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Abstract-Heat transfer characteristics and flow behaviors have been made clear for an elliptic cylinder of axis 
ratio 1: 3. The testing fluid was air and the Reynolds number ranged from about 8000 to 79 000. The angle 
of attack a was varied from 0” to 90”. The loLaI and overall heat transfer features are clarified in relation to the 
flow behaviors around the cylinder. The critical Reynolds number is. detected, where the heat transfer 
and flow characteristics change drastically. It is found that the mean heat transfer coefficient is at its highest at 
a = 60-90” over the whole Reynolds number range studied and also that even the lowest value of the mean heat 
transfer rate is still higher than that for a circular cylinder. Effects of the axis ratio of the elliptic cylinder 

are also discussed in comparison with previous works. 

1. INTRODUCTION 

THE EXPLOITATIONS of high performance heat 
exchangers for saving and making effective use of 
energy is a very important and urgent problem. Among 
many types of heat exchangers, those constructed of 
circular pipes have been used in many industries. Flow 
around pipes, however, is not necessarily normal to the 
pipe axis. In such a situation, the cross-section of a pipe 
in the flow direction becomes an ellipse. An elliptic 
cylinder is a basic and general form, which becomes a 
flat plate and also a circular cylinder depending on the 
axis ratio. There have been many works on the flow 
around elliptic cylinders [l-7] and the flow 
characteristics are found to change considerably with 
axis ratio and also angle of attack [4-71. Furthermore, 
their drag coefficient at a small angle of attack is lower 
than that of a circular cylinder. This may be an 
advantageous feature when using elliptic tubes as a heat 
transfer surface element, since the pumping power 
needed to flow fluids around them may become very 
small. 

As far as forced convection heat transfer charac- 
teristics ofthe elliptic cylinder are concerned, there have 
been only a few investigations. Eckert [S] and Chao 
and Fagbenle [9] made boundary layer analyses. Their 
results, naturally, may be applicable only to the 
upstream surface of the elliptic cylinder on which a 
laminar boundary layer develops. Seban and Drake 
[lo] and Drake et al. [l l] measured the local heat 
transfer coefficient on elliptic cylinders of axis ratio 1: 4 
and 1: 3, respectively. Their main purpose, however, 
seems to consist of confirming an applicability of the 

boundary layer theory. The angle of attack examined 

by them was limited to o”, 5” and 6”, and the mean heat 
transfer coefficient was not measured. Reiher [12] 
reported the mean heat transfer coefficient for an 
eliiptic cylinder at 0” and 90”, but it: configuration was 
obscure. On the other hand, it is reasonable to consider 
that the heat transfer characteristics of the elliptic 

cylinder vary remarkably with the angle of attack, since 
the flow features change greatly, as previously noted. 

From this standpoint, the present authors have 
conducted an experimental study of forced convection 
heat transfer from an elliptic cylinder of axis ratio 1: 2 
[13]. The local heat transfer features are clarified and it 
is found that they are quite different from those of the 
circular cylinder. The mean heat transfer coefficient 
depends upon the angle of attack along with the 
Reynolds number and it is higher than that from 
the circular cylinder at all angles of attack over the 
Reynolds number range studied. The flow features 
around the elliptic cylinder, however, change with its 
axis ratio. In accordance with such a change of the flow, 
the heat transfer characteristics inevitably vary with the 
axis ratio of the elliptic cylinder. 

The purpose of the present study is to investigate the 
local and overall heat transfer characteristics from an 
elliptic cylinder of axis ratio 1 : 3. The angle of attack is 
varied from 0” to 90” and the variation of the heat 
transfer feature with it is discussed in relation to the flow 
behaviors around the cylinder. Furthermore, effects of 
the axis ratio of the cylinder upon the overall heat 
transfer rate are discussed in comparison with previous 
results for a circular cylinder [ 141 and also for an elliptic 
cylinder of axis ratio 1: 2 [ 131. 
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NOMENCLATURE 

2a or c length of major axis of elliptic surface length from leading edge 
cylinder ;r Strouhal number, fc/U, 

2b length of minor axis of elliptic T temperature 
cylinder u,n streamwise mean and turbulent 

