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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 crosstIow in the range of Reynolds nnmbers from appro~ately 
104 to W. 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, 

(!?& = 10.35 + 0.56 (Re)~“‘5zJ (Pr)f’-30. 

McAdams derived his correlation equation from experimental data taken in the limited range of 
crossflow Reynolds numbers from 10-x to 2 x 102. Purves and Brodkey infer from the Colburn analogy 
that McAdams’ correlation is valid in the range of Reynolds number from 10s 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-l to 105. 

The present experimental data are equally well represented by 

(S& = 10.35 + 0.34 (Re)fa’50 + 0*15 (Re)fQ’5*] (Pr)f”‘30. 

In the latter equation, the term in (Re)f 0’5O~pre~ts the heat transfer through the laminar boundary 
layer on the front portion of the cylinder. and the term in (Re)f 0’58 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. 
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NOMENCLATURE 

functions of Pr [see equation (5)] ; 
constants; 
diameter of water tunnel test section; 
diameter of heat-transfer cylinder ; 
indicates functional relationship; 
heat-transfer coefficient; 
effective length of heat-transfer cylinder 
(see Fig. 4); 
constants; 
Nusselt number ; 
Prandtl number; 
mean convective heat flux ; 
Reynolds number; 
temperature; 
velocity (corrected for blockage); 
constant. 

at, difference in temperature between test 
cylinder and bulk of water: 
at = (ts - tc4); 

4% viscosity. 

Subscripts 
a, refers to conditions at ambient tempera- 

ture (bulk water tem~rat~e), la; 
3, refers to conditions at test cylinder 

surface temperature, ts; 
.A refers to conditions at arithmetic mean 

film temperature, tf = (ts + r&/2. 

INTRODUCTION 

THE PROBLEM of heat transfer by forced con- 
vection from single cylinders to gases has been 
studied in depth and extensive data have been 
published on this subject; but for the analogous 
case of heat transfer to wG2er the available in- 
formation is relatively meager. In fact, until the 
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Greek symbols 
a, B, constants; 
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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 IOs-was a serious scientific 
and enginee~ng 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 [l], 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 0-I to 200. 
Ulsomer [2] correlated Davis’ data for liquids 
and those of several investigators on air by an 
equation of the form 

(Nu)f = C (Pr);” (Re),“, (1) 

where C, m, and n are numerical constants 
having the following values : m = 0.3 1; C = O-9 1 
and n = 0.385 for 0.1 < (Re)f < 50; C = 0.6 
and n = 05 for 50 ( (Re)f < IO*. 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 (l), 
but containing an additional term as follows: 

(Nz4)f = C’(Pr)y’ + C(Pr)f” (Re);, (2) 

where the values of the numerical constants C’, 
m', C, m and n are O-42, O-2, 057, 0.33 and 05 
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 = O-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 = O-30, and 
n = 0.52. Since McAdams’ correlation has 
special significance in the present work it will be 
stated here explicitly: 

(Nu)~ = (O-35 + 056 (Re);‘““] (Pr)y+. (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 &&Adams corre- 
lation at a Reynolds number of about 100, and 
they concluded that McAdams’ correlation can 
be extrapolated to Reynolds numbers of about 
10”. 

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

(Nn)f = a (Re)y+O + b (Re)f. (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 [SJ 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 O-3 and 0.4. More recently, Richardson 
[9] has suggested that the heat transfer to the 
separated region is a function of (Re)f0*67, and 
with this refinement, equation (4) becomes: 

(Nu)f = a (Re)y’jO + b (Iie)y’67. (5) 

Perkins and Leppert [lo] 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 10s 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: 

(zVU)a (3”“” = [O-53 (Re)i’50 + 04019 (Re)a] 

(Pr)i’40, (6) 

(N& (E)“‘” = [O-30 (Re)z’jO + 0.10 (Re)z.e7] 

(Pr)z’40. (7) 

The authors state that equation (6) may give 
erroneously large values of the Nusselt number 
for Reynolds numbers greater than 105, 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 [l l] 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 coefficients are indicated in equations (6’) 
and (7’). 

(IV& (,)O.,, = [0*57 (Re)E’50 + 0.0022 (Re)J 

(Pr)8’40, (6’) 

(iv& (,)O.,, = [0*31 (Re):‘“” + O-11 (Re)z’67] 

(Pr):‘““. (7’) 

Nusselt numbers calculated from equation (7’) 
are about 65 per cent higher than comparable 
values calculated from McAdams’ correlation. 

