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Abstract—With uniform heat generation within the wall of the cylinder placed in a cross flow, heat flows
by conduction in the peripheral direction due to the asymmetric nature of the fluid flow around the
perimeter of the cylinder. The peripheral heat flow affects the wall temperature distribution to such an
extent that in some cases significantly different results may be obtained for geometrically similar surfaces.

In the present study, a non-dimensional parameter K* = K, R/K;b has been used to characterize the
peripheral wall heat conduction. In the experimental investigation five test cylinders having different
values of K* (from 0.00164 to 0.0289) over Reynolds numbers based on the tube diameter varying between
about 1000 and 100000 were studied at a fixed turbulence intensity of 4.0% for the free stream.

The large values of K*, especially at high Reynolds number are found to be associated with large
variation of wall temperature. The added asymmetry of the thermal boundary condition affects the
average heat-transfer rate up to a maximum of 20-23% for the ranges of K* and Reynolds number studied,

NOMENCLATURE
b, thickness of the test cylinder wall [m];
c, constant in equation (4);
D, outside diameter of the test cylinder [m];
h, heat-transfer coefficient [W/m>K];
K,  thermal conductivity [W/m Kj;

L, length [m];
n, constant in equation (4);
q heat flux [W/m?];

4 heat generation per unit volume [W/m3];
0, heat [W];
R,  outside radius [m];

t, temperature [K];

T, non-dimensional temperature,

(Iw - Ico)/(fw _tco);
U, velocity [m/s];

K*, dimensionless conduction parameter,

Ko R/K.b;
Nu, Nusselt number;
Re, Reynolds number;
Tu, turbulence intensity.

Greek symbols
& total emissivity;
", dimensionless temperature,
(tw - tco)/(tst _tw);
6, angle;

I viscosity [kg/sm];

P, density [kg/m?];

a, Stefan—Boltzmann constant;
5.67 x 10" W/m? K*.

Superscript
°, mean.

Subscripts

McA, Nureported in [11];
pres, Nu of this study;

t Present address: Canatom Ltd., Montreal,

Canada.

Quebec,

front stagnation point;
test cylinder material;
at wall, local;

,  free stream.

g T2

INTRODUCTION

RECENTLY, the local and average heat-transfer coef-
ficients of a cylinder placed in cross-flow have been
measured in the Reynolds number range up to 4 x 108
including surface roughness by Achenbach [1]. How-
ever, to have a complete similarity in the experimental
results by the different investigators, all parameters
governing this heat-transfer process should be the same.
These parameters should include the stream turbulence
intensity, the blockage ratio, the roughness ratio, etc.,
but seldom included is the circumferential heat con-
duction which is dependent on the thermal conductivity
of the cylinder wall material, the wall thickness, the
heat generation rate and the cylinder diameter.

Ideally, the effects of various parameters (except the
last one mentioned above) on the heat-transfer dis-
tribution can only be studied if the heat-transfer data
are obtained from a completely isothermal cylinder
surface but this is not possible with the most of equip-
ments used by many investigators. Therefore, Giedt [2]
studied the effect of wide variation of the temperature
distribution and temperature gradient around the cyl-
inder circumference by using a thin nichrome ribbon
wound helically around a cylinder which was electri-
cally heated. The variation was introduced by varying
the power input to the ribbon. Giedt concluded from
his observation that the effect of the temperature vari-
ation along the ribbon on the local heat-transfer coef-
ficients was practically negligible. However, he
cautioned that this conclusion was far from established
by his limited amount of data and he felt further
investigation should be conducted.

On the other hand, marked differences in the dis-
tribution of the heat-transfer coefficient at inner and
outer surfaces of the cylinder was observed by Thomson
et al. [3]). They accounted this difference to the circum-
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ferential heat conduction and reported that as the tube
thickness decreases, the disparity between outside and
inside heat transfer rates tends to disappear.

Although the flow situations are different, it has
been shown that circumferential wall conduction has a
significant effect on both the local and average heat-
transfer coefficients in a turbulent flow through
eccentric annular ducts (4, 5].

An analytical study on the effect of wall thickness,
thermal conductivity and method of heat input on the
heat-transfer performance of some ribbed surfaces has
also been reported by Barnett [6]. His conclusions
were that the surface temperature varies significantly
over a ribbed surface with the thickness and thermal
conductivity of the surface material, but two methods
of heat input (by heat generation within the wall and
by heat conduction to the inner surface of the wall)
do not give significantly different results.

