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Abstract

The effect of aspect ratio on heat transfer to a cylinder in cross flow of air has been studied experimentally. The

aspect ratios tested were AR ¼ 12, 10.8, 8.5 and 6 for a Reynolds number range of 6300 < ReD > 50; 960. The tunnel

blockage ratio was 8.6%, and the cylinder had a uniform wall temperature. Local heat transfer coefficients were

measured at various positions along the cylinders. Heat transfer rates at the centerplane on the rear of the cylinder

increased with decreasing aspect ratio. At AR ¼ 12 there was also a marked increase along the cylinder as the wall was

approached: at AR ¼ 6 the heat transfer was uniformly high along the cylinder. Consequently, circumferentially av-

eraged and total averaged Nusselt numbers increased with decreasing aspect ratio. For example, on the centerline at

ReD ¼ 33; 740, Nu180�=Nu0� was 44% higher for AR ¼ 6 than for AR ¼ 12, and circumferentially averaged values were

14% higher. Correlations for the averaged Nusselt numbers are presented that account for the effects of aspect ratio,

tunnel blockage and free stream turbulence.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Forced convection heat transfer from a cylinder in

crossflow has been the subject of many studies. In excess

of 100 papers have reported experimental data for local

and average heat transfer. Of primary interest has been

the dependence of Nusselt number on the Reynolds and

Prandtl numbers, and the proper accounting for variable

property effects. However, it is known that a number of

secondary flow parameters influence experimental data,

of which the most important are freestream turbulence,

tunnel blockage and aspect ratio. Correlations that ap-

pear in standard heat transfer texts and handbooks

usually ignore the effects of these parameters, that is,

assume that they are negligible. The effects of freestream

turbulence and tunnel blockage have been the subject of

a number useful studies in which these parameters have
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been systematically varied. On the other hand, there

appears to have been no studies in which aspect ratio has

been systematically varied. Furthermore, there is evi-

dence that there is interplay between these effects; par-

ticular between blockage and aspect ratio: as a result,

the data available from the literature are sometimes of

less utility than may be immediately apparent.

The focus of this paper is the effect of aspect ratio. A

literature survey suggests that, as the aspect ratio (AR)

decreases below about 12, heat transfer on the rear of

the cylinder increases, and consequently the average

Nusselt number increases. But the evidence is limited to

a few Reynolds numbers and requires comparison of

results obtained by different investigators, at different

blockages, and at possibly different turbulence levels.

Since all these three parameters cause an increase in heat

transfer, it is difficult to make unambiguous compari-

sons. As a result the effect of aspect ratio is sometimes

ignored even when it is a relevant parameter. The two

comprehensive review articles on cylinder heat transfer,

namely by Zukauskas [1] and Morgan [2] give much

information concerning the effects of free stream tur-

bulence and tunnel blockage, but essentially ignore the
ed.
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Nomenclature

AR aspect ratio cylinder, L=D
D diameter of cylinder

H test section height

k thermal conductivity

L length of the cylinder

Nu Nusselt number, hD=k
NuD circumferentially averaged Nusselt number

Nuavg cylinder surface averaged Nusselt number

Nu0 stagnation Nusselt number

U freestream velocity

Pr Prandtl number

ReD Reynolds number, UD=m

Greek symbol

m kinematic viscosity

Heat flux meter

Heater tape

Copper cylinder

Teflon plug

2.75 mm

Fig. 1. Test cylinder.
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effect of aspect ratio. The correlation for average heat

transfer of Churchill and Bernstein [3] is widely used.

These authors state that their correlation is a lower

bound, and free stream turbulence, end effects, and

tunnel blockage may increase the heat transfer rate. Yet

they include results of Schmidt and Wenner [4] taken

with cylinders of aspect ratios of 1–12 in the data base

used to develop the correlation.

In the present context, the geometry consists of a

single cylinder spanning a duct: the aspect ratio is then

the duct width divided by cylinder diameter, AR ¼ L=D.
We are not considering a cylinder of finite length located

in a large duct: in this case the effect of aspect ratio is

due to heat transfer from the ends of the cylinder.

