

flow.
300 [
(:,:‘v;:gfso - [0.35+ 056 (Re),°'52]; MacAdams Corretation
(Vu), _[0_3!>+ 0-34 (Pe),%50+ 015 (Re )06'] ; Equation(i4
(25 / ' )

P
]
]

(Nu),
(f“r),o'3

. ]

e

v

e
9 /
8 // | o experiMENTAL POINTS |
7/ ) il |
7
60 5 2 3 49 5 6 7 8 9
104 10%
(Re),

F1G. 5. Heat transfer by forced convection from a cylinder to water in crossflow.
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Table 1. Experimental data

q ts 1 At tf V (Re)f (Re)a h

Run ( P_tg ) (degF) (degF) (degF) (degF) ( ft) Btu
No.  \nft s h ft2 degF

1 17875 87-07 80-00 7-07 83-53 12-08 50300 48200 2525

2 10725 87-20 7972 7-48 83-46 3-99 16630 15860 1437

3 10725 89-96 80-42 9-52 8519 2-68 11420 10780 1126

4 10725 84-74 80-02 4-72 82-38 10-42 43000 41600 2275

5 10725 85-67 80-08 559 82-87 7-29 30200 29200 1921

6 10725 84-20 80-45 3-75 82:32 15-34 63800 61700 2865

from the corresponding experimental values are
from -+553 to 4763 per cent, with a mean
deviation of 4662 per cent; thus, the values
calculated from equation (7’) are consistently and
significantly higher than the present experimental
values. Possible reasons for this discrepancy are
given in the section on Discussion of Results.

The suggestion put forth by Douglas and
Churchill, and more recently by Richardson, that
the contributions to the total heat transfer from
the front and back portions of a cylinder in
crossflow should be accounted for separately in
the correlation equation is supported both by
theory and experiment. This suggestion is
adopted here with certain modifications, for
reasons explained in the following.

If the idea of representing the experimental
heat-transfer measurements made in the present
study by a function of two separate terms in the
form

(Nuw)s = g la (Re); + b (Re)f] (10)

is adopted, the resulting equation must satisfy
the following three conditions:

I. It must correlate the experimental heat-
transfer data. Since McAdams’ correla-
tion accurately represents the experi-
mental results, this condition is equivalent
to stating that the new correlation must
coincide numerically with McAdams’
correlation.

The values of « and B should agree with
theory so far as the theory is known.
The ratios of a(Re); to b(Re)§ must agree
with reported measured ratios of the
contributions to heat transfer from the

1I.

III.

front and back portions of a cylinder in
crossflow.

Condition I suggests that the new correlation
be cast in a form similar to McAdams’ corre-
lation, equation (3), with the Reynolds number
term replaced by two terms as follows:

(Nu)s = [0-35 + a (Re); + b (Re)f] (Pr)%30. (11)

The insertion of the constant 0-35 and the quan-
tity (Pr)¥3° in equation (11) implies that the
temperature-dependence of the fluid properties
is correctly accounted for by McAdams’ corre-
lation. This assumption is made because the
temperature differences achieved in the present
investigation are relatively small, and therefore
these experiments do not provide sufficient in-
formation to permit an independent determina-
tion of the functional dependence of (Nu)s on
(Pr)s.

The theory of convective heat transfer to
laminar flows is quite well known and predicts
that the value of « is . However, no theoretical
solution for heat transfer in the region of
separated flow on the rear portion of a cylinder
in crossflow has been achieved to date, and hence
the value of 8 in equation (11) cannot as yet be
determined from purely theoretical considera-
tions. Douglas and Churchill have recommended
that 8 be taken equal to 1; Richardson suggests
that 8 = 0-67, which, as will be shown, is closer
to the value determined here. If the known value
for a is inserted into equation (11), one obtains:

(Nu)y = [0-35 + a (Re)?™ + b (Re)d] (Pr)y3.
(12)

The problem now is to determined, if possible,
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numerical values for the constants ¢, b and B
such that these values will correlate the experi-
mental data obtained in the present study and
simultaneously satisfy Condition I1I.

