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Abstract

Experimental studies on fluid flow and heat transfer characteristics around a rectangular cylinder at the same angle of attack were
carried out for Reynolds number in the range 2500-12 800. In the experiment, width/height ratio of the cylinder was chosen as 5.0
and the angle of attack was varied over the range 0-20°. For o = 0°, the cylinder axis was aligned with the flow, the separated shear
layers reattached to the top and bottom surfaces intermittently. For o = 5°, the lower shear layer reattached to the lower surface. The
reattached flow becomes turbulent for « < 15°, while the flow remains laminar for & > 15°. A clear understanding of the local heat
transfer coefficients around the cylinder can be obtained in relation with the flow characteristics. The local heat transfer coefficients
on the reattachment surface and on the upper and lee surfaces can be represented by the same empirical relation, Nu = CRe**. The
constant C decreases with increases in o for « > 5°. Finally, maximum average heat transfer is achieved for o values between 0° and
5°. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

It is well known that the aerodynamic characteristics of
rectangular cylinders change drastically with width/height ra-
tio, ¢/d. As the ratio ¢/d increases, the variation of drag co-
efficient of the cylinder shows a sharp peak for c¢/d of about
0.67, and the Strouhal number increases discontinuously with
c¢/d near 2.8. The above-mentioned phenomena were reported
by Nakaguchi et al. (1968), and later confirmed by Bearman
and Truman (1972) and Igarashi (1985a). Okajima et al. (1983)
reported that the Strouhal number changes drastically with
¢/d for ¢/d of about 6.0. Igarashi (1985a) experimentally in-
vestigated the flow behavior around rectangular cylinders at an
angle of attack of 0°. Igarashi (1986a, 1987) also studied the
local heat transfer characteristics around rectangular cylinders
for ¢/d in the range 0.33-4.0. The flow and local heat transfer
characteristics around a square prism at some angle of attack
were experimentally investigated by Igarashi (1984, 1985b,
1986b).

The rectangular cylinder with ¢/d =10 represents louvered
fins and offset fins of heat exchangers. In order to develop a
high-performance heat exchanger, recently, experiments (Ta-
naka et al., 1983) and numerical simulations (Suzuki et al.,
1989; Xi et al., 1989) on flow and heat transfer characteristics
of various types of fins were carried out to have a clear un-
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derstanding of this phenomena. According to Tanaka et al.
(1983), the optimum inclined angle of louvered, corrugated-fin
heat exchangers is 5°. Moreover, there are several papers that
have reported the results of studies on inclined-plate solar
collectors (Sparrow and Tein, 1977) and on local heat transfer
behavior on the flow separated-reattachment surface of a
model rectangular cylinder with a sectional width/height ratio
of 4-10 (Test and Lessmann, 1980; Motwani et al., 1985).
Nevertheless, the results of these studies did not help to have a
clear understanding of the interlink between fluid flow and
local heat transfer.

The objective of the present experimental studies is to ob-
tain basic knowledge about the local and average heat transfer
from the rectangular cylinder with a section ¢/d of 5.0 and a
small inclination angle. Emphasis is given on the studies of
heat transfer behavior in the region of separated and reat-
tached flow and on the correlation between heat transfer co-
efficients in the region of separated flow and the fluctuating
pressure coefficients. Comparison is made with those reported
in the previous work (Igarashi, 1986a; Igarashi and Hirata,
1974).

2. Experimental apparatus and procedure

The coordinate system and the symbols used in the repre-
sentations are presented in Fig. 1. Experiments were carried
out in a low-speed, 2-D blown-type wind tunnel with a test
section having cross-section area of 400 mm x 150 mm and a
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Nomenclature