Quarmby and Al-Fakhri [4] have reported a detailed

study of this different problem. In our case, aspect ratio

affects the flow and heat transfer through the three-

dimensional separated flow that forms due to the inter-

action of the boundary layer on the duct wall with the

cylinder. A horseshoe vortex system is the main feature

of this flow, and has been studied using flow visualiza-

tion methods by, for example, Hunt et al. [5]. There is in

first instance a wall effect, that is, heat transfer rates vary

along the cylinders as the wall is approached, and hence

an effect of aspect ratio. However, there is also an effect

of the duct constraining the wake behind the cylinder.

The wall effect has been studied by Goldstein and Karni

[6], but the effect of duct width has not been studied. The

effect of duct width is particularly important because in

most experimental studies of heat transfer from cylin-

ders, measurements are made at the center of the duct to

minimize errors due to heat loss through the ends of the

test cylinder. Sometimes guard heaters are used [7] or

simply the aspect ratio is considered to be large enough

to ignore possible errors at the centerplane. The wall

effect introduces yet another parameter into the prob-

lem, that is, the nature and thickness of the wall

boundary layer. Thus Goldstein and Karni [6] used

distance from the wall divided by boundary layer dis-

placement thickness to characterize distance from the

wall when presenting their data.

The purpose of our study was to show aspect ratio

effects in an unambiguous manner. Given the large
number of parameters it was infeasible to obtain a

comprehensive database. Tests were performed over a

Reynolds number range of 6300–50,000 and aspect ra-

tios of 6–12. The tunnel blockage was constant at 8.6%,

and freestream turbulence was low enough to ignore its

effect. Local Nusselt number distributions were obtained

at the center plane, and at distances of 1/8, 1/4 and 1/2 of

the half-span of the duct, measured from the wall. The

wall boundary layer upstream of the test cylinder was

essentially the same for AR values of 6, 8.5 and 10.8, but

was different for AR ¼ 12, for which the complete width

of the wind tunnel was used.

1.1. Apparatus and test procedures

The test cylinder, shown in Fig. 1, is made from

copper, has a 3.395 cm outside diameter, a 2.75 mm wall

thickness, and is 20 cm long. It is heated by a 75 W, 12 X
Inconel/Kapton foil heater heated on its inner surface. A

RdF microfoil heat flux sensor is located on the center-

plane of the cylinder, and is 6.35 mm wide and 15.9 mm

long. The sensor also contains a type T thermocouple to

measure the wall temperature. The manufacturer sup-

plied calibration constant for the heat flux meter is 0.408

lV/(Btu/ft2 h). The free stream temperature is measured

by a type T thermocouple. Data acquisition is performed

by a Strawberry Tree Connection Mini-16 system and

the data is fed to a PC for processing and display. The

suction type wind tunnel has a 40.6 cm wide, 39.4 cm

high test section with a Howden–Buffalo fan driven



B.H. Chang, A.F. Mills / International Journal of Heat and Mass Transfer 47 (2004) 1289–1296 1291
through a Magnetek GPD 505 variable speed controller.

The contraction area ratio between the intake chamber

and the test section is 15, and the intake chamber had

screens to produce a uniform velocity distribution. The

length of the test section was 3.66 m and the length of

the entire wind tunnel was 10.2 m. The air speed in the

test section was measured using a pitot tube and inclined

manometer. The 20 cm test cylinder is supported on

insulated extensions to span the 40.6 cm wide test sec-

tion. Aspect ratio is varied by inserting plates into the

wind tunnel: the plates have sharp leading edges located

0.457 m upstream of the test cylinders. However, for

AR ¼ 12 the complete width of the tunnel was used, and

the test cylinder was 1.66 m downstream of the con-

traction. The complete test cylinder assembly can be

moved relative to the plates so that the one sensor can be

used to obtain heat transfer data and any location from

the effective duct wall.

