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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 KS = K, R/K+ 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 stidied 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 

thickness of the test cylinder wall [m]; 
constant in equation (4); 
outside diameter of the test cylinder Em]; 

heat-transfer coefficient [W/m’ K] ; 
thermal conductivity [W/m ICI ; 
length [m] ; 
constant in equation (4); 
heat flux [W/m’]; 
heat generation per unit volume [W/m” J ; 
heat [W] ; 
outside radius [m J; 
temperature [K] ; 
non-dimensional temperature, 

(&u-Q/&V -&o>; 
velocity [m/sJ; 
dimensionless conduction parameter, 

LRlk& 
Nusselt number; 
Reynolds number; 
turbulence intensity. 

Greek symbols 

E, total emissivity; 

?Y dimensionless temperature, 

(&v-~aJ/(~.,-L); 
8, angle; 

u viscosity [kg/sm]; 

P, density [kg/m31 ; 
CT Stefan-Boltzmann constant; 

5.67 x 10-s W/m2 K4. 

Superscript 

7 mean. 

Subscripts 
- 

McA, Nu reported in [l 11; - 
pres, Nu of this study; 

t Present address: Canatom Ltd., Montreal, Quebec, 
Canada. 

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. [S]. They accounted this difference to the circum- 
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front stagnation point; 
test cylinder material; 
at wall, local; 
free stream. 

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 lo6 
including surface roughness by Achenbach [l]. 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. 
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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]. 

No. Material 

Table 1 
-____ 

O.D. I.D. 
(mm) (mm) 14;’ 

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 wail) 
do not give significantly different results. 

1 Monel400 25.8 18.8 1.64 X 10-x 
2 Stainless 

steel 304 25.3 18.7 7.10 x 10-a 
3 InconeI600 25.8 21.1 9.45 x lo-3 
4 Stainless 

steei 304 25.4 22.9 19.2 x 1O-3 
5 Stainless 

steel 304 25.4 23.7 28.9 x 10m3 

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. 

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 ex~rimental 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 turbulent intensity. However, 
in the region of the separation, this is not now feasible. 
Therefore, an empirical approach to the problem 
seemed to be proper. 

Sixteen K-junctions (~hrome~aIume1) were provided 
around the periphery of the test cylinders at the center 
which was 12lmm 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 76mm 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” [S]. 

In the present study, a non-dimensional parameter 
K * = K, R/I(, 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. 

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. 

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

The test cylinders were placed horizontalIy 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 APPARATUS EXPERIMENTAL PROCEDURE AND DATA REDUCTION 

The wind tunnef used for the experiment has a 
rectangular test-section of 260 x 150mm and 8OOmm 
in length. The air velocity could be varied up to 
58m/s by means of two controls, coarse and fhre 
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 watl of the test- 
section in conjunction with a micromanometer. The 
pressure measurement was also supplemented by a 
multitude inclined manometer. 

AI1 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 tem~rature 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. 

Five test cylinders (electrical resistance heating) made 
of different materials and with different wail thickness 
were used (see Table 1). Outside diameters of the test 
cylinders were kept nearly closed to 25.4 mm to main- 

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 5050B 
in conjunction with HP2901 and HP2401 C). For 
temperature measurement, potentiometer strip chart 
recorders were also used with the data acquisition 
system. 

The tests were carried out over the range of Reynolds 



Heat transfer from a cylinder in cross flow 1033 

numbers between lo3 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). 

d2t, 4R2 
m+- 

h- D2 

K 
-E&+&)(tw+tm). (1) 

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 E was used here as suggested by 
Giedt [2]. 
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The values of (d2tW/de2) 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 = hDjK. (2) 

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 

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 
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FIG. 1. Typical velocity measurement. 
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FIG. 2. A typical circumferential temperature distribution. 
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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 0 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 lo3 and IO5 shows 
that the minimum value of T occurs always at the 

forward stagnation point, 0 = 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. 

I.1 

T 

1.0 

0.9 

0.8 

0 K' = 19.2 XlO-3 
0 K” = 7.10 X lO-3 

0 K” = 1.64 XIO+ 

0 30 60 90 120 150 180 

e 

FIG. 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- 

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 Q 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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FIG. 4. Local and average heat-transfer coefficients. 

a Reynolds number of 54 500 for three values of K* 
ranging from 1.64 x 10-j to 28.9 x 10e3. 

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 17”/,, 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 mereiy qualitative. 

Schmidt and Wenner [S] measured the ‘local heat- 
transfer coefficient around the cylinder with an iso- 
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FIG. 5. Local heat-transfer coefficients. 

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 

[lo], obtained their data from constant heat flux con- 
dition and from their papers, their values of parameter 
K* were best estimated at 141 x 10e3 and 355 x 10e3, 
respectively. From Fig. 5 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 [ll] 

as given by 
- 
NuMcA = CRe” (4) 

where C and n are constants, a function of Reynolds 

number. 
These values are compared against the parameter K* 

as shown in Fig. 6. The effect 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 10e3 to 28.9 x 10m3 at Re Y 

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 10-200/o higher 
than that under constant temperature conditions 
(corresponding K* 2: 0). 
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FIG. 6. Effect of K* on average Nu. 

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 
20-23x 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 

Qt +Qi = Qz+Q. (AI) 

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

d’t, qRZ QR2 
dez-xb+x=o WI 

I f 

With non-dimensional temperature 9 and )? defined as Equation (A3) reduces to 

FIOW _^- 

FIG. Al. Idealized model 

equation (A2) can be rewritten as 

d’r/ q R2 cjR2 --__++-----_ o, 

dOZ (b---t,) Kb (t.l-tm)Kt 

Now from energy balance, we obtain 

is 

“=i 
and with the definition of h, given as 

y = h(i,-t,). 