Co pressure drag coefficient fluctuating velocities 

c, static pressure coefficient, W wake width 

(P-pm)APE X distance from cylinder axis in 
d diameter of circular cylinder of equal direction of upstream uniform flow 

circumferential length Y distance normal to x-axis. 
h local heat transfer coefficient, 

q/K- T,l Greek symbols 

h, mean heat transfer coefficient tl angle of attack 
Nu local Nusselt number, he/l 4 v, P thermal conductivity, kinematic 

N%l mean Nusselt number, h,c/l viscosity and density of air at T,, 

Nun,, mean Nusselt number, h,d/l respectively. 
P static pressure 

4 heat flux per unit area and unit time Subscripts 
Re Reynolds number, U,c/v d based on d as reference length 

Red Reynolds number, U,d/v W wall. 

2. EXPERIMENTAL APPARATUS AND 

TECHNIQUE 
linearizing circuit. An FFT analyzer was also used to 
detect a vortex shedding frequency from output 

_ . 
The wind tunnel used in the present study is the same 

as that employed in previous works by the authors [15, 
161, though a circular test section of 254 mm in 
diameter and 605 mm long was installed. Two side 
plates of 10 mm thick Plexiglas were equipped in the 
test section in order to ensure the two-dimensionality of 
the flow, their spanwise distance being 150 mm. 

The test elliptic cylinder had an axis ratio of 1: 3, its 
major axis length being 50 mm and its spanwise length 
being 150 mm. It was made of fiber-reinforced plastics 
by the same procedure as in the previous work [13]. 
Heating of the cylinder was conducted by means of an 
electric current to a 0.05 mm thick, 29 mm wide stainless 
steel sheet, which was wound helically and stuck onto 
the cylinder surface. Forty-one copperxonstantan 
thermocouples 0.07 mm in diameter were embedded on 
the cylinder surface in order to measure the wall 
temperature. Heat loss by conduction and radiation 
was neglected in the following results. 

The experiments were conducted under the 
condition of constant heat flux. The upstream uniform 
flow velocity U, ranged from about 2 to 22 m s-i and 
the corresponding Reynolds number Re = U,cfv from 
about 8000 to 79000. The free stream turbulence 

intensity p/U, was about 0.007 in the above velocity 
range. The angle of attack tl was varied from 0” to 90” in 
order to clarify variations of the heat transfer 
characteristics of the cylinder with it. In the present 
paper, a denotes an inclination angle ofthe major axis of 
the elliptic cylinder to the direction of the upstream 
uniform flow. The mean and turbulent fluctuating 
velocities in the near wake were measured with a 
constant temperature hot-wire anemometer with a 

voltages 01 the anemometer. 
Furthermore, another elliptic cylinder was made and 

used in measuring the static pressure distribution along 
the cylinder surface in order to make clearer 
correlations between the heat transfer and the flow 
characteristics. The wind tunnel used was the same as in 
our previous work [17], the test section of which was 
150 mm wide, 500 mm high and 800 mm long. The test 
elliptic cylinder was almost the same as in the heat 
transfer study, say the major axis length 50 mm and the 
spanwise one 150 mm. However, its surface was not 
covered with a stainless steel sheet but had 30 pressure 
holes 0.3 mm in diameter. With the intention of 
minimizing mutual interferences of the pressure holes, 
they were drilled helically on the surface. 

The tunnel blockage ratio varied from 0.07 at a = 0” 
to 0.20 at a = 90” in the heat transfer study. That in the 
measurements of the static pressure ranged from 0.03 at 
a = 0” to 0.10 at a = 90”. In the present paper, however, 
no corrections were made for the tunnel wall effects 
upon the heat transfer and flow characteristics. In the 
preliminary experiments, effects of the heat flux q were 
found to be negligible and the position of a = 0” was 
determined with detailed measurements of the local 
heat transfer and pressure coefficients on the upper and 
lower sides of the cylinder at various Reynolds 
numbers. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Heat transfer characteristics 
Local heat transfer distributions around the whole 

circumference ofthe elliptic cylinder are represented for 
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a = O”-90” at various Reynolds numbers in Figs. 14. 
Figure 1 shows the results at CL = O”, which include 