C parameter

c,d width and height of section of rectangular
cylinder

Cpy base pressure coefficient

Cp' fluctuating pressure coefficient, Ap/0.5pU>

d* projected width of rectangular cylinder

dy wake width defined by distance between two

shear layers

f vortex shedding frequency

h, hy local heat transfer coefficient

hm overall heat transfer coefficient

h average heat transfer coefficients on each face

Nu, Nu, local Nusselt numbers, hd/A, h.d /A

Nu average Nusselt numbers, hd//

Nuy, overall Nusselt numbers, /,d/1

NupNun.  average Nusselt number on rear face,
Nuy, = hod /7., Nupe = hoe/ 2

Ap root mean square value of fluctuating
pressure

Re Reynolds number, Ud /v

Re.,Re,  Reynolds number appearing in Fig. 2, Re. =
Uc/v,Re, = Uyx/v

S Strouhal number, fd/U

S*, 8§ modified  Strouhal number, S*=fd*/U,
S — fd* /Us

U free stream velocity

Uy velocity at the outer boundary layer

U velocity along free stream line at separation
point, U+/1 — Cp,

u time-averaged velocity

Au root mean square value of fluctuating velocity

b distance from forward stagnation point

XR,Xs reattachment and separation points

Greek symbols

o angle of attack

A thermal conductivity of fluid

v, p viscosity and density of fluid

Subscripts

b, f rear and front faces

R, s reattachment (bottom) and side (top) faces

m overall

Fig. 1. Coordinate system and symbols.

length of 800 mm. The model rectangular cylinder used in the
experiment was of chord length, ¢, of 50 mm, a thickness, d, of
10 mm shown in Fig. 1 and an axial length normal to the flow
of 150 mm. The attack angle of the cylinder, o, varied from 0°
to 20°. The tunnel blockage ratio ranges from 0.025 to 0.066,
therefore, the effects of tunnel blockage on the characteristics
on fluid flow and heat transfer can be neglected (Igarashi and
Hirata, 1974). The temperature of free stream is nearly 20°C.
The uniform free-stream velocity U was varied from 4 to 20 m/
s, which corresponded to Reynolds numbers, Re, defined on
the basis of the thickness of the rectangular cylinder d as the
reference length, in the range 2560-12 800. In the above-men-
tioned velocity range, the free-stream turbulence intensity was
about 0.4%. At first, the flow pattern around the rectangular
cylinder was visualized by using a smoke tunnel and the sur-
face flow pattern was visualized on the basis of the oil-film
method. The time-averaged velocity # and the turbulence in-
tensity Au in the outside of shear layers separated from the
rectangular cylinder were measured by using an I-type hot-wire
anemometer. Several pressure tappings of 0.6 mm diameter
were employed along the surface of the rectangular cylinder.
The distribution of pressure coefficients, Cp, on the surfaces
AB and CD and the base pressure coefficient, Cp,, at the center
of the surfaces BC and CD in Fig. 1 were measured by a
manometer, and the fluctuating pressure coefficient, Cp/, was
measured with a semi-conductor pressure sensor, connected to
pressure taps on the center of the surfaces AB, CD and BC,
through a stainless tube 1.0 mm in diameter and 50-100 mm
long. The phase lag in the measurements of fluctuating pres-
sure can be neglected (Igarashi, 1984). The Strouhal numbers

corresponding to the vortex shedding from the rectangular
cylinder were determined from frequency analysis of the fluc-
tuating velocity in separated shear layer. The test model used
in measurement of the heat transfer was made of acrylic resin,
the entire surface of which was coated with stainless foil having
a thickness of 0.01 mm. Electrodes were installed at both ends.
This was heated by supplying electric power to attain a con-
stant heat flux condition. The wall temperature was measured
by copper—constantan thermocouples of ¢ =0.1 mm. The
thermocouples were embedded on the wall surface with a gap
of 2-3 mm.

The experimental uncertainties were calculated using
standard uncertainty analysis methods (Kline, 1985). The
uncertainty in the temperature ranged from 1% to 2% of
the wall-to-freestream temperature difference depending on the
operating temperatures, and the uncertainty for the surface
heat flux was 2%. The calculated uncertainties for the con-
vective heat transfer coefficient values range from 2.2% to
2.8%.