Perkins and Leppert [ll] 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 [l 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 

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 [ 1 l] 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 2.9 f 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 
[lo] 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 
[l l] that the disparity between the measured 
2.9 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, p, in 
the Reynolds number be evaluated at the ambient 
temperature, and then add a separate correction 
factor to the correlation in the form (pS/pa)“, 
where (&pa) 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 
(l), (2) and (3), where the fluid properties are 
evaluated at the arithmetic mean film tempera- 
ture, tf = (ts + Q/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 generalform 
of the correlation equations is necessarily 

different for liquids and gases, but it does imply 
that the constants-such as C’, m’, C, m and n 
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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FIG. 1. Water tunnel. 
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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. = 3,410 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 Q 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 ftjs. 

The components labeled Accumulators in 
Fig. 1 are toroida1 sections which convey the 
flowing water into and out of the test sections of 
the tunnel, as shown by the arrows in Fig. I; 
this conveyance is achieved through a number of 
symmetrically placed radial tubes (shown sche- 
matically in perspective afhxed to the Accumula- 
tors in Fig. l), 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 Ambulator I through one of the 
radial tubes for the purpose of measuring the 
bulk water temperature. 

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 section”-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 centra1 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 



L 
EP

O
XY

 
AD

HE
SI

VE
 

LT
UE

UL
AR

 
EN

D 
PI

EC
E 

M
IC

A 
IN

SU
LA

TI
NG

 
W

AS
HE

R 
0 

00
2,

” 
TH

IC
K 

L,
 

NO
TE

: 

A-
A 

B
-B

 
TH

ER
M

O
CO

UP
LE

.%
 

TH
ER

M
O

CO
UP

LE
- 

rO
45

O
in

 
r 

HE
AT

ER
 

HE
AT

ER
 

HE
AT

ER
 

LE
AD

S 
FO

R 
TE

ST
 

SE
CT

IO
N 

AN
D 

G
UA

RD
 

SE
CT

IO
N 

2 

HE
AT

ER
 

LE
AD

S 
FO

R 
G

UA
RD

 
SE

C 

Th
e 

sy
m

bo
l 

x 
de

si
gn

at
es

 
th

er
m

oc
ou

pl
e 

ju
nc

tio
ns

. 

Lo
ca

tio
n 

of
 

he
at

er
s 

on
a 

th
er

m
oc

ou
pl

es
 

is
 

sh
ow

n 

sc
he

m
at

ic
al

ly
 

in
 a

ss
em

bl
y 

dr
aw

in
g.

 
Fo

r 
ac

tu
al

 
ge

om
et

ric
 

ar
ra

ng
em

en
t 

of
 h

ea
te

rs
 

an
d 

th
er

m
o-

 
CO

Up
le

S,
 

se
e 

Se
Ct

IO
nS

 
A-

A,
 

B-
B,

 
C-

C.
 

c-
c 

HE
AT

ER
 

LE
AD

S 
FO

R 
TE

ST
 

SE
CT

IO
N 

AN
D 

G
UA

RD
 

SE
CT

IO
N 

I 

HE
AT

ER
 

I 
AN

D 
2 TH

ER
M

O
CO

UP
LE

 
CH

RO
M

IU
M

 
PL

AT
IN

G
 

O
N 

CO
PP

ER
 

CO
RE

 
TH

ER
M

O
CO

UP
LE

S 
(S

EE
 

NO
TE

 
II 

NO
TE

S’
 

1 
Te

st
 

cy
lin

de
r 

se
ct

to
ns

 
m

ad
e 

by
 

pl
at

in
g 

co
pp

er
 

ro
d 

w
ith

 
ch

ro
m

iu
m

 
(O

D 
of

 
co

pp
er

 
co

re
 

= 
0.

4I
O

in
 

O
D 

of
 

cy
lin

de
r 

se
ct

io
n 

= 
0.

43
75

in
) 

2 
Th

er
m

oc
ou

pl
es

 
In

st
al

le
d 

in
si

de
 

of
 

14
.g

au
ge

, 
th

in
-w

al
le

d 
hy

po
de

rm
ic

 
tu

bi
ng

 
~0

~0
83

in
0~

;0
~0

67
1n

1D
~ 

3 
H

ea
te

rs
 

in
st

al
le

d 
In

si
de

 
of

 
I2

-g
ou

ge
,th

ln
-w

al
le

d 
hy

po
de

rm
tc

 
tu

bi
ng

 
~O

-lO
9~

nO
D;

O
~0

9l
~n

 
ID

I 

FI
G

. 
2.