McAdams presents in his textbook the results
of measurements made by four different investi-
gators of the local Nusselt number around a
cylinder in crossflow in air at a Reynolds
number of 39600. These data indicate that for
(Re)s = 39600 the contributions to the total heat
transfer from the front and rear portions of a
cylinder in crossflow in air are very nearly equal.
Translated into the language of equation (12)
and Condition III, these local heat-transfer data
imply that

a (39 600)°°50 = p (39 600)7. (13)

Thus, the problem has been reduced to deter-
mining values of a, ¥ and B in equation (12),
which will correlate the experimental Nusselt
numbers and simultaneously satisfy equation
(13). The values of g, b and B were determined to
be 0-34, 0-15 and 0-58 respectively. The resulting
correlation equation is:

(Nu)y = [0-35 + 0-34 (Re)%®° - 0-15 (Re)?]
(Pryee. (14)

The deviations between the values of (Nu)y
predicted by equation (14) and the experimental
results are given in Table 2; the maximum
deviation for any single data point is 3-2 per
cent, and the mean deviation is 0-9 per cent.
Equation (14) is plotted in Fig. 5, where it is

R. M. FAND

shown to agree closely with the McAdams
equation,

In order to check the validity of the experi-
mentally determined constants, particularly the
value 8 = 0-58, some additional published local
Nusselt number data were integrated, and the
ratios of the contributions to the total Nusselt
number from the leading and trailing portions
of a cylinder were calculated; these values are
listed in Table 3, together with comparable
calculated ratios of [0-34 (Re)75%/0-15 (Re)y®].
The agreement between experimental and cal-
culated ratios is good for Reynolds numbers
between 2 x 104 and 105, This agreement not
only confirms the correctness of the values
determined for a, 5 and B for

2 X 10% << (Re)y < 105,

but also indicates that the constants a, » and j3
have been uniquely determined in this range of
{Re)s. For values much above 105 or far below
2 X 10%, [0-34 (Re)?%°/0:15 (Re)}**] is not pre-
cisely equal to corresponding experimentally
determined ratios; thus, for (Re}; = -7 x 105,
[0-34 (Re)?%0/0-15 (Re)} *®] = 0-86, but the com-
parable value obtained by integrating Schmidt
and Wenner’s [14] local heat-transfer data is
0-72.

The use of local heat-transfer data taken in
air, such as Schmidt and Wenner’s, to infer
ratios such as {a (Re);/b (Re)§] in water violates
the law of dynamic similarity stated in the section
Survey of the Literature. This violation has been

Table 3. Comparison of {[0-34 (Re)®5%)/[0-15 (Re)s058]} with corresponding experimental ratios

Reynolds number

heat transfer through

Ratio of experimentally determined
laminar
boundary layer on front portion of

Source of experi- 0-34(Re) ;020
mental data [@ 15(Re) 038

[See Eq. (14)]

cylinder to heat transfer through
separated region on back portion

of cylinder
20 000 1-07 By Lohrisch in re- 1-03
ferencz 13
39 600 1-00 By Small, Lohrisch, 1-00
Klein, Drew and
Ryan in reference 5
101 000 0-80 By Schmidt and 0-85

Wenner in reference
3
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committed here because no comparable low-tur-
bulence local heat-transfer data for water are
available. The error incurred by this procedure
is probably small, because the ratio of the heat
transfer from the front and back of a cylinder in
air at a given Reynolds number is probably very
nearly the same as the ratio for water, even if
the magnitudes of the contributions differ
somewhat for air and water.