For a test run, an aspect ratio, sensor location and

tunnel speed were selected. Local heat transfer was ob-

tained at 10� intervals by rotating the cylinder (2.5� in-
tervals were used when the local Nusselt number

variation warranted it). The wall to free stream tem-

perature was maintained at approximately 10 K in order

to have small and consistent effects of fluid property

variation. Particular care was taken when obtaining data

on the rear of the cylinder due to the inherently unsteady

character of the flow and the resulting heat transfer. The

local Nusselt number was calculated in real time by the

PC: the displayed values were recorded at 2 s intervals

over 50 s, and then averaged. The difference in the

Nusselt number averaged over 25 s and that averaged

over 75 s was within 1.5% over the entire cylinder. This

approach assured that the heat flux and temperature

difference used to compute the Nusselt number were in

phase. The time averaged values were generally repro-

ducible to within 1% over the front and 3% over the rear

portion.
Fig. 2. Nusselt number profile for AR ¼ 6, Re ¼ 33; 740.
2. Results and discussion

Numerous studies have shown excellent agreement

between measured stagnation line heat transfer rates

with laminar boundary layer theory, provided free

stream turbulence is below a critical value. One corre-

lation of numerical solutions of the wedge flow equation

often seen is [8]

Nu ¼ 1:145Re1=2D Pr0:4; 0:5 < Pr < 10 ð1Þ

Results reported by, for example, Achenbach [7], van

Meel [9] and Kestin [10] show a reliable method of cal-

ibrating microfoil heat flux sensors is to use measured

stagnation line heat transfer data in conjunction with

Eq. (1) to give a sensor calibration constant. We and
other workers e.g., Scholten and Murray [11], have

found that the manufacturer supplied calibration con-

stants for RdF sensors are unreliable: indeed, the com-

pany is unable to give a meaningful tolerance on the

constant supplied. However, the calibration constant is

not explicitly required. What is of interest are the ratios

of local and average Nusselt numbers to the stagnation

line value, because Eq. (1) will be the best estimate of

stagnation line heat transfer in possible applications of

our results. Scholten and Murray used a similar ap-

proach to report their results for gas-particle flows.

The results presented here are ratios of local or av-

erage Nusselt numbers to the stagnation line value. As a

consequence any bias errors in the measurements of heat

flux and temperature difference are irrelevant, and the

only significant precision error is due to the unsteady

nature of the heat transfer on the rear of the cylinder.

Using the procedure described in the previous section we

estimate an uncertainty in local Nusselt numbers less

than 3%. The only significant source of error in our re-

ported Reynolds numbers is due to bias error in the air

speed measurement and is estimated not to exceed 2%.

Since Reynolds number has only a weak effect on the

local Nusselt number variation, this possible error is of

no concern. As will be discussed later, the relevant

‘‘uncertainty’’ in our results is due to the effect of pa-

rameters such as blockage, free stream turbulence and

the wall boundary layer thickness.

Fig. 2 shows the local Nusselt number around the

cylinder at the center and at distances of 1/4, 1/6, 1/12 of

the duct width from the wall for AR ¼ 6. The heat

transfer rates are generally higher as the wall is ap-

proached, but the profiles are very close to each other.

The increases in the stagnation and the rear (h ¼ 180�)
Nusselt number at 1/12 L from the wall are only 3.8%

and 3.4% higher than the centerline values respectively.

The Nusselt number decreases to a minimum at around



Fig. 3. Nusselt number profile for AR ¼ 8:5, Re ¼ 33; 740. Fig. 5. Nusselt number profile for AR ¼ 12, Re ¼ 33; 740.
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85� near the separation point. The change of the slope in

the distribution of Nusselt number after the separation

point indicates an existence of a vortex, and the inflec-

tion point may correspond to the point of the maximum

shear stress. Continued increase in Nusselt number after

about 130� is due to a separate larger vortex, and reat-

tachment of the flow behind the cylinder is expected at

around 180�. However the vortices are unsteady and the

resulting effects are time-averaged. The Nusselt number

profiles for AR ¼ 8:5 in Fig. 3 show that the centerline

Nusselt number at h ¼ 180� is 16.4% lower than that at

1/16 L from the wall. The heat transfer rates at the rear

of the cylinder between 1/4 and 1/16 L from the wall

appear almost identical. A gradual change in heat

transfer in the rear of the cylinder over the axial distance

can be seen in the results for AR ¼ 10:8 in Fig. 4. Large

variations in Nusselt number along the cylinder can be

seen in the results for AR ¼ 12 in Fig. 5. The increase of

the stagnation heat transfer at 1/16 L from the wall is
Fig. 4. Nusselt number profile for AR ¼ 10:8, Re ¼ 33; 740.
only 5.3% over the centerline value, but the increase in