 
He

at
-tr

an
sf

er
 

te
st

 
cy

lin
de

r. 



HEAT TRANSFER BY FORCED CONVECTION 1001 

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 (3.410 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 long 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 & 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 

4 to 10 degF. Since the temperature difference 
was determined from two readings, each of 
which was measured with an accuracy of at least 
O-05 degF, the combined maximum error in the 
measurements of temperature differences is 
O-1 degF (25 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 
[lo] 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, Am, is defined and the 
corrected velocity, V, is obtained from the 
unobstructed velocity by using the continuity 
equation as follows : 

v= 
A 

unoiTcted (Vunobstructed). (8) 

The mean area for blocked flow, Am, 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, 

A,d=E)d-(+. (9) 

When D is large in comparison to d, as is the 
case here, 1 may be taken equal to D. Since 
Aunobstructed = (rD2/4), ;equation (8) may be 
written as follows: 

V = Al (Vunobstructed). 

By inserting the numerical values D = I= 
3.410 in and d = 0.4375 in into the foregoing 
eXpreSSiOn, one obtains V = 1.146 (Vunob&ructed). 

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 

D= DIAMETER OF TEST SECTION OF 
WATER TUNNEL 

d= DIAMETER OF HEAT TRANSFER TEST 
CYLINDER 

l= EFFECTIVE LENGTH OF HEAT TRANSFER 
TEST CYLINDER 

FIG. 4. Geometry for calculating mean area for blocked 
flow. 

simple conduction equation for radial heat 
transfer through composite cylinders [13] is 
applicable. For conditions of the present ex- 
periment, the value of At,. 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 
At, 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 
1 I 420 to 63 200. 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 (IVu)f 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’), 

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

(de& (de;F) : 
WeIf We>, h 

0 

Btu 

s h ft” degF 

1 17875 87.07 80.00 7.07 83.53 12.08 50300 48200 2525 
2 10725 87.20 79.72 7.48 83.46 3.99 16630 15860 1437 
3 10725 89.96 80.42 9.52 85.19 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 5.59 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 f76.3 per cent, with a mean 
deviation of +66*2 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 

(N& = g [a (W;t + b @#I (10) 

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

I. 

II. 

III. 

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 a and j? should agree with 
theory so far as the theory is known. 
The ratios of a(Re)y to b(Re)f must agree 
with reported measured ratios of the 
contributions to heat transfer from the 

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)~ = [O-35 _t a (Re): + b (Re)?] (Pr)y.30. (11) 

The insertion of the constant 0.35 and the quan- 
tity (Pr)y’30 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)~ on 
(Pr)f. 

The theory of convective heat transfer to 
laminar flows is quite well known and predicts 
that the value of a is 4. However, no theoretical 
solution for heat transfer in the region of 
separated how on the rear portion of a cylinder 
in crossflow has been achieved to date, and hence 
the value of j3 in equation (11) cannot as yet be 
determined from purely theoretical considera- 
tions. Douglas and Churchill have recommended 
that j3 be taken equal to 1; Richardson suggests 
that j3 = O-67, which, as will be shown, is closer 
to the value determined here. If the known value 
for a is inserted into equation (1 l), one obtains : 

(Nu)~ = [O-35 + a (Re)y’50 + b (Re)$] (Pr)‘j’30. 

(12) 

The problem now is to determined, if possible, 



T
ab

le
 2

. 
C

om
pa

ri
so

n 
of

 e
xp

er
im

en
ta

ll
y 

de
te

rm
in

ed
 N

us
se

lt 
nu

m
be

rs
 w

ith
 p

re
di

ct
ed

 
va

lu
es

 c
al

cu
la

te
d 

fr
om

 
th

re
e 

di
fl

er
en

t 
co

rr
el

at
io

n 
eq

ua
tio

ns
 

A
 

D
ev

ia
ti

on
 

D
ev

ia
ti

on
 

D
ev

ia
ti

on
 

B
 

(%
I 

C
 

D
 

(%
I 

E
 

F
 

(%
) 

R
U

II
 

W
u

)f
 

(W
f 

(W
z 

(N
u

)f
 

0%
 

(N
u

)o
 

N
o.

 
E

xp
er

im
en

ta
l 

C
al

cu
la

te
d 

B
y 

(1
00

) 
E

xp
er

im
en

ta
l 

C
al

cu
la

te
d 

E
xp

er
im

en
ta

l 
C

al
cu

la
te

d 
F

(1
00

) 

fr
om

 
E

q.
 