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

R&m&La paroi du cylindre plact dans un tcoulement transversal ttant le siige d’une source de 
chaleur uniforme, la chaleur est transmise suivant la periphtrie par conduction du fait de la nature 
asymitrique de l’&coulement autour du cylindre. La circulation pCriphCrique de la chaleur affecte la 
distribution de tempbrature parietale dans une telle mesure que, dans certains cas, des ri’sultats notablement 
di%rents peuvent Ctre obtenus pour des surfaces g&om&triquement semblables. 

Dans la prtsente Ctude, un paramttre adimensionnel K* = K, R/&b a &t& introduit pour caracttriser 
la conduction thermique pariitale ptriphtrique. Dans l’exerimentation, cinq cylindres d’essai ont & 
utilists prtsentant des valeurs diffkrentes de K* (allant de 0,00164 g 0,0289), pour des nombres de Reynolds, 
basks sur le diamttre du tube, variant depuis 1000 jusqu’8 100000; l’intensitk de turbulence reste fix&e 
B 4 pour cent dans l’tcoulement libre. 

Les valeurs tlevkes de K*, en particulier aux grands nombres de Reynolds, sont assocites aux variations 
importantes de tempbrature de paroi. La dissymttrie additionnelle des conditions aux limites thermiques 
imposkes 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 &tudi&. 

DER EINFLUSS DER PERIPHEREN W;iRMELEITUNG IN DER WAND EINES 
QUERANGESTROMTEN ZYLINDERS AUF DEN WARMEUBERGANG 

Zusammenfassung-Bei einheitlicher WIrmeerzeugung in der Wand eines querangestriimten Zylinders 
wird infolge der asymmetrischen Natur des StrGmungsfeldes urn den Zylinder W%rme in Umfangsrichtung 
geleitet. Der periphere WLrmestrom beeinfluBt die Temperaturverteihmg in der Wand so erheblich, daR 
in einigen FIllen fiir lhnliche Geometrien stark unterschiedliche Ergebnisse erhalten werden. 

In der vorliegenden Arbeit wird die periphere WLrmeleitung in der Wand durch einen dimensionslosen 
Parameter K* = K, R/Kb erfal3t. 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 Striimung 
betrug konstant 4,00/ 

Bei groRen Werten K* treten starke Unterschiede in der Wandtemperatur auf, insbesondere bei hohen 
Reynolds-Zahlen. Zusammen mit der zus%tzlichen Asymmetrie der thermischen Grenzschichtbedingungen 
wurde im untersuchten Bereich der Reynolds-Zahlen und K* der mittlere WPrmestrom bis zu maximal 

20 tiis 23% verlndert. 

643) 

644) 
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BJlMFlHME TEf’lJlOflPOBOAHOCTM CTEHKM I-IO OKPYXHOCTM HA IIEPEHOC 
TEI-LIA OT UMJIMH.L~PA flPM IlOnEPEYHOM 06TEKAHMM 

AIuIoTauHR-npM paBHOMepHOM BblLleneHHM TellJla B CTeHKe UkiJlLiIinpa B IlOIIepeVHOM IlOTOKe 

KoH2yKTHBHblti nepeHocTen;lanponcxomiTno 0Kpym~0cT~ 6naronapflacmmeTpwiHoMyxapaKTepy 

06TeKaHm LUi.lMHnpa no nepk4MeTpy. Tennosoi? noToK no 0KpymHoc~ki rmineT Ha pacnpeneneHkie 

TeMllepaTypbl CTeHKH B TaKOti CTeneHH,'iTO B OTIlenbHblX CnyYaflX Rnfl reOMeTpHYeCKH ODHHaKOBblX 

OOBepXHOCTek MOryT6blTb rlOnyYeHblCMnbHOOTnM'latOUllleCR pe3ynbTaTbl. B LlaHHOM HccnenOBaHRH 
LlIOIlClCaHIlB TeWlOllpOBO~HOCTMCTeHKH nOOKpymHOCTM kiCnOnb3OBaJlCfl6e3pa3MepHblfinapaMeTp 

K*=K, RIK,~. Bo sperm 3KcnepkiMetiTanbHoro kiccnenoBaHm-4 kicnonb30Bankicb nRTb UHnMHnpOB 

Cpa3JH'iHblMH BeJlH'lHHaMH K* (OT 0.00164 50 0.0289) BLILiana30HeYMCen PeRHO.nbnCa,OTHeCeHHblX 
K ilHaMeTpy Tpy6bI,OT 1OOOfiO ~00000 npi4 nOCTORHHOi? MHTeHCHBHOCTW TYp6YJleHTHOCTH CBO60& 

Hero noTOKa 4%. HaRneHo, ST0 6onbue PHarleHm napaMeTpa K*, OCO6eHHO nps 6onbmclx 

YHCJlaX PeiiHOnbIlCa,CBfl3aHbiC 6OnbUINMM H3MeHeHHRMH TeMnepaTypbl CTeHKH. flOnOJlHkiTe,lbHaR 

acmMeTpm TennoBoro rpaHwiHor0 ycnoekin BeneT K yeenwemto cK0p0c~1l nepefioca Tenna ~0 

20-23x B mana30He HCCnenOBaHHbIX YHCen Pehonbnca M napaMeTpa K*. 
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