The possibility that the different experimental set-up
and techniques might account for some of the apparent
variation in reported local and average heat-transfer
coefficients of the cylinder placed in a cross-flow led
to the experimental study presented in the present
paper.

An analysis is possible for the local heat-transfer
coefficient in both the laminar and turbulent boundary-
layer regions of the tube surface using well established
velocity and temperature profiles across the boundary
layer for a free stream turbulence intensity. However,
in the region of the separation, this is not now feasible.
Therefore, an empirical approach to the problem
seemed to be proper.

In the present study, a non-dimensional parameter
K* = K, R/K,b which can be derived from the govern-
ing energy differential equation as shown in the
Appendix, has been used to characterize the peripheral
wall heat conduction.

An extensive review on the particular heat-transfer
process can be found in the literature such as that of [ 7].

EXPERIMENTAL APPARATUS

The wind tunnel used for the experiment has a
rectangular test-section of 260 x 150 mm and 800 mm
in length. The air velocity could be varied up to
58 m/s by means of two controls, coarse and fine
adjustable throttling gates located in the down-stream
of the test-section. The free stream turbulence inten-
sity could be varied by the numbers and sizes of the
screens at the up-stream of the test-section but it was
kept constant throughout the tests at about 4.0%,.

A provision was included to measure the velocity
distribution in two-dimensions at the test-section. The
velocity measurement was done by a pitot-total tube
with static pressure tappings on the wall of the test-
section in conjunction with a micromanometer. The
pressure measurement was also supplemented by a
multitude inclined manometer.

Five test cylinders (electrical resistance heating) made
of different materials and with different wall thickness
were used (see Table 1). Outside diameters of the test
cylinders were kept nearly closed to 254 mm to main-
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Table 1
O.D. LD
No. Material (mm} {mm} K*
1 Monel 400 258 18.8 1.64 x 1073
2 Stainless
steel 304 253 18.7 7.10 x 1073
3 Inconel 600 25.8 21.1 9.45 x 1073
4 Stainless
steel 304 25.4 229 192 x 1073
5 Stainless
steel 304 254 237 289 x 1073

tain a constant blockage ratio so that the aerodynamic
part or flow pattern around the test-section would be
the same for each test cylinder.

Sixteen K-junctions {chromel-alumel) were provided
around the periphery of the test cylinders at the center
which was 121 mm from either end of the electrical
thermal connectors made of copper shrink fitted into
the test cylinder. Two more K-junctions are embedded
on the wall 76 mm away from the center of the test
cylinder to check the uniformity of the temperature
distribution. Therefore, the end effect of the tempera-
ture reading can be checked. Thirteen junctions
measured the surface wall temperatures at the interval
of 15° in the upper portion of the cylinder and three
other junctions were located at the interval of 45° to
check the symmetry in the temperature distribution on
the upper and lower portions of the cylinder. All the
thermocouple junctions on the test cylinders were made
by using the “split hot junction method™ [5].

The electrical power input to the test cylinder was
measured with two copper leads embedded in the cyl-
inder 127 mm apart in the central portion.

The test cylinders were placed horizontally in the
rectangular test-section. Teflon supports were used for
insulating electrically. All test parameters except K*
and Reynolds number were kept constant throughout
the tests.

EXPERIMENTAL PROCEDURE AND DATA REDUCTION

All thermocouples used were calibrated in situ. After
a preliminary run of the wind-tunnel fan, the flow con-
trol valves were adjusted to obtain the desired air
velocity. When the air velocity became constant with
respect to time, the power input to the test cylinder
was regulated so that the difference between the average
surface temperature and the free stream air temperature
was between about 12-40°C. A duration of up to
60min was normally required to reach the steady
state condition.

The free stream air temperature and velocity, the
power input into the test cylinder, and the wall surface
temperature at 18 points around the circumference of
the test cylinders were almost simultaneously recorded
by a data acquisition system (Hewlett—Packard 5050 B
in conjunction with HP2901 and HP2401C). For
temperature measurement, potentiometer strip chart
recorders were also used with the data acquisition
systemn.

The tests were carried out over the range of Reynolds
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numbers between 10 and 10° and the reproducibility
of the experimental results was checked by repeating
a number of test runs at the same condition.

Because of circumferential heat conduction, even
with electrical resistance heating, the condition of con-
stant heat flux is no longer applicable. Therefore, the
local heat-transfer coefficient is deduced from equation
(1) which was obtained from an energy balance made
on the element of cylinder wall of Fig. Al, including
radiation loss (see Appendix).

d*, ¢R?