(3
) 

fr
om

 
IQ

. 
(1

4)
 

fr
om

 
E

q.
 

(7
1 

1 
26

0.
5 

26
1.

0 
+

0*
2 

2 
14

8.
3 

14
65

 
-1

.2
 

: 
23

5.
0 

11
6.

1 
24

1.
0 

11
9.

7 
+

2.
6 

f3
.1

 

5 
19

8.
5 

19
8.

7 
+

0*
1 

6 
29

6.
0 

29
3.

5 
-0

.8
 

M
ea

n
 

de
vi

at
io

n
 

=
 

1.
3 

%
 

26
0.

5 
26

1.
6 

+
0.

4 
14

8.
3 

14
3.

6 
-3

.2
 

11
6.

1 
11

6.
7 

+
0.

6 
23

5.
0 

23
1.

6 
-1

.4
 

19
8.

5 
19

8.
9 

+
0.

2 
29

6.
0 

29
7.

1 
+

0*
4 

M
ea

n
 

de
vi

at
io

n
 

=
 

0.
9 

%
 

26
2.

0 
45

2.
0 

+
72

5 
14

9.
0 

22
95

 
+

 5
4.

0 
11

6.
9 

18
1.

6 
+

55
3 

23
6.

0 
41

6.
0 

+
76

3 
19

9.
5 

33
0.

0 
-t

65
.4

 
29

7.
5 

51
7.

0 
+

73
.7

 

M
ea

n
 

de
vi

at
io

n
 

=
 

+
 6

6.
2 

%
 



1006 R. M. 

uumerical values for the constants a, b and /3 
such that these values will correlate the experi- 
mental data obtained in the present study and 
simultafleously satisfy Condition III. 

NcAdams 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)f --I 39 600 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 ~39600)“.5~ = b (39600)~. (13) 

Thus, the problem has been reduced to deter- 
mining values of a, b and fi in equation (12), 
which will correlate the experimental Nusselt 
numbers and simuItaneousty satisfy equation 
(13). The values of a, b and 13 were determined to 
be @34, 0.15 and 0.58 respectively. The resulting 
correlation equation is: 

(Nu)f = IO.35 i_ 0.34 (Re)O,‘j” -t- 0.15 (Re)y’js] 

(Pry? (14) 

The deviations between the values of (Nu)~ 
predicted by equation (14) and the experimental 
results are given in Table 2; the maximum 
deviation for any singIe 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 

FAND 

shown to agree closely with the ~~Adams 
equation. 

In order to check the validity of the experi- 
mentally determined constants, particularly the 
value /3 = O-58, some additional pub~shed 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)y’50/0. 15 (&z):.~~]. 
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, b and fi for 

2 x lo* < (fie)f < 105, 

but also indicates that the constants a? b and 13 
have been uniquely determined in this range of 
(Re)f. For values much above 10s or far below 
2 x 1O1, [O-34 (Re)y50:‘0*15 (Re)y+Js] is not pre- 
cisely equal to corresponding experimentally 
determined ratios; thus, for (rile), m= 1.7 x 103, 
to.34 (Re)~,50~0.~ 5 (Re)y.j8f ==: 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 
ail, such as Schmidt and Wenner’s, to infer 
ratios such as [a (Re);/b (Re)f] in water violates 
thelaw of dynamic similarity stated in the section 
Survey of the Literature. This violation has been 

Tuble 3. Comparison of {[034 (Re)f0’50]/[0.1.5 (Re)rO’SR] 1 with cormponding experimental ratios 
zz?. Tzzzz=W -.- -..-- ----_~ 

Reynolds number Ratio of experimentaliy determined Source of experi- 0*34(Re)rO+J” 
heat transfer through Iaminar mental data i o-IS(Re)sO.~x I 
boundary layer on front portion of 
cylinder to heat transfer through 

[See Es. (1411 

separated region on back portion 
of cylinder 

_~____ ---~_.- 

20000 1.07 Bjr LgJhrisch in re- 1.03 
ferenc: 13 

39 600 

101000 

1.00 

Cl+30 

By Small, Lohrisch, 
Klein, Drew and 
Ryan in reference 5 

By Schmidt and 
Wenner in reference 
5 

1GO 

0.85 
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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, At,, 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 lo4 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, [l] 
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 [15-201 but it is not 
yet sufficiently understood to permit the quanti- 
tative calculation of its magnitude. In Perkins 

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 yet, 
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)f < 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)~ = [0*35 + 0.56 (Re)y’52] (Pr):‘““. (3) 

McAdams derived equation (3) from heat- 
transfer data in the range 

10-l < (Re)r < 2 X 102. 