previous theoretical and experimental results for 
comparison [ 11,131. It is clear that the symmetry of the 
local heat transfer distribution on the upper and lower 
surfaces is satisfactory at all the Reynolds numbers. In 
the following, the positive value of s is located on the 
upper surface of the cylinder. It may be reasonable to 
consider that the whole Reynolds number range tested 
is included within the subcritical flow region, since the 
heat transfer distribution shows no essential change 
with Reynolds number. Therefore, the present data are 
demonstrated in the form of Nu/,/Re, and they fall into 
a single curve on the upstream surface. It implies that a 
laminar boundary layer develops on the upstream 
surface of the cylinder and the local heat transfer rate is 
proportional to the square root of the Reynolds 
number, as the boundary layer theory suggests [9,11]. 
However, the flow separates at about s/c = +0.7, 
which is located a little downstream of the minor axis of 
the cylinder, and a dependency of NujJRe upon Re can 
be recognized in the separated flow region. That is, the 
flow therein is very complicated and may not be 
regarded as laminar. It is clear in the figure that the 
present data agree with the theoretical data of Drake et 
al. [ 1 l] rather than that of Chao and Fagbenle [9], who 
treated an elliptic cylinder of axis ratio 1 : 2.96 by 
Schubauer [l]. Data of Drake et al. were obtained at 
Re = 960 000. The difference between the present data 
and theirs may originate from compressibility effects of 
fluid and an accuracy of the elliptic cylinder, especially 
of the leading edge, may also be a factor. 

Represented in Fig. 2 are the results at a = 15”. It is 
very clear that the local heat transfer distribution 
changes drastically at about Re = 44 000. That is, Nu 
shows a maximum near the leading edge and steeply 
decreases on both sides of the cylinder with increasing 
the surface distance. On the lower (or the pressure) 
side, Nu reaches a minimum at about s/c = -0.9 

cY=o” 
- 
Drake 

Chao 

I - p ’ 

Jret ab. 
Experiment 

Theory 
(q=const) 

et al. 

. 

FIG. 1. Local Nusselt number distribution. 
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FIG. 2. Local Nusselt number distribution. 
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independently of the Reynolds number. However, on 
the upper (or the suction) side, at Reynolds numbers 
greater than about 44 000, Nu becomes a minimum at 
s/c = 0.3. Then it increases rapidly, reaches a maximum 
at about s/c = 0.5 whose value is nearly equal to the 
maximum near the leading edge and subsequently 
decreases again to the downstream. Such a charac- 
teristic variation of the local Nusselt number may be 
originated from a generation of the so-called separation 
bubble [lS, 191, whose existence was confirmed with 
the surface oil flow pattern. That is, a laminar boundary 
layer separates at s/c = 0.3, a separated shear layer 
transits to a turbulent one, which subsequently is 
reattached onto the cylinder surface at about s/c = 0.5. 
After that a turbulent boundary layer develops in the 
neighborhood of the trailing edge without separation. 
Similar variation of the flow and heat transfer features is 
observed for a circular cylinder at the critical Reynolds 
number [20]. Therefore, in the present study on the 
elliptic cylinder, the critical Reynolds number Re, 
exists, at which the flow and heat transfer 
characteristics vary drastically. It is found that the 

critical Reynolds number changes with the angle of 
attack. Its value is a minimum around a = lo” and 
increases at both lower and higher values of CL 
Variations ofthe flow around the cylinder at the critical 

Reynolds number are represented in the following. On 
the other hand, at a Reynolds number lower than 
Re,, the laminar boundary layer separates at about 
s/c = 0.2-0.3 and the heat transfer rate in the separ- 
ated flow region is quite low. 

Figure 3 shows the results at E = 30”. Nu attains a 
maximum at about s/c = -0.05 and its characteristic 
feature in the separated flow region is very similar to 
that for a = 15” in the subcritical flow regime. An 
increase of the angle of attack brings on a decrease of the 
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FIG. 3. Local Nusselt number distribution. 