As a preliminary test of measurements of the pressure and
local heat transfer coefficients, the laminar flow heat transfer in
the front surface of the rectangular plate normal to air-stream
was measured and compared with theoretical value. As shown
in Fig. 2, it was confirmed that the measurement accuracy of
the heat transfer coefficient of this model was within 5%. The
heat transfer in the region of flow separation on the rear sur-
face of the rectangular plate was also measured. It can be
observed from Fig. 2 that the results obtained by the present
experiment agreed quite well with those reported in the papers
(Igarashi and Hirata, 1974; Igarashi, 1985b). The two Rey-
nolds numbers, Re, and Re., and two Nusselt numbers, Nu,
and Nuy., are defined in the nomenclature section.

3. Experimental results and discussion
3.1. Flow visualization
Fig. 3 shows the results of smoke tunnel flow visualization

around the rectangular cylinder for Re = 3850. The pictures (a)
and (b) were taken under long, 1 s, and instantaneous expo-
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Fig. 2. Accuracy of the measurement of the local heat transfer. o:
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Fig. 3. Visualization of the flow around the cylinder using smoke
tunnel and pressure fluctuation on the reattachment region. (a) Long
exposure (1 s): Re =3850. (b) Instantaneous exposure: o = 0°
Re = 3850. (c) Pressure fluctuations on the upper and lower faces:
o= 0° Re = 10000.
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Fig. 4. Surface oil-flow patterns on the reattachment face at
Re =10000.

sures, respectively. Fig. 3(c) shows the pressure fluctuations on
the center of the upper and lower surfaces AB and CD. The
upper and lower waves are out of phase by half a period each
other. Fig. 4 shows the surface oil-flow pattern of the lower
surface AB of the rectangular cylinder. At o = 0°, both the
shear layers get separated from the front edges A and D, then
reattached on the side wall surface near the trailing edge of the
rectangular cylinder (R) and the separation bubbles are formed
on the upper and lower surfaces. As shown in Figs. 3(b) and
(c), such a flow reattachment process is not steady, but occurs
periodically. The separation line (S) appears in the location
where separation bubbles are formed. This separation line for
o = 0° in Fig. 4 is not straight and is curved near the both end
walls. The oil-flow pattern show the end effect caused by the
formation of horseshoe vortices. For o= 5°, the upper shear
layer does not get reattached on the upper surface DC. The
wake width, d, in Fig. 1 defined by the distance between the
two shear layer increases with o. The region of vortex forma-
tion, which is defined as the position of rolling up of the shear
layer separated from the rectangular cylinder, moves down-
stream until o = 15° and gets close to the rectangular cylinder
for o = 20°. The lower side shear layer reattaches steadily and
the reattachment line moves forward with the increase in o.
Variations of the location of reattachment, xg, on the lower
surface AB of Fig. 1, the separation point, xs, shown in Fig. 1
in the region where separation bubbles are formed and the
wake width, d,, with o are presented in Fig. 5. The value of
xs/d is nearly one half of xg /d, similar to that observed with a
square prism (Igarashi, 1984). The reattachment and separa-
tion lines are clear particularly for o = 5° and 10°. The sepa-
ration bubble becomes smaller with the increase in a.

3.2. Mean velocity and turbulence distributions

The results on the distributions of mean velocity, #/U and
turbulence intensity, Au/U, around rectangular cylinder are
presented in Fig. 6, and the trace of the location corresponding
to the maximum turbulence intensity, that is, the center of the
shear layer are indicated by the dotted line in the same figure.
In the case of o = 0°, the traces are parallel to the wall surface
downstream of the reattachment point. The maximum values
of turbulence intensity above 20% and about 10-15% were
exhibited in the vicinity of the wall. For o= 5°, the turbulence
intensity in the vicinity of the lower wall was above 20% in the
region downstream of the location of reattachment. As the
attack angle « is increased, the leading edge separation bubble
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Fig. 5. Variations of wake width and reattachment point with o.
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Fig. 6. Distributions of mean velocity and the rms velocity fluctua-
tions.

becomes smaller and consequently the turbulence intensity
decreases gradually. For o = 20°, the turbulence intensity in
the region of reattachment flow becomes less than 1%, and the
flow becomes laminar.