9> ' K,
=— — 0 (1234 t2) (tw =+ too). (1
E(Iw_tw)

This is very similar to the method used by Giedt [2]
for the calculation of local heat-transfer coefficient. A

value of 0.2 for ¢ was used here as suggested by
Giedt [2].

cylinder in cross flow
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The values of (d2t,,/d6?) were determined graphically
from the experimental curves of circumferential tem-
perature distribution such as illustrated in Fig. 2.
These h from equation (1) are used to calculate the
local Nusselt numbers defined as

Nu = hD/K. )
The average Nusselt number, Nu, was obtained by
integration of the local Nusselt numbers, Nu, over the
circumference of the cylinder. The average Reynolds
number is calculated from the definition
pDU,,

U

Re =

(3)

RESULTS AND DISCUSSION

The free stream velocity over the test-section, located
in the central portion of the tunnel must be uniform.
This has been verified by velocity measurement across
the test-section at different values of Reynolds numbers

41 -
39 - ‘ o Re » 54,000
—¢ O Re » 27,600
36 r ¢ Re = 50,000
o Re ™ 35,600
33
000000009000090000000000000,
30 - °
2 <><><><><><><><><><><><><><>%><><><><><><><><><><><><><><>
E 27+
> |
24 - !
21 AAAAAAAAAAAAAALAAAAAAAAAAAAAA
18 ‘
s DDDDDGDDDDDDDDTDDDDDDDDDDDDU
|2 1 1 1
[o] 50 100 150 200 250
Distance from one side of walls in mm
F1G. 1. Typical velocity measurement.
17
O
e \\\
‘ //ﬁ \\
\O~D ,’/ \\
- \
\
‘\
°x.. 16 - q = 2850 w/m? \\\
b K* = 1.64 x 1073 \
Re = 70,000 \33
Tu=4% \
\\
o \\\
Flow—~ -5 o
) -
15 i 1 L 1 1 ! 1 1
(o] 40 80 120 160 200 240 280 320 360
e°

F1G. 2. A typical circumferential temperature distribution.



1034

and some of the measurements are shown in Fig. 1 as
examples. The vertical velocity measurement also
showed similar pattern.

An example of the circumferential surface tempera-
ture of the test cylinder at 16 points is shown in Fig. 2.
As can be seen from the figure, there is no significant
difference between measurements at symmetric angles
on the upper and lower portions of the test cylinder.

A representative local temperature distribution, in
dimensionless form of T vs 8 at constant Reynolds
number, is shown in Fig. 3, which clearly exhibits the
effect of parameter K*. The measurement in the
Reynolds number range between 10° and 10° shows
that the minimum value of T occurs always at the
forward stagnation point, 8 = 0° but the maximum
value of T in the range of angles between 70 and 130°
and they are always greatly influenced by the value of
K* as illustrated in Fig. 3. The high value of K* in-
creases the variation of dimensionless temperature, T,
around the cylinder surface (large values of K* corre-
spond to poor thermal conductors). It was also ob-
served that the increased rate of peripheral conduction
in the cylinder wall (corresponding to lower values
of K*) augmented the mean temperature level of the
cylinder surface, slightly.
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F1G. 3. Non-dimensional circumferential wall
temperature distribution.

For the conditions of constant heat flux generation,
the maximum local wall temperature at a given flow
condition is greatly affected by the value of K* and
this fact can be of practical importance. As the value
of K* increases, the maximum local wall temperature
also increase and there is a possibility of forming a
hot spot which may be undesirable.

To show the effect of K* qualitatively, non-dimen-
sional temperature distribution was obtained by solv-
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ing the differential equation obtained from energy
balance made on the element of the cylinder wall (see
Appendix). Solutions were obtained by employing
CSMP (Continuous System Modeling Program) tech-
nique. The numerical results with prescribed fictional
heat flux distributions also confirmed the general
pattern of change in T vs 8 with respect to the values
of K* but these results are not reported quantitatively
(as meaningful conclusions could only be obtained by
using the heat flux distribution close to the reality in
the differential equation which is not possible at the
moment).

The typical local and average heat-transfer coef-
ficients in Nusselt number are illustrated in Fig. 4 for
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F1G. 4. Local and average heat-transfer coefficients.

a Reynolds number of 54500 for three values of K*
ranging from 1.64 x 1072 t0 28.9 x 1073,

Contrary to the trend seen in Fig. 3, the low value
of K* increases the variation of local Nusselt number
around the test cylinder surface. This trend can also
be seen in Fig. 5. However, the effect of parameter K*
on the overall average Nusselt number seems to be
moderate; the difference in average Nusselt numbers
for the case in Fig. 4 being about 179, which is com-
parable to the results obtained in a symmetric flow
with no boundary layer separation [4, 5].