I 

flow velocity oncoming to the upstream surface of the 
cylinder. Furthermore, the wake width is relatively 
small and then, in the separated flow region, a 
transversal motion of the fluid may be suppressed. It 
results in a low heat transfer rate on the whole 

circumference of the cylinder. Such a behavior of the 
local heat transfer brings about a low value of the mean 
heat transfer coefficient at a = 30” over the whole 
Reynolds number range examined, as denonstrated 

later. 
Represented in Fig. 4 are the results at x = 90”. It is 

very interesting to note that Nu is a minimum at the 
upstream stagnation point (say s/c = -O.j5), and 

-1.0 -0.5 0 0.5 
S/C 

1.0 

FIG. 4. Local Nusselt number distribution 

increases with the surface distance because of an 
acceleration ofthe flow outside the boundary layer. The 
laminar boundary layer developing on the upstream 
surface may be regarded to separate in the 
neighborhood of the leading and trailing edges. Even 
under such a flow situation, the local heat transfer 
coefficient shows no minimum around the separation 
point. Nu furthermore increases with the surface 
distance and reaches a maximum at the downstream 
stagnation point. An angle ofattack of90” brings about 
a much wider wake behind the cylinder and the 
transversal motion of the fluid is very violent therein. 
Consequently the cylinder surface is washed out 
frequently by the fluid entrained from the main flow. It 
may result in a very large value of Nu as shown in the 
figure. 

These results on the local heat transfer for the elliptic 

cylinder may suggest that it is very difficult to estimate 

the flow feature from only the local heat transfer one, 
e.g. the position of the flow separation. 

Figures 5 and 6 show typical examples of a variation 
ofthe mean Nusselt number with the Reynolds number. 

Represented in Fig. 5 are the results at t( = 0”. It is clear 
that Nu, increases almost linearly with Re in 
logarithmic scale, and an empirical formula obtained 
with the method of least squares is included in the 
figure. In general, Nu, is expressed in the form 

Nu, = A Re”. (1) 

Values of n and A change naturally with the angle of 
attack and are summarized in Table 1. Data scatter at 
other angles of attack is of the same order as that at 
c( = 0” in Fig. 5. 

On the other hand, in the case of a = 15” shown in 
Fig. 6, the critical Reynolds number exists and the local 
heat transfer feature changes drastically there, as 
described above. Therefore, Nu, also changes at Re, 

and two empirical formulae are obtained depending on 
the subcritical or the supercritical Reynolds number 
region, as included in Fig. 6. An increasing rate of Nu, 
with Re is large in the supercritical flow regime, since 
the separation bubble originates and the turbulent 
boundary layer develops on the downstream surface of 

the cylinder. 

CY = 0” 

J lLs.I I ls~m.sJ I ‘Ii 
I o4 lo5 Re 

FIG. 5. Mean Nusselt number. 
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lo5 Re 

FIG. 6. Mean Nusselt number. 

It is very interesting and important to investigate a 
variation of Nu, with CC, since the flow and local heat 
transfer characteristics change with the angle of attack, 
as already demonstrated. Figure 7 shows such results. It 
is clear that Nu, does not increase monotonically with 

a. In the low Reynolds number region of Re < 10000, 
Nu, shows no essential change in the region of c( = O”- 
30”. Beyond c( = 30”, it increases with LX and again 
shows no essential variation from a = 60” to 90”. On 
the other hand, in the region of Re > 30000, as a 
increases from O”, Nu, first increases and reaches a 
maximum around a = lo”-15”. Then it decreases and 
attains a minimum at about a = 20”-30”. Subsequently 
it increases once again and finally shows no essential 
change in the region of a > 60”, where Nu, becomes a 
maximum over the whole Reynolds number range 
studied. As described previously in relation to the 
results at LY = 30”, in the region of a = 20”-30”, a 
decrease of the oncoming flow velocity to the upstream 
surface of the cylinder brings about a relatively low 
value of Nu therein. Furthermore, in the separated flow 
region, Nu is not so high since the transversal motion of 
fluid may not be so severe as in the case of a > 45”. 
These facts may result in the lowest value of Nu, at 

a = 20”-30”. 
To estimate the heat transfer capability of the elliptic 

cylinder compared to that of cylinders of various cross- 
sections, it is important to select an appropriate 
reference length in both Nusselt and Reynolds 