3.3. Base pressure coefficient and fluctuating pressure coefficient

The base pressure and fluctuating pressure at the center of
the rear surface BC are closely related to the fluid flow and
heat transfer phenomena in the region of separation (Igarashi
and Hirata, 1974; Igarashi, 1986a, 1987). In the present ex-
periments, the variations of the base pressure coefficient and
fluctuating pressure coefficient at the center of the surface BC,
Cpy, and Cp/, with the angle of attack, o, are displayed in Fig. 7.
The negative value of Cpy, increases proportionally to o in the
range 0-10° and « = 15°. Such a decrease in the base pressure
Cpy corresponds to an increase in the projected width or the
wake width of the rectangular cylinder, d* or d,,. The fluctu-
ating pressure coefficient, Cp/, increases abruptly for certain o
and shows a peak at about « = 5°, then decreases suddenly.
For o above 10°, the value of Cp' is lower than that for o = 0°.
The variation of Cp' is related to the length between the region
of vortex formation to the rear surface BC (Igarashi, 1986a,
1987). Namely, the value of Cp’ exhibits a peak for o = 5°,
when the region of vortex formation approach close to the rear
surface BC of Fig. 1 of the rectangular cylinder. Therefore, it is
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Fig. 7. Base pressure coefficient and fluctuating pressure coefficient.

expected that the heat transfer on the rear surface BC of the
rectangular cylinder will have the maximum value for o« = 5°.

3.4. Strouhal number

Fig. 8 presents the variation of Strouhal number, S, with a.
The value of S, defined as fd/v, is nearly constant for o< 5°
and decreases with increases in o for o > 5°. We attempt to
obtain a new interpretation about the Strouhal number.
Thereupon two Strouhal numbers, S* = fd*/U, and the
modified Strouhal number, S** = fd* /U;, were defined, where
the reference length is the projected width d* and Uj is the
maximum velocity in the shear layer at the point where the
flow separates from the reattachment surface AB of Fig. 1.
Namely, U; is defined by Bernoulli’s theorem, U+/1 — Cpy,. The
results obtained from this rearrangement are also presented in
Fig. 8. The value of S* increases with « for « less than 10° and
has a constant value of 0.19 for « in the range 10-20°. This
tendency is generally evident in the case of square prism
(Igarashi, 1984). It can be considered that the decrease of the
vortex shedding frequency f for o = 10-20° was mainly caused
by the increase in projected width d* of Fig. 1, of the rectan-
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Fig. 8. Strouhal number.



T. Igarashi, Y. Mayumi | Int. J. Heat and Fluid Flow 22 (2001) 279-286 283

gular cylinder. The modified Strouhal number S$** is about 0.14
for o in the range 10-20°. For o at about 10°, on the bottom
surface AB of Fig. 1, the shear layer separates at the leading
edge A on Fig. 1, reattaches in the downstream region and
undergoes transition to laminar flow near the trailing edge.

3.5. Local heat transfer coefficients

The variations of the distribution of local heat transfer
coefficient around the rectangular cylinder with « are shown in
Figs. 9(a)—(d). The value of heat transfer coefficient 7 is readily
convertible into the Nusselt number Nu = hd/A, that is,
Nu = 0.381 x h [W/m? K]. For o = 0°, the heat transfer coef-
ficients on the front surface exceed those of the rear surface.
The comparison is contrary to that in the case of a width/
height ratio, c¢/d, of 4 (Igarashi, 1986a). This is because the
reattachment region moves forward from the trailing edge as
the ratio ¢/d increases from 4 to 5 and fluctuating pressure and
velocity drop strongly in the wake region. As a result, the heat
transfer coefficient on the rear surface decreases. The heat
transfer coefficients on the upper and lower surfaces have a
maximum value at the reattachment point (R) and a minimum
value at a location just before the separation point (S) in the
region where separation bubbles are formed. The gentle peak
in the profile for « = 0° is in contrast to the sharp peaks ob-
served in the cases of a values of 5° and 10°. This is caused by