The present local values are also compared in Fig. 5
with some of the previous investigators. Most works in
this particular field of study do not specify the physical
information that is needed to calculate the parameter
K*. Therefore, the comparison of the present work with
those of other investigators is merely qualitative.

Schmidt and Wenner [8] measured the local heat-
transfer coefficient around the cylinder with an iso-
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thermal surface and we put the value of K* as 0. The
value of turbulence intensity was not reported.

Both Dyhan and Epick [9], and Petrie and Simpson
[10], obtained their data from constant heat flux con-
dition and from their papers, their values of parameter
K* were best estimated at 141 x 1072 and 355 x 1073,
respectively. From Fig. § and also from similar com-
parisons made, it has been observed that when the
test physical conditions are similar, the general shape
of the distribution of local Nusselt numbers and the
effect of parameter K* on local Nu were also similar
to those of the present work.

To see the effect of parameter K* together with
Reynolds number, the average Nusselt number ob-
tained from the present study is non-dimensionalized
by dividing with the generally accepted formula [11]
as given by

mMcA = CRe" (4)

where C and n are constants, a function of Reynolds
number.

These values are compared against the parameter K*
asshownin Fig. 6. Theeffect of the parameter K* seems
to be more pronounced with high Reynolds number.
As much as 20% increase in average Nusselt number
can be observed in Fig. 6 as the parameter K* was
increased from 1.64 x 1072 to 289 x 1073 at Re =~
70000. This is quite well in accord with the recent
findings of Boulos and Pai [12] who concluded that
the overall heat-transfer rate (from a circular cylinder
placed normal to a turbulent air stream) under con-
stant heat flux conditions is about 10-20%, higher
than that under constant temperature conditions
(corresponding K* ~ 0).
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CONCLUSIONS

The following conclusions may be drawn from the
present study:

1. The large values of the parameter K* especially
at high Reynolds number are associated with large
variation of wall temperature. Therefore, for the con-
stant heat flux generation, with high values of K*,
there may be undesirable hot spots which could be
beyond the allowable wall design temperature.

2. The added asymmetry of the thermal boundary
condition due to the value of parameter K* affects
the average heat transfer rate up to a maximum of
20-23% for the ranges of the parameter K* and
Reynolds number studied.
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APPENDIX

For unit length of test tube idealized in Fig. Al, an energy
balance is made as

Q1+Qi=0Q2+0. (AL

Here, the radiation loss is assumed to be negligible. In
differential form, equation (A1) becomes

d*t, qR*> gR?
_m L
40> Kb K

With non-dimensional temperature n and 77 defined as

n AN
=0. {AZ)

tw— 1o =

n=

ty—1lx
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Flow

FiG. Al. Idealized model.

equation (A2) can be rewritten as
dln q R2 N qu
d02 (tst-tao) Kb (tst-tm)Kt

Now from energy balance, we obtain

=0. (A3)

lw I

[1 =
and with the definition of k, given as
g =h{tw—1x).

Equation (A3) reduces to
- 1] -0

dy K*
S Nuff A4
d* 2 un[ (A4)

ESTRIESY

EFFET DE LA CONDUCTION PARIETALE PERIPHERIQUE SUR LE TRANSFERT DE
CHALEUR AUTOUR D'UN CYLINDRE EN ATTAQUE TRANSVERSALE

Résume—La paroi du cylindre placé dans un écoulement transversal étant le siége d’une source de
chaleur uniforme, la chaleur est transmise suivant la périphérie par conduction du fait de la nature
asymétrique de Iécoulement autour du cylindre. La circulation périphérique de la chaleur affecte la
distribution de température pariétale dans une telle mesure que, dans certains cas, des résultats notablement
différents peuvent étre obtenus pour des surfaces géométriquement semblables.

Dans la présente étude, un paramétre adimensionnel K* = K, R/K,b a été introduit pour caractériser
la conduction thermique pariétale périphérique. Dans I'expérimentation, cinq cylindres d’essai ont été
utilisés présentant des valeurs différentes de K* (allant de 0,00164 a 0,0289), pour des nombres de Reynolds,
basés sur le diamétre du tube, variant depuis 1000 jusqu’a 100000; lintensité de turbulence reste fixée

a 4 pour cent dans I’écoulement libre.