Table 1. Effect of angle of attack on n, A and A’. 

a (deg.) n A A’ 

0 0.539 0.546 0.466 
15* 0.492 0.839 0.705 
15t 0.610 0.278 0.243 
30 0.461 1.178 0.979 
45 0.532 0.700 0.596 
60 0.546 0.684 0.585 
75 0.549 0.671 0.575 
90 0.548 0.67 1 0.574 

* 8000 < Re < 44000 or 5700 < Re, < 31200. FIG. 8. Effect of angle of attack on mean Nusselt number and 
~44000<Re<79000or31200<Re,<56000. comparison with previous data. 

1775 

0 15 30 45 60 75 90 
tY_” 

FIG. 7. Variations of mean Nusselt number and pressure drag 
coefficient with angle of attack : - - -, C, (Re = 48 Ooo). 

numbers. It is reasonable to regard the circular cylinder 
as the most basic and frequently used configuration in 
engineering. Accordingly selected in the present study is 
a diameter d of an equivalent circular cylinder, whose 
circumferential length is equal to that of the present 
elliptic cylinder. d can be calculated by 

d = (2E’/x)c 

where E’(k) is an associated complete elliptic integral of 
the second kind and k2 = 1 -(b/a)‘. Accordingly the 
empirical formula equation (1) can be transformed into 

Nu,, = AIRe”,. 

Values of A’ are represented in Table 1. 
All the results are summarized in Fig. 8, in which the 

data points are omitted for clearness and their scatter is 
of the same order as in Figs. 5 and 6. Reiher’s result at 

a = 0” is included for reference but the exact 
configuration of his elliptic cylinder is obscure. On the 

other hand, there have been published so many data on 
the circular cylinder but their mutual difference is not 

2.2 
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small [21]. In this study, a well-known empirical 
formula by Hilpert [14] in the region of 4000 < Re, 

< 40000 is referred to as a typical one. A correlation 
proposed recently by Morgan [21] is almost equal to 
that of Hilpert in the same range. 

The present data at TV = 0” are in relatively good 
agreement with that of Reiher but not at z = 90”, though 
his results at c( = 90” are omitted. In the low Reynolds 
number region, the results at c( = O”-30” are almost 
equal to each other. In the high Reynolds number 
region beyond the critical one, however, Nu,,,~ at 
c[ = 30” is the lowest. On the other hand, Nu,, at 
c( = 60”-90” is in good agreement and is the highest over 
the whole Reynolds number range examined in the 
present work. It is clear that all the results of Nu,, for 

the present elliptic cylinder, even the lowest one, are 
higher than those of Hilpert. In accordance with these 
facts, as far as the heat transfer capability is concerned, 
the elliptic cylinder of axis ratio 1: 3 studied is superior 

to the circular cylinder. 
The flow and heat transfer characteristics of the 

elliptic cylinder varies with its axis ratio b/a. Though 

there has been little information on the overall heat 
transfer rate of the elliptic cylinder, an attempt is made 
to investigate effects of the axis ratio on it referring to 

the previous data on the elliptic cylinder of axis ratio 
1: 2 by the authors [13] and also those on the circular 
cylinder by Hilpert noted above. Figure 9 shows 
representative examples. Nu,, of the elliptic cylinder 
varies with both Re, and CC It is clear that in general, 
Nu,, increases with an increase of the ratio a/b, at least, 
in the region of 1 < a/b < 3 but an increasing rate of 
Nu,,from a/b = 2 to 3 is smaller than from a/b = 1 to 2. 
However, it is to be noticed that the difference of 
published data on the circular cylinder is relatively 

large as described above. 

3.2. Flow characteristics 
Representative examples of the static pressure distri- 

bution along the cylinder surface are demonstrated 
in Fig. 10, which shows the case of Re = 48000 

E 
t F 0 0 

0 90 
200 I+.__ Red=4?00H 

0’ 3 ’ ’ ( ’ ’ ’ ’ ’ ’ 
2 3 

a/b 

FIG. 9. Variation ofmean Nusselt number with axis ratio. Data 
at a/b = 1 by Hilpert. 