DISCUSSION OF RESULTS

The experimental results of the present work
are in very close agreement with McAdams’
correlation, equation (3). The closeness of this
agreement may, to some extent, be fortuitous,
because the correction applied to the thermo-
couple readings, Aty, is approximate and to some
extent arbitrary. It is quite conceivable that this
temperature correction is sufficiently in error to
alter the experimentally determined values of
(Nu); by as much as 5 per cent. Also, there is
some question as to which is the optimum
method for correcting for blockage; thus, if the
blockage correction were computed on the basis
of “solid blocking” and ‘“wake blocking,”
instead of on the basis of the “mean area,” the
calculated values of (Nu); would be about 3 per
cent less than reported here. However, agree-
ment within 5 per cent—or even 10 per cent—
is generally considered to be acceptable in heat-
transfer work, and hence it is concluded that the
experimental results presented herein indicate
that the McAdams’ correlation is valid in the
range of Reynolds numbers from 104 to 105.

The correlation of McAdams, the conclusions
of Purves and Brodkey, and the experimental
data of the present work are all in basic agree-
ment. The results of these three studies differ
significantly from the correlation suggested by
Perkins and Leppert, equation (7'), which gives
values that are too high. Perkins and Leppert
themselves point out that their Nusselt number
data are high compared to those of Davis, [1]
and they suggest that the reason for this might
be the existence of higher turbulence levels in
their experiments than in Davis’.

The influence of turbulence on heat transfer is
known to be considerable [15-20] but it is not
yet sufficiently understood to permit the quanti-
tative calculation of its magnitude. In Perkins
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and Leppert’s experiments, screens were placed
upstream of the test cylinder for the purpose of
breaking up the flow and producing as flat a
velocity profile as possible. No effort was made
to measure the turbulence level in the present
work, but it was doubtlessly considerably lower
than in Perkins and Leppert’s setup, since no
screens were used here and the flow passed
through calming sections before entering the duct
wherein the test cylinder was located. Thus, a
large part of the discrepancy between the results
of Perkins and Leppert and the present work may
be attributed to turbulence effects. And vyet,
although turbulence effects are important, a
study of the literature on this subject suggests
that turbulence effects might account for a
deviation of 20-30 per cent between the results of
Perkins and Leppert and the present work, but
not as much as 54-76 per cent, as is actually the
case.

Part of the discrepancy between the results of
Perkins and Leppert and the present study may
be due to complex secondary flows and boundary
layer effects near the walls of the rectangular
water tunnel in which their experiments were
conducted. Such effects were avoided in the
present study by using a circular water tunnel
and the guarded test section technique.

CONCLUSIONS

This paper presents the results of an ex-
perimental investigation of heat transfer by
forced convection from a cylinder to water in
crossflow in the range 104 << (Re)y << 105, The
diameter of the test cylinder was 0-4375 in, and
the temperature difference varied from 4 to
10 degF. The experimental data are in close
agreement with the McAdams correlation,
(Nu)y = [0-35 + 0-56 (Re)?32] (Pr)930,  (3)
McAdams derived equation (3) from heat-

transfer data in the range

101 < (Re)y < 2 x 102,

Purves and Brodkey infer from the Colburn
analogy that equation (3) is valid in the range
102 << (Re)r < 10%; the present study shows
experimentally that McAdams’ correlation is
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also valid in the range 10% << (Re)y < 105. It is
concluded, therefore, that McAdams’ relation
holds over the entire range of Reynolds numbers
from 101 to 105,

The correlation of Perkins and Leppert,

(Ni)a (5“—8)0'25 — [030 (R)S° -+ 0-10 (Re)2*]

Ha
g, (M

predicts Nusselt numbers which are, on the
average, more than 60 per cent higher than the
corresponding experimental values obtained in
the present study. It is suggested that free stream
turbulence, secondary flows and boundary-layer
effects associated with the rectangular duct in the
apparatus of Perkins and Leppert are the cause
of this discrepancy; these effects were eliminated
from the present study by using a circular water
duct with calming sections and the guarded test
section technique for measuring convective heat
transfer.