200

W /i

150

100

the above-mentioned difference in the flow behavior between
intermittent reattachment and steady reattachment. As o is
increased, the stagnation point on the front surface, DA of
Fig. 1, which corresponds to the location of peak heat transfer
coefficients, approaches the leading edge, A of Fig. 1. On the
contrary, the location of peak heat transfer coefficient in the
region of flow separation, surface DC of Fig. 1, corresponds to
the trailing edge C of Fig. 1, nearest to the region of vortex
formation. The sharp peak in the distribution of heat transfer
coefficient is symmetric with respect to the corner C on the
both surfaces BC and CD. The peak value has exceeded the
heat transfer coefficient at the reattachment point xg of Fig. 1,
where denoted by “R” in Fig. 9. The variations of distribution
of heat transfer coefficient on the reattached and separated
surfaces, AB and CD, with o are presented in Figs. 10(a) and
(b), respectively. In the cases of a = 5-20°, the heat transfer
coefficient on the separated surface CD has a maximum at the
tail corner C and decreases toward to the leading edge corner
D. The heat transfer coefficients decrease with increase in o.
This is thought to be due to the spread of the wake and the
movement of the location of vortex formation downstream
with increase in o, as shown in Fig. 3. In the case of « = 5°, the
heat transfer coefficient on the reattached surface AB increases
in the forward from the reattachment region compared with
that for o = 0°. For o = 10°, the heat transfer coefficient on the
surface AB has a maximum at the reattachment point, then

S TN S | A d 41

D(d)°DA B C D

Fig. 9. Local heat transfer.
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Fig. 10. Variation of the local heat transfer profile with «.

decreases toward the tail corner B. In the case of o« = 20°, the
profile of distribution of the heat transfer coefficient is sym-
metric with respect to the corner C, in the same manner as that
of a square prism (Igarashi, 1986b). The local heat transfer
coefficients decreases while surface compared with those for
o < 20°. This drop in heat transfer coefficients on the reat-
tachment surface is related to the behavior of shear layer
separated from the front edge A, which in turn results in a
decrease in turbulence intensity in the reattachment flow
shown in Fig. 6.

3.6. Average heat transfer coefficient

In this section, the dependencies of the average heat
transfer coefficients on each individual surface on Reynolds
number are investigated. Figs. 11(a) and (b) present the vari-
ations of average Nusselt number on the surface AB, where the
flow reattaches, and those on each of the other surfaces for
o = 20°. On surface AB, the Nusselt number, Nup except for
o = 20° does not satisfy the empirical relation for the laminar
flow Nuy = C;Re*. The flow on the surface AB changes from
separated-reattachment flow to laminar wedge flow with the
increase in «. The average Nusselt number can be written as
follows:

N_MR = CRR62/3 (0( < 150), (1'&)

Nug = CrRe'? (o = 20°). (1b)

The top and rear surfaces are always exposed to a separated
flow, therefore those Nusselt numbers satisfy the same relation
as Nu o Re*, reported in the papers (Igarashi and Hirata,
1974; Igarashi, 1985b, 1986a, 1987).

Nu, = CyRe?? (a0 = 0-20°), 2)

Nug = CRe*? (a0 = 5-20°). 3)

The variations of the above parameters Cr, C, and C, with o
are plotted in Fig. 12. In the same figure, the estimated value of
Cy, which will be discussed later, is also represented by the
symbol 0. For o = 0°, the heat transfer enhancement occurs at
the top and bottom surfaces due to the separated-reattach-
ment flow. On the contrary, that for o« = 5° is caused by the
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Fig. 11. Average heat transfer on each surface A Nu; — front face DA;
O Nug — reattachment (bottom) face AB; [ Nuy, — rear face BC; > Nu, —
side (top) face CD.
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Fig. 12. Variation of the constants C;, Cg and C, for the average heat
transfer on each face. O Cr — reattachment face AB; @ C; — side (top)
face CD; B C, — rear face BC; [J C,, — estimated values obtained from
Eq. (6).

turbulent reattached flow on the lower surface. For o > 5°, the
average Nusselt number on each individual surface decreases
with increases in «. The overall Nusselt number, Nuy,, is pre-
sented in Fig. 13. The following correlation is proposed:

Nitm = CquRe?? (2= 0-10°, Re > 4 x 10%). (4)
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In the range o= 0-5°, the value of C, = 0.085, which is
slightly smaller than 0.095 used for the case of ¢/d =4 (Igar-
ashi, 1986a). The overall heat transfer has a maximum at
o = 5°. The results of the present study agree well with those
reported by Tanaka et al. (1983). They concluded that the
optimum angle of attack for the case of inclined louvered-fin
heat exchanger is 5°. Furthermore, this optimum angle leads to
achieving the maximum heat transfer due to the separated—
reattachment flow and is independent of the width/height
ratio, c¢/d, of the rectangular cylinder.