FIG. 10. Pressure distribution 

included in the subcritical flow regime. Needless to 
say, the pressure distribution varies with the angle 
of attack. That is, the upstream stagnation point shifts 
downstream from the leading edge at c( = 0” to the 
minor axis at tl = 90”, and the base pressure decreases 
with an increase of CC. It can be detected that at large 
angles of attack such as 60” and 90”, the upstream 
separation point almost coincides with the leading edge 
and the pressure inside the separated flow region is very 
low. Such a low pressure and a large wake downstream 
of the cylinder may bring about a violent motion of fluid 
therein and it results in a very high heat transfer rate as 

demonstrated previously. 
Figure 11 shows the results at cz = 15”. At low 

Reynolds numbers, the flow separates in the laminar 
state at about s/c = 0.2 on the upper surface and the 
pressure inside the separated flow region is constant, in 
essence. However, over the critical Reynolds number, a 
laminar boundary layer separates at about s/c = 0.3, 
reattaches onto the surface at about S/L’ = 0.5 and 

a-15” 

1.0 

0 

0” 

FIG. 11. Pressure distribution. 
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subsequently a turbulent boundary layer develops down- 

stream. Finally the flow separates at about s/c = 1.0 
forming a very narrow wake compared to that at the 

subcritical Reynolds number. Such a feature of the 
pressure distribution around the surface corresponds 
well to that of the local heat transfer distribution as 
represented in Fig. 2. 

The pressure drag coefficient Co is determined 
numerically from those pressure distributions. Inserted 
into Fig. 7 is a typical example of a variation of CD with 
u at a subcritical Reynolds number, say about 

Re = 48 000. It is to be noted that the present value of 
C, is based upon the major axis length c as the refer- 
ence length. C, is about 0.12 at a = o”, increases almost 
monotonically with a and finally reaches 1.8 at a = 90”. 
In the supercritical Reynolds number region, as a 
increases from 0”, C, decreases gradually and reaches a 
minimum of about 0.05 around 15”. Subsequently it 
increases discontinuously to a value at the subcritical 
Reynolds number, though such results in the 
supercritical flow regime are not shown in Fig. 7 for 
clarity. 

Furthermore, in order to clarify the correlation 
between the flow and heat transfer features around the 
elliptic cylinder, the streamwise mean and turbulent 
fluctuating velocities were measured in the near wake at 
a = 15”, and the results are shown in Fig. 12. The 
corresponding wake width W and also the Strouhal 
number St are exhibited in Fig. 13. As described 
previously, over the critical Reynolds number, on the 
upper surface of the cylinder, the laminar boundary 
layer transits to the turbulent one and the separation 
point shifts far downstream compared to that at the 
subcritical Reynolds number. Accordingly the wake 
formed behind the cylinder is very narrow, as clearly 
shown in Figs. 12 and 13. In the present paper, the wake 
width is defined as a distance between points of 

FIG. 12. Streamwise mean and turbulent fluctuating velocities 
in near wake. 

03- 

02- 
x/C= 0.6 

FIG. 13. Wake width and Strouhal number 

maximum turbulence intensity. The Strouhal number 
increases discontinuously at the critical Reynolds 

number, as found in Fig. 13. It says that over the critical 
Reynolds number, the vortex is shed more frequently 
and it may bring about a high heat transfer rate on the 
upper surface of the cylinder as shown in Fig. 2. 

3.3. Discussion 
The side walls of a wind tunnel influence the flow and 

heat transfer characteristics of bodies tested therein. In 
the present heat transfer study for the elliptic cylinder, 
the blockage ratio is the smallest at a = O”, 0.07, and 
the largest at a = 90”, 0.20, respectively. As far as the 
present authors know, there are no works on the 
correction rule for the blockage effect upon the heat 
transfer characteristics of the elliptic cylinder. An 

attempt, however, has been made to correct such an 
effect by following the correction formula of Hiwada 
[22] for the circular cylinder. The correction of Nu, or 
Nu,, is found to be less than 1% for a = 0” and about 
6.6% for a = 90”, which is the largest in the present 
study. Accordingly it may be said that the tunnel wall 
effect is not severe for the present data. 