Nu at h ¼ 180� is 53%. Similar trends were found for

Re ¼ 50; 960. Goldstein and Karni’s [6] results for

AR ¼ 12, blockage ratio of 4.2%, and Re ¼ 19; 000 also

show a large increase at the back of the cylinder. Their

results showed that at 1/12 L from the wall, the increase

in Sherwood number at h ¼ 176–178� is about 40% over

the centerline value. In the present experiment, the wall

boundary layer thickness upstream of the test cylinder

for AR ¼ 12 is estimated to be around 6.4 mm, and this

is about twice the boundary layer thickness of 3.4 mm

for AR ¼ 6, 8.5 and 10.8. However, the ratio of the

boundary layer thickness over the half width of the duct

may be a more important parameter than the boundary

layer thickness itself. Also, this ratio is very small (2–

3.4%) for all the aspect ratios, and the nearest location

of heat transfer measurement from the wall is 1/8 of the

half width or 12.5%. Furthermore, this ratio of the

boundary layer thickness over the half width of the duct

for AR ¼ 12 is almost identical to that for AR ¼ 6.

Additional heat transfer data were taken at every 1/16 L

from the center to plot the entire surface profile of the

Nusselt number from the center to the 1/16 L from the

wall in Fig. 6. The surface plot shows a large increase in

heat transfer in the rear of the cylinder. The effect of

aspect ratio on the centerline Nusselt number is plotted

in Fig. 7 for Re ¼ 6300. Even at this low Reynolds

number, the effect of the aspect ratio at the rear portion

of the cylinder is distinct, though it is small. The effect is

more pronounced for higher Reynolds number of 33,740

in Fig. 8. As the aspect ratio increases from 8.5 to 10.8,

consistent decrease in Nu distribution at the rear of the

cylinder is expected, but the present results show the

effect of aspect ratio is not too significant for the two

aspect ratios, 8.5 and 10.8.

Table 1 shows the centerline average Nusselt num-

bers; also, for ReD ¼ 33; 740, the average over the

complete cylinder is given. Two widely used correlations



Fig. 8. Centerline Nusselt number profile for Re ¼ 33; 740.

Fig. 6. Nusselt number profile for AR ¼ 12, Re ¼ 33; 740.

Fig. 7. Centerline Nusselt number profile for Re ¼ 6300.
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for NuD are those of Morgan [2] and Zukauskas [1].

Morgan corrected Hilpert’s data [12] to account for air

properties now in use, and recommends

NuD ¼ 0:148Re0:633D ; 5� 103 < ReD < 5� 104 ð2Þ

and claims an uncertainty of ±5%. Zukauskas recom-

mends

NuD ¼ 0:23Re0:6D ; 1� 103 < ReD < 2� 105 ð3Þ

also with an uncertainty of about ±5%. For air in our

Reynolds number range, Eq. (3) is almost identical to

the correlation of Churchill and Bernstein [3],

NuD ¼ 0:3þ 0:62Re1=2Pr1=3

½1þ ð0:4=PrÞ2=3�1=4
1

"
þ Re

282000

� �5=8
#4=5

ð4Þ

Table 1 and Fig. 9 show that Eqs. (2) and (3) essentially

bracket our results, which is reassuring. Since Eq. (2)
gives the lowest values of NuD we can argue that aug-

mentation due to free stream turbulence, tunnel block-

age and aspect ratio are minimal. The blockage ratio for

our tests was D=H ¼ 0:086. Use of blockage and tur-

bulence corrections recommended by Morgan [1] gives a

correction factor of about 6%, which mostly explains the

differences between our results and Morgan’s correla-

tion. Thus we choose to correlate the effect of aspect

ratio we have obtained by addition of turbulence,

blockage, and aspect ratio corrections to Morgan’s

correlation, Eq. (2),

NuD ¼ 0:148Re0:633D ½1þ 0:73ðD=HÞ1:5 þ 0:124ðTUÞ0:64

þ 1:764AR�1:5�; 66AR6 12 ð5Þ

which is shown in Fig. 10. The second and third terms in

the bracket in Eq. (5) were derived from Morgan’s graph

on the combined effects of tunnel blockage and free

stream turbulence. The fourth term is estimated to be

0:416AR�0:5 for Nuavg, the surface averaged Nusselt

number; however, this result is based only on the data

for ReD ¼ 33; 740.
Table 1 also shows Nuavg, Nusselt number averaged

both circumferentially and spanwise at ReD ¼ 33; 740.
The value for AR ¼ 12 is the integral under the area of