3.7. Correlation between heat transfer and fluctuating pressure in
separated region

Igarashi and Hirata (1974) reported that the heat transfer
coefficient in separated flows can be closely correlated to the
flow parameters, d,,/d and U;/U. The average Nusselt number
Nuy, and constant Cy, on the rear surface BC is represented by
the following general equations:

Nuy, = 0.1012/(dy, /d)]"*[(U,/U)Re]*, (%)

Cy = 0.126[(1 — Cpy) /(dw /)] (6)

Substitute the experimental results presented in Figs. 5 and 6
into Eq. (6), the values of C, for different angle of attack are
calculated and shown using symbol [J in Fig. 12. The calcu-
lated value is slightly higher than the present measured value in
the case of & = 0° and 5°, but agrees satisfactorily with the
measured value for o= 10°. The heat transfer coefficient in the
region of flow separation can also be closely related to
the fluctuating pressure coefficient, Cp’ (Igarashi, 1986a,b,
1987). In the cases of o = 0° and 5°, the results of calculation
using the empirical relation between the Nusselt number and
new dimensionless number, 1/Cp/Re, are plotted in Fig. 14. The
solid line in this figure represents the results reported in the
paper (Igarashi, 1986a) for the case of ¢/d in the range 2.0-4.0
and o = 0°. The empirical relation can be written in the fol-
lowing form:

Nuy, = 1.4(y/Cp'Re)"™™. (7)

The present experimental data agree approximately with those
calculated by using Eq. (7).

80T
60

£
12

40

20— 6'153 2 % 6
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Fig. 14. Correlation between heat transfer on the rear face and fluc-
tuating pressure coefficient.

4. Conclusions

Experimental studies on the fluid flow and heat transfer
phenomena around rectangular cylinder having width/height
ratio ¢/d of 5 using air as working fluid were carried out for
Reynolds number, Re in the range 2600-12 800. The angle of
attack was varied from 0° to 20°. The results led to the fol-
lowing conclusions.

1. At o = 0°, the behavior of the separated-reattachment flow
on the top and bottom surfaces is periodic. For o above 5°,
the reattachment flow on the bottom surface becomes stable
and the flow on the top surface becomes fully separated flow.

2. On the surface, where flow reattachment occurs, the turbu-
lence intensity in the region downstream the location of re-
attachment exceeds 20%. However, for «=15°, the
reattached flow become laminar, because the separation
bubbles formed at the leading edge becomes smaller.

3. The heat transfer on the front face for o« < 20° is not lami-
nar in nature, because of the fluctuation of the front stagna-
tion point.

4. The heat transfer on the bottom surface for « > 5° decreases
with the increase in «. The Nusselt number Nu is propor-
tional to Re*? for o in the range of 0° to 15°, due to the sep-
arated-reattachment flow. Whereas Nu is proportional to
Re'/? for o = 20°, due to its similarity with wedge flow.

5. The heat transfer coefficients on the rear and top surfaces,
where flow separation occur, decrease with the increase in
o, and the corresponding Nusselt numbers Nu are propor-
tional to Re?>. In the case of « > 10°, the heat transfer coef-
ficients on the rear surface agree well with the result in the
region of flow separation for bluff body reported in a previ-
ous paper.

6. The heat transfer coefficient on the rear surface for « = 0°
and 5° is almost equal to that obtained by the following em-
pirical equation, which is developed for rectangular cylinder
having ¢/d in the range 2-4 and « = 0° on the basis of the
rms fluctuating pressure coefficient

Nuy, = 1.4(y/Cp/Re)™™.
7. Setting of @ = 5° leads to the maximum overall heat trans-
fer coefficient.
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