The critical Reynolds number Re, found in the heat 
transfer study is about 44000 at CL = 15” as noted 
previously. However, measurements of the pressure 
distribution reveal that it is located at about 90000. 
Such a difference of Re, between the heat transfer and 
flow measurements may be originated from several 
factors. First of all, the cylinder tested in the heat 
transfer study is covered by a stainless steel sheet and 
then it produces a roughness on the cylinder surface. It 
is well known that the surface roughness lowers 
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considerably the critical Reynolds number of the 
circular cylinder [23]. Furthermore, the tunnel walls 
also influence Re,. The increase of the blockage ratio 
decreases Re, [24]. These two factors may be most 
important for the difference of Re, in the two 
experiments. However, it may be inferred that the 
accuracy ofthe elliptic cylinder has delicate effects upon 
Re,. The free stream tui bulence intensity and its 
inte;;al length scale are also factors for such differences 
:n Re,. 

The p,.essure drag coefficient of a circular cylinder 
CDd based on its diameter is 1.1-1.2 in the subcritical 
Reynolds number region [23]. On the other hand, C, 
of the present elliptic cylinder based on the equivalent 
diameter d changes from 0.17 at a = 0” to 2.57 at 
tl = 90”. An increasing rate of C,, or Cn with LX, how- 
ever, is not large at small angles of attack, say LY < 20”, 
as shown in Fig. 7. In consideration of these facts along 
with the present data on the mean heat transfer 
coefficient demonstrated previously, the elliptic 
cylinder of axis ratio 1: 3 examined in the present stud/ 
may be said to have a higher heat transfer ability and a 
lower fluid dynamic drag compared to the circular 
cylinder, when the elliptic cylinder is operated at a 
relatively low angle ,i’ attack, say CI < 20”. 

4. CONCLUDING REMARKS 

Heat transfer and flow characteristics of an elliptic 
cylinder naving an axis ratio 1 : 3 are clarified through 
wind tunnel experiments. The Reynolds number range 
examined is from about 8000 to 79 000, and the angle of 
attack is varied from 0” to 90”. 

The local heat transfer features are quite different 
from those of a circular cylinder. It is found that the 
critical Reynolds number exists, over which the heat 
transfer behaviors change drastically and its value 
varies with the angle of attack. The correlations 
between those heat transfer characteristics and the 
flow around the cylinder are made clear through 
measurements of the static pressure on the cylinder 
surface and also of the mean and turbulent fluctuating 
velocities in the near wake. 

The dependency of the mean heat transfer coefficient 
upon the angle of attack and the Reynolds number is 
clearly represented. Nu, is a maximum at a = 60”-90”, 
and a minimum at c( = O”-30” at low Reynolds 
numbers but at CI = 20”-30” at high Reynolds numbers. 
However, even the minimum value of Nu, for the 
elliptic cylinder is still higher than that for the circular 
cylinder of equal circumferential length. Furthermore, 
the pressure drag coefficient of the former is lower than 
that of the latter, say about l/3 to l/7 in the region of 
CY < 20”. Therefore, the elliptic cylinder of axis ratio 
1: 3 exhibits a superior feature of higher heat trans- 
fer capability and lower fluid dynamic drag than the 
circular cylinder, when the elliptic cylinder is operated 
at a small angle of attack. 

Effects ofthe axis ratio ofthe elliptic cylinder upon its 

mean heat transfer ability are also investigated through 
a comparison with previous results for a circular 
cylinder and an elliptic cylinder ofdifferent axis ratio. It 
reveals that an increase of the ratio u/h promotes the 
heat transfer ability at least in the range 1 < a/b < 3. 
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TRANSFERT THERMIQUE ET ECOULEMENT AUTOUR D’UN CYLINDRE ELLIPTIQUE 