the surface shown in Fig. 6, and is more accurate than

for the smaller AR values for which fewer data points

were available. For AR ¼ 12 this Nuavg is 11.5% higher

than the centerline averaged value; for AR ¼ 10:8, 8.5
and 6, the corresponding values are 7.1%, 6.5% and 2%

respectively. As a result, Nuavg shows less variation with

AR than does NuD at the centerline, 4% versus 14%.

With the aspect ratio effect unambiguously estab-

lished it is possible to evaluate evidence of this aspect

ratio effect in some previous experimental studies. One

study that shows a clear aspect ratio effect is that of



Fig. 9. Comparison with various correlations of the centerline

circumferentially averaged Nusselt number.

Fig. 10. Effect of aspect ratio on the circumferentially averaged

Nusselt number.

Table 1

Centerline circumferentially averaged Nusselt numbers NuD for various Reynolds numbers, and the circumferentially and spanwise

averaged Nusselt number Nuavg for ReD ¼ 33; 740

Reynolds number 6300 NuD 10,000 NuD 19,480 NuD 33,740 NuD 33,740 Nuavg 50,960 NuD

AR ¼ 6 43.6 56.8 89.9 130.6 133.2 166.7

8.5 41.8 56.2 85.6 124.8 132.9 157.5

10.8 42.3 56.0 85.7 125.7 134.7 155.9

12 41.8 54.9 80.0 114.9 128.2 150.0

Eq. (2) 37.6 50.4 76.8 108.8 – 141.2

Eq. (3) 44.0 58.0 86.6 120.4 – 154.2

Fig. 11. Nusselt number profiles for different aspect ratios.
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Seban (AR ¼ 3:9) [13]. At the lowest Reynolds number

tested, ReD ¼ 53; 000, Nu180�=Nu0� � 1:3, which is a rea-

sonable extrapolation of the trend shown for

Re ¼ 50; 960 in Table 1. However we must be careful to

recognize that Seban’s tube wall was heated at close to a
uniform heat flux (UHF), rather than the uniform wall

temperature (UWT) used in the present study. We will

return to this point later. The often quoted results of

Achenbach [7] were obtained for AR ¼ 3:4, so a sub-

stantial aspect ratio effect can be expected. His local

Nusselt number distributions were for ReD > 105 and

thus cannot be compared to our results. However, he

presents average Nusselt numbers down to ReD ¼ 3�
104, and his Fig. 12 shows values of Nu about 40%

higher than those of Hilpert [12] at ReD ¼ 30; 000. His

blockage ratio and turbulence level were 16.4% and

0.45% respectively, which could explain around 12% of

this increase using the corrections given by Morgan [2].

Thus there is clear evidence of a substantial aspect ratio

effect in Achenbach’s data.

Murray and Fitzpatrick [14] report results for an

aspect ratio of 12 and 12% tunnel blockage at UWT:

Fig. 11 shows their heat transfer results on the rear of

the cylinder for Re ¼ 33; 200 agree well with the present

results for AR ¼ 12 and Re ¼ 33; 740 which supports

the reliability of our rear cylinder data. However, near

the forward stagnation line, our Nusselt number de-

creases more rapidly than those in Ref. [14], and indeed

with theory. At h ¼ 30�, Nu=Nu0� is 0.92, as compared
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with 0.94 from Frossling’s theoretical distribution [15].