Purves and Brodkey infer from the Colburn 
analogy that equation (3) is valid in the range 
lo2 < (Re)r < 104; the present study shows 
experimentally that McAdams’ correlation is 
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also valid in the range lo* < (Re)f < 105. It is 
concluded, therefore, that McAdams’ relation 
holds over the entire range of Reynolds numbers 
from 10-l to 105. 

The correlation of Perkins and Leppert, 

WI (-) u a Ps o*25 
Ela 

= 10.30 (&)ll‘“” + 0.10 (R&l:‘“71 

(Pr>y, (7) 

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 
t~b~en~, secondary flows and bo~da~-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, 

(A+& = [0*35 + 0.34 (Re)y’50 + @15 (Re)y’58] 

VW? 30, (14) 

which agrees closely with McAdams’ corre- 
lation. However, equation (14) has the added 
virtue of representing the separate cont~butio~ 
to (A+& 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 104 and 105; 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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R&ur&-Cet article p&sente les resuhats dune rechemhe exp&imentale sur le transport de chaleur 
par convection for&e & partir d’un eylindre dam un eCoulement transversal d’esu dam b gamme des 
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nombres de Reynolds allant approximativement de 104 g 10s. Le diam&re du cylindre essay6 Btait de 
1,ll cm et la diffkrence de temperature variait de 2,22 B 5,55 degC. Les donnkes experimentales sont 
en bon accord (dCviation moyenne = 1%) avec la corrklation de McAdams, c’est-h-dire, 

(Nu)~ = [0,35 + 0,56 (Re)f0*52] (Pr)f”,30. 

McAdams a obtenu son tquation de corrtlation & partir des domkes expkrimentales prises dans 
une gamme limitee de ncmbres de Reynolds de l’&oulement transversal allant de 10-l g 2 x 10’. 
Purves et Brodkey ont deduit B partir de l’analcgie de Colbum que la corrtlation de McAdams est 
valable dans la gamme des nombres de Reynolds de lo2 g 104. Done, sur la base des donnkes ex- 
pkrimentales actuelles, cn ccnclut que 1’Cquaticn de McAdams est valable dans une gamme Ctendue 
de nombres de Reynclds allant de 10-l B 105. 

Les domkes expCrimentales actuelles sent bien reprksentees egalement par 

(Nu)~ = [0,35 + 0,34 (Re)1°v50 + 0,15 (Re)~“~58] (Pr)p”s30. 

Dans la demi&e Cquation, le terme en (Re)f”sso reprtrente le transport de chaleur g travers la 
couche limite laminaire sur la portion avant du cylindre, et le terme en (Re)$)a5* provient de la con- 
tribution au transport de chaleur total de la partie arrikre de cylindre, oh le d&ollement se produit. 

Chacune des deuxequations dcnndes ici peutitreutiliseepour des calculs deprojet,mais la seconde 
equation est p&f&able parce qu'elle est reliee plus logiquement aux processus physiques en cause. 

Zusammenfassung-Diese Arbeit bringt die Ergebnisse einer experimentellen Untersuchung des 
Wgrmeiiberganges durch Zwangskcnvekticn von einem Zylinder an Wasser im Kreuzstrom in einem 
Bereich der Reynoldszahlen vcn ungeflhr 104 bis 105. Der Durchmesser des Versuchszylinders betrug 
1,ll cm und die Temperaturdifferenz lnderte sich von 2,22 bis 5,55 degC. Die Versuchsdaten stimmen 
sehr gut (mittlere Abweichung = 1%) mit der Gleichung von McAdams iiberein, die lautet 

(Nu)~ = [0,35 + 0,56 (Re)f”v52] (Pr)f”,30. 

McAdams leitete seine Beziehungsgleichung aus Versuchsdaten ab, die in einem begrenzten Bereich 
von Reynoldszahlen bei Kreuzstrom von 10-l bis 2 x lo2 bestimmt wurden. Purves und Brodkey 
folgem aus der Analcgie Colbums, dass McAdams Beziehung fiir den Bereich der Reynoldszahlen 
von lo2 bis 104 gilt. Deshalb wird mit den vorliegenden Versuchsdaten als Grundlage geschlossen, 
dass die Gleichung von McAdams in dem erweiterten Bereich der Reynoldszahlen von 10-l bis lo5 
giiltig ist. 