A second correlation is presented herein,
namely,

(Nu)y = [0-35 + 0-34 (R)23° + 0-15 (Re)¢>®]
(P, (14)

which agrees closely with McAdams’ corre-
lation. However, equation (14) has the added
virtue of representing the separate contributions
to (Nu)s by the leading and trailing portions of
the cylinder. Equations (3) and (14) predict
(Nu); with equal accuracy; but equation (14) is
preferable because it represents more realistically
the actual physical heat-transfer process. The
representation referred to in the preceding state-
ment is precise for the range of Reynolds number
between 2 X 10% and 10%; it does not, nor can
it be expected to, hold for much higher Reynolds
numbers (near critical or supercritical), or for
much lower Reynolds numbers, for which a
vortex street is not established.
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Résumé—Cet article présente les résultats d’une recherche expérimentale sur le transport de chaleur
par convection forcée & partir d’un cylindre dans un écoulement transversal d’eau dans le gamme des
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nombres de Reynolds allant approximativement de 10 4 10, Le diamétre du cylindre essayé était de
1,11 cm et la différence de température variait de 2,22 3 5,55 degC. Les données expérimentales sont
en bon accord (déviation moyenne = 1%) avec la corrélation de McAdams, c’est-a-dire,

(Nu)s = [0,35 + 0,56 (Re)s*5%] (Pr)*3".

McAdams a obtenu son équation de corrélation a partir des données expérimentales prises dans
une gamme limitée de nombres de Reynelds de 1'écoulement transversal allant de 10-1 4 2 x 102
Purves et Brodkey ont déduit a partir de ’analcgie de Colburn que la corrélation de McAdams est
valable dans la gamme des nombres de Reynolds de 102 4 104, Donc, sur la base des données ex-
périmentales actuelles, cn ccnclut que Péquaticn de McAdams est valable dans une gamme étendue
de nombres de Reynclds allant de 10-1 a 105,

Les données expérimentales actuelles scnt bien représentées également par

(Nu)y = [0,35 + 0,34 (Re)s%50 - 0,15 (Re)z%58] (Pr)s0:30.

Dans la derniére équation, le terme en (Re)s0.50 représente le transport de chaleur a travers la
couche limite laminaire sur la portion avant du cylindre, et le terme en (Re)s°:5¢ provient de la con-
tribution au transport de chaleur total de la partie arriére de cylindre, ou le décollement se produit.

Chacune des deux équations dcnnées ici peut étre utilisée pour des calculs de projet, mais la seconde
équation est préférable parce qu’elle est reliée plus logiquement aux processus physiques en cause.

Zusammenfassung—Diese Arbeit bringt die Ergebnisse einer experimentellen Untersuchung des
Wirmeiiberganges durch Zwang:kcnvekticn von einem Zylinder an Wasser im Kreuzstrom in einem
Bereich der Reynoldszahlen ven ungefahr 104 bis 105, Der Durchmesser des Versuchszylinders betrug
1,11 ¢m und die Temperaturdifferenz éinderte sich von 2,22 bis 5,55 degC. Die Versuchsdaten stimmen
sehr gut (mittlere Abweichung = 19%) mit der Gleichung von McAdams iiberein, die lautet

(Nu)g = [0,35 + 0,56 (Re)s%52] (Pr)s%-3°,

McAdams leitete seine Beziehungsgleichung aus Versuchsdaten ab, die in einem begrenzten Bereich
von Reynoldszahlen bei Kreuzstrom von 10! bis 2 x 102 bestimmt wurden. Purves und Brodkey
folgern aus der Analcgie Colburns, dass McAdams Bezichung fiir den Bereich der Reynoldszahlen
von 102 bis 104 gilt. Deshalb wird mit den vorliegenden Versuchsdaten als Grundlage geschlossen,
dass die Gleichung von McAdams in dem erweiterten Bereich der Reynoldszahlen von 101 bis 108
giltig ist.

Die vorliegznden Versuchsdaten werden ebenfalls gut dargestellt durch

(Nuw)r = [0,35 + 0,34 (Re)s*%° + 0,15 (Re)s%:5%] (Pr) 3.