We have been unable to determine the reason for this

discrepancy. Scholten and Murray [16] actually show an

increase in Nusselt number up to h ¼ 10� even after

correcting for the insulating effect of the hot film sensor

substrate. Murray and Fitzpatrick [14] also show the

Nusselt number distribution obtained by Schmidt and

Wenner [17] at ReD ¼ 33; 920 for which Nu180�=Nu0� �
1:0, indicating an aspect ratio or blockage effect.

Achenbach shows that NuD obtained by these authors

was also substantially higher than Hilpert’s value [12],

confirming the above observation.

The distinctive feature of the aspect ratio effect in our

Reynolds number range of 6· 103–5 · 104 are signifi-

cantly increased heat transfer rates on the rear of the

cylinder. Sanitjai and Goldstein [18] have recently re-

ported results for local mass transfer using the naph-

thalene sublimation technique. This technique gives an

analog to a UWT heat transfer experiment, though the

Schmidt number of 2.35 is somewhat higher than the 0.7

Prandtl number for air. Their test cylinder had aspect

ratio of 9 and a tunnel blockage ratio of 0.11. At low

turbulence levels for 3� 104 < ReD < 6� 104, the mass

transfer coefficients on the rear of the cylinder were 13–

37% higher than the stagnation line values. Even after

accounting for a 7% blockage and turbulence level cor-

rection, these values are considerably larger than ob-

tained in the present study. Their measured profile for

ReD ¼ 31; 200 is compared with present results in Fig.

11, and it is close to our results for AR ¼ 6. The actual

spanwise location where the data were measured is not

given in the paper, but in a private communication we

were informed that data was obtained in location where

no spanwise variation was in evidence [19]. We are un-

able to explain why their transfer rates are so high on the

cylinder rear, but no explanation of this anomalous re-

sults is given in Ref. [18] either. The test section with the

naphthalene spanned only 55% of the tunnel height and

was stationed at the bottom wall, and not at the center

of the tunnel. The measurements may have been made

off-centered, thus resulting in high transfer rates on the

rear. At ReD ¼ 31; 200, their NuD is 138.6, and this is

about 34% higher than the value from Morgan’s corre-

lation.

Baughn et al. [20] obtained data for AR ¼ 20% and

8.3% tunnel blockage with a UHF cylinder. At

ReD ¼ 20; 000 they obtained Nu180�=Nu0� ¼ 1. Since the

combined blockage and turbulence effects are 7–8%,

Nu180� is unexpectedly high. The cause of this effect is

possibly related to the wall thermal boundary condition:

local heat transfer coefficients are higher for UHF versus

UWT for boundary layer flows, and can be quite dif-

ferent for separated flows [21]. Papell [22] heated a cyl-

inder at both UWT and UHF and found UWT heat

transfer coefficients at 80� were up to 66% lower than for

UHF. Unfortunately, he did not obtain data for
h > 100�. Baughn and Saniei [23] show Nu profiles for

both UHF and UWT up to 150� with higher heat

transfer rates for UWT at 150�. On the other hand, the

results of van Meel [9] obtained with AR ¼ 14, 7.2%

blockage, and a wall boundary condition closer to UHF

than UWT do not show this effect.

West and Apelt [24] performed hydrodynamic studies

with AR from 4 to 10, and blockage ratio from 2% to

16%. The drag coefficient was found to vary smoothly

with aspect ratio, and the change was more rapid at

small aspect ratio. They found that reduction in aspect

ratio had similar effects on the drag coefficient as the

increase in blockage ratio. Their study and the present

study show that the effect of aspect ratio needs to be

studied with the other parameters kept invariant.
3. Conclusions

1. The effect of aspect ratio on heat transfer to a cylin-

der in cross flow has been unambiguously established

for the parameter range tested.

2. As the aspect ratio decreases below 12, heat transfer

rates at the center plane on the rear of cylinder in-

crease markedly, resulting in an increase in the cir-

cumferentially averaged Nusselt number.

3. At an aspect ratio of 12, the local Nusselt number on

the rear of the cylinder increase as the wall is ap-

proached; at an aspect ratio of 6 the local Nusselt

numbers are almost constant along the cylinder (at

the high value noted above).

4. A number of anomalies in data in the literature can

be explained by proper recognition of the aspect ratio

effect.

5. Further studies of the combined tunnel blockage and

aspect ratio effects might be useful.
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