Rbnm&Les caractkristiques du transfert thermique et le comportement de l’icoulement sont clarifies pour 
un cy!in,re eluptique de rapport d’axe 1 : 30. Le fluide itudik est l’air et le nombre de Reynolds varie entre 8000 
environ et 79 000. L’angle d’attaque G( varie de 0” i 90”. Les allures de transfert thermique locaux et globaux 
sont comprises en relation avec les structures de 1’6coulement autour du cylindre. Le nombre de Reynolds est 
dice!&, et pour leque! les caractkristiques de convection et d’bcoulement changent fortement. On trouve que le 

coefficient de transfert moyen est le plus fort g a = 60-90” pour tout le domaine de Reyno!ds&tudit et aussi qL_ 
la plus faible valeur de transfert thermique est plus klevke que celle pour un cylindre circulaire. On discute aussi 

deseffetsdu rapportdes axesde!'e!!ipse,en comparaison avecdestravaux anttrieurs. 

WARMEUBERGANG UND STRC)MUNG IN DER UMGEBUNG EINES 
ELLIPTISCHEN ZYLINDERS 

Zusammenfassung-Das Verhalten von Wgrmelbergang und Striimung in der Umgebung eines elliptischen 
Zylinders mit einem Achsenverhgltnis von 1: 3 wird dargestellt. Das bei den Untersuchungen verwendete 
Fluid war Luft. Die Reynolds-Zah! lag im Bereich von 8000 bis 79 000. Der Anstriimwinkel CI wurde von 0” bis 
90” variiert. Der artliche und der mittlere Wsrmeiibergang wird abhlngig vom Stramungsverhalten urn den 
Zylinder beschrieben. Es wird die kritische Reynolds-Zah! bestimmt, bei der sich das Verhalten von 
WIrmeiibergang und Striimung stark Indern. Der mittlere WCrmeiibergangskoeffzient hat seinen 
Hiichstwert bei a: = 60” bis 90” iiber den gesamten untersuchten Reynolds-Zahl-Bereich. Der kleinste Wert 
des mittleren WIrmeiibergangskoeffizienten ist sogar noch gr6Ber als fiir einen Kreiszylinder. Einfliisse des 

Achsenverhiltnisses des elliptischen Zylinders werden im Vergleich mit friiheren Arbeiten diskutiert. 

TEnJIOO6MFH M l-MAPOflMHAMMKA IlPM 06TEKAHMM %LJIWfITMYECKO!-0 
!JMJXIHAPA 

AtmoTauHn-Onpenenetibl xapaKlepHcrHKB rennonepeHoca H Teqemia arra 3JnHnTHqecKoro minannpa 
c OTHOUleHHeM OCcfi ! :30. k,CC."enOBaHH,l "pOBOflH,,aCb C B03UYXOM B Illlana3OHc qHCe,, PetiHO,,bflCa 

OT 8000 a0 79000. YrOJ HaK,,OHa uHJ,HHnpa Y H3McHllnCII OT 0 a0 ')o. XapaKTepWTHKU ,,OKanbHOrO 

u CYMM~~HO~O rennonepeHoca 0npenenanHcb B 3aaHcHMoc~H 0T pewwa 06TeKaHHa ukiinasnpa. 

HakeHo KpuTkNecKoe 9ACno PetiHOJIbflCa. np~ KO~O~OM npoecxonkir pe3Koe HSMeHeHHe napaMeTpoB 

rennonepcHoca H Te9eHwa. YcTaHosneno. q~o BO aceh4 accnenyeMoh4 naana3oHe qHcen Pefinonbnca 
npA r = 60 90 cpenmiii Ko$&imieHT rennonepeHoca noc,HraeT Hae6onbmero 3Haqemia. a TaKxe, 

WOiWwteHaMMeHbUcc 3HaW"k,cCpe_I,Hcti HHTeHCHBHOCTU ~cIU,OnepeHOCa oKa3blBaeTCR BblUle COOTBCT- 

C~By~ulerO3Ha'leHMR~.'IICny~allO6~eKaHHa KpyrnOrOu~n~Hnpa.06Cy~KnaeTCa pO."bO~HOllleHrtaOCcfi 

'3~l~lMIII#'leCKOrO u‘WMH_I,pa a paCC.MarpHBacMbIX npOueCCaX M "pOaO,WrCa CpaBHcHHe c pC?y,,bTaTaMH 

npyr~x pa60 T. 