Die vorliegmden Versuchsdaten werden ebenfalls gut dargestellt durch 

(Nu)r = [0,35 + 0,34 (Re)f0v50 + 0,15 (Re)fO@] (Pr)f”p30. 

In der letztgennanten Gleichung stellt der Ausdruck (Re)f 0s50 den Wgrmeiibergang durch die 
laminare Grenzschicht an der Vorderseite des Zylinders dar und der Ausdruck (Re)f”qsb erkllrt den 
Beitrag der Zylinderriickseite zum gesamten Wlrmeiibergang, wo Abltisung erfolgt. Jede der beiden 
hier aufgefiihrten Gleichungen Kay fiir Auslegungsberechnungen verwendet werden, aber die zweite 
Gleichung ist in dem Sinne vorzuziehen. dass sie mit den massgebenden physikalischen Vorglngen 

logischer verbunden ist. 

AFInOT&%~JI-R J&aHHOfi CTaTbe npeJJCTaBneHbI pe3ynbTaTbI 3KCnepIIMeHTaJIbHOrO HCCJIe~O- 
BaHMR nepenoca Tenza BbIHyHEAeHHOti KoHBeHuHeR OT mwIllH~pa K Bone B nonepeseHonI 
noToKe B Aaanaaone wcen PefiHonbaca 0~ lo4 ~0 105. AnaMeTp HccnenyeMoro UnnmInpa 
COCTaBnnj70,4375~IotMa,pa3HOCTbTeMnepaTypn3MeHa~aCbOT4~010 “F. &CnepHMeHTaJIbHbIe 
AaHHbIe HaXOARTCn B XOpOIIIeM COI'JIaCHH (CpeflHee OTKJIOHeHEIe = 1%) C annpOIKI%MaIJEIeti, 
npenJIOFKeHHOti MaK-&aMcoM, a MMeHHO 

(Nu)~ = [0,35 + 0,56 (Re)f0~52]Prfo-30 

MaK-&aMc nOJIy=IIIn CBOe ypaBHeHHe,annpOKCIIMMpyIOmee 3KCnepHMeHTaJIbHbIe AaHHbIe, 
nonysennbIe npn 0rpaHweHnoM AIlanasoHe wIce3 PetiHonbaca Ann nonepesnoro noToHa OT 
10-l ~0 2 x lo2 Hepsa II Bpo~~n 113 ananornm Kon6epna cnenann B~IBOA, qTo @opMyna 
MaK-&aMca cnpasenmma B AHanaaone wcen Peinonbnca OT IO2 go 104. ~O~TOMY Ha 
OCHOBe HaCTORmHX 3KCnepIIMeHTaJIbHbIX AaHHbIX AeJIaeTCFI BbIBOA, 9TO YpaBHeHHe Maw 
AgaMca cnpaBeAnmB0 B 60nbmeM AHanaaone wrcen PeiHonbaca: OT 10-l ~0 I05. 



1010 R. M. FAND 

HacToH~&fe 3KCnepIiMeHTaJIbIIbIe AaHHbIe TaKHGe XOpOILIO 0IIMCbIBaK)TCR >-paBHeHMeM 

(iv& = [0,35 + 0,34 (Rep3 + 0,15 (&),0*581 (P&OJO. 

B nOC,?eaHeM J'paBHeHHH YJIeH (&)f°F'o IIpeACTaBZUIeT CO6Oti fIepf?HOC TenJIa Ye~":l 

JaMllHapHbIti nOI-paHHYHbIfi CJIOti Ha JIO60BOtt YaCTLI ~IWII'IH~pa, a YJIeH (Re)jos5' 03HaYklt?T 

,qon10, BHOCHM~I~ B O&I@ nepeffoc TeIIna 3aAweti YacTbI0 qHn"Hnpa, rse npo~cxo~~~ 

OTpbIB nOTOKa. jIIO60e I43 ABJ'X IIpIIBeAeHHbIX 3AeCb ypaBHeHllt MOlfCeT 6bITb HCIfOJIb3OBaHO 

~~~npOeKTHbIXpaCYeTOB,HOBTOpOe~paBHeHEleC~eA~eT~~e~2noYeCTbBTO~~ CMbICJle, YTO Off0 

6oaee ~10rwf~o cBfs3aHo CnpoMcxo~HIIJ&IMI~ @M3HYeCKHMII npoyeccaMlr. 