Les valeurs élevées de K*, en particulier aux grands nombres de Reynolds, sont associées aux variations
importantes de température de paroi. La dissymétrie additionnelle des conditions aux limites thermiques
imposées affecte le taux de transfert de chaleur moyen dans une proportion atteignant 20-23 pour cent,

dans les domaines de valeurs de K* et des nombres de Reynolds étudiés.

DER EINFLUSS DER PERIPHEREN WARMELEITUNG IN DER WAND EINES
QUERANGESTROMTEN ZYLINDERS AUF DEN WARMEUBERGANG

Zusammenfassung—Bei cinheitlicher Warmeerzeugung in der Wand eines querangestromten Zylinders
wird infolge der asymmetrischen Natur des Stromungsfeldes um den Zylinder Wirme in Umfangsrichtung
geleitet. Der periphere Wirmestrom beeinfluBt die Temperaturverteilung in der Wand so erheblich, daB
in einigen Fillen fiir 4hnliche Geometrien stark unterschiedliche Ergebnisse erhalten werden.

In der vorliegenden Arbeit wird die periphere Warmeleitung in der Wand durch einen dimensionslosen
Parameter K* = K, R/K;b erfaBit. Bei der experimentellen Untersuchung wurden fiinf Versuchszylinder
mit unterschiedlichen Werten von K* (0,00164 bis 0,0289) verwendet; die mit dem Zylinderdurchmesser
gebildete Reynolds—Zahl variierte zwischen 1000 und 100000, der Turbulenzgrad in der freien Strémung

betrug konstant 4,09,

Bei groBBen Werten K* treten starke Unterschiede in der Wandtemperatur auf, insbesondere bei hohen
Reynolds-Zahlen. Zusammen mit der zusétzlichen Asymmetrie der thermischen Grenzschichtbedingungen
wurde im untersuchten Bereich der Reynolds—Zahlen und K* der mittlere Wirmestrom bis zu maximal

20 bis 23% verindert.
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BJIMAHUE TEIMJIONMPOBOAHOCTU CTEHKU MO OKPYXHOCTHU HA TIEPEHOC
TEMNJA OT UMWJIMAHAPA MNP MONEPEYHOM OBTEKAHUU

Annotamus — [1py pasHOMEPHOM BbIAENEHWH TEMNA B CTEHKE LHMAMHAPA B NONEPEYHOM MNOTOKE
KOHIYKTHBHDbI MEPEHOC TEN/1a TPOHCXOIUT N0 OKPYXHOCTH 61aronaps acHMMETPUUHOMY XapakTepy
o6TeKkanus UMIMHAPA NO NepuMeTpy. TenaoBOR MOTOK MO OKPYKHOCTH BAMSET HA pacrpeleneHHe
TEMIEPaTypPbl CTEHKH B TAKOH CTEMEHH, YTO B OTAE/bHBIX Cl1y4asix I F€OMETPHYECKM OJHHAKOBbIX
NOBEPXHOCTEN MOFYT GbITh NOJYYEHbLI CHABHO OT/IMHAIOLINECA PE3YIbTaThl. B NaHHOM Hccienoanuu
1718 ONMCAHUA TEMIONPOBOAHOCTH CTEHKH MO OKPYXHOCTU HCNONB30BaICs Ge3pa3mMepHblil TapaMeTp
K* =K, R/K b. Bo BpeMs 3KCNEpHMEHTA/ILHOMO UCC/ENOBAHUS UCTIONL30BANMCH MATh LUMAHHAPOB
C pa3anuHbiMy BelHuMHamu K* (o1 0,00164 no 0,0289) B nnanasone uncen PefiHonbACa, OTHECEHHDBIX
K aAnameTpy Tpy6bl, o1 1000 10 100 000 npy NOCTOAHHON MHTEHCHBHOCTH TYpOYNEHTHOCTH CBOGOA-
Horo notoka 4%;. HaitoeHo, 4to Gosblume 3HayeHus napametpa K*, 0coBeHHO NpH GONbLIMX
udcnax PedHonbaca, cBsA3zaHbl ¢ HONbWHMH UIMEHEHUAMY TeMNEpaTypbl CTeHKH. JIONONHUTE IbHAS
aCUMMETPHS TEMIOBOTO IPAHHYHOTO YC/OBHS BEOET K YBENMYEHHIO CKOPOCTH MEpeHoca Tenna Ao
20-239; B 1nana3oOHe UCC/EI0BAHHbIX yucen PeliHonbaca n napamerpa K*.
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