In der letztgennanten Gleichung stellt der Ausdruck (Re)s%:50 den Warmeiibergang durch die
laminare Grenzschicht an der Vorderseite des Zylinders dar und der Ausdruck (Re)s®5% erklirt den
Beitrag der Zylinderriickseite zum gesamten Wirmeiibergang, wo Ablosung erfolgt. Jede der beiden
hier aufgefiihrten Gleichungen kann fiir Auslegungsberechnungen verwendet werden, aber die zweite
Gleichung ist in dem Sinne vorzuziehen, dass sie mit den massgebenden physikalischen Vorgingen

logischer verbunden ist.

Anmporanua—B naHHOH cTaThe NPENCTAaBIEHBL PE3YJbTATH SKCIEPUMEHTAIBHOIO HCCIEN0-
BaHUA MePeHOCA TeIIa BHHYMASHHON KOHBeKIMell 0T LUMIMHAPA K BOAe B IOIEepEYeHOM
NOTOKEe B NMAanasoHne umcen Pelinombxaca or 104 mo 105, [IuaMerp McCaeqyeMoro IMIMHAPA
cocrapasa 0,4375 moiiMa, pasHOCTH TEMIIEPATYP U3MeHanach 0T 4 10 10 °F. DxcnepuMeHTaIbHEIE
AaHABE HAXONATCA B XOpOIIEM COTJacuu (CpegHee OTHJIOHeHMe = 12;) ¢ anmnmpoxcumanuel,
npepaoennoit Mak-AgaMcoM, a UMeHHO

(Nu)s = [0,35 + 0,56 (Re)9:52] Prs9:30

Max-AmaMc nOIyYns cBOe ypaBHEHHE, ANIPOKCUMUDYIOLIee SKCIEPUMeHTANILHEIE JTaHHEE,
MOJIy4eHHBe NPH OrPAHMYEHHOM AManasoHe 4uced PelfHoabAca AIA MOMepevyHOro HOTOKA OT
1071 o 2 x 102 Ilepss n Bpogkm ua anamormm HonbepHa cpemamu BhBOL, uTo Qopmyiia
Mak-Apgamca copaBegsMBa B guamasoHe umcen Pefimonbaca ot 102 go 104, IToaTomy Ha
OCHOBE HACTOALIMX 3SKCMEPMMEHTAJIBHEIX AAHHHIX JeJIaeTcA BHIBOA, YTO ypaBHeHue Max-
ApaMca crnpaBeganB0 B GOMbleM guanasoHe yncen PeiiHombpgca: ot 10-1 go 105,
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HaC’I‘OHII.IHe SKCIePpUMEHTANbHLIE AAHHBIE TAKMKE XOPOIUO ONUCHIBAIOTCA YPaBHEHUEM
(Nu)s = [0,35 + 0,34 (Res™5 + 0,15 (Re) %] (Pr) 039,

B mocaeguem ypasHeHuu uieH (Re)s%50 mpepgcrasisier cofoif mepeHoc Temaa depes
JaMUHAPHBI MOTPAHMYHBIA cJIoit Ha 7000BO} YacTu nuauHapa, a uieH (Re);%5% oznauaer
00, BHOCHMY® B OfIMiIt IepeHOC Telja 3ajHell YacTbi UUJMHAPA, TAe IPOHUCXOLNT
OTpHB NMOTOKA. JII060e U3 IBYX IPUBEJEHHEIX 31eCh YPABHEHUN MOMeT OHITh HCTOIBA0OBAHO
IS TIPOEKTHHIX PACIeTOB, HO BTOPOe yPaBHEHUE CIeNyeT IPeo4ecTh B TOM CMBICIIe, UTO OHO

§0:Iee JOIMYHO CBA3AHO ¢ HPOUCXOAAIIMMH PUBHYECKUMH Nporieccamu,



