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ABSTRACT

To clarify the mechanism of fluid flow and heat trans-
fer in a near wake region of a circular cylinder in a uniform
cross-flow, unsteady and 3-dimensional characteristics of the
flow field and the heat transfer were measured using the flow
direction probes for instantaneous velocity and flow direc-
tion and small dynamic heat flux sensors for the instanta-
neous heat transfer coefficients of the axial direction and
around the circumference. These data are processed under

the condition of the frequency of Karman vortex shedding.

The flow field in the separated region of a circular cylinder
can be divided into three regions: (1) 160" = @, the alterna-
tive boundary layer flow interlocked with Karman vortex
shedding, (2) 130" = ¢ <160° , the region affected by the
concentration of the vortex and Karman vortex shedding, and
(3) 78° = # <130° , the region governed by the entrain-
ment flow of a separated shear flow. In the region of (1), the
streamwise flow is accelerated and the reverse flow is decel-
erated. Three-dimensionality of the axial direction is shown
by the characteristic length, which is one cylinder diameter
in the range of this study.

NOMENCLATURE

d : cylinder diameter

f : frequency

h : instantaneous heat transfer coefficient
PH: phase

Re : reynolds number=Ud/ v

Sv : output of sensor wire

U : mean velocity

u : velocity

u' : fluctuating velocity

X : distance of streamwise direction

Y : distance of radial direction of cylinder
Z : distance of axial direction of cylinder
# : angle

T @ time

Subscript

(7): phase mean
INTRODUCTION

In order to clarify the mechanism of flow field and heat
transfer in a separated region of a circular cylinder in a uni-
form crossflow, many investigations covering a wide range
of Reynolds number have been performed over a long period
of time. Recently, with the development of computers and
techniques of flow visualization, useful results of these
problems at low Reynolds number have been obtained nu-
merically and qualitatively. However, in the region of high
Reynolds number, information in the near-wake region has
still not been clarified, because the flow field is unsteady and
exhibits 3-dimensional behavior. Therefore, accumulation of
time and partial data is indispensable.

Unfortunately, a hot wire anemometer is not available
for the flow field where the instantaneous flow direction will
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change, and as described in many papers (Jones,1977), there
are few effectual sensors which can be applied to the partial
measurement of the heat transfer coefficient described above.
This is due not only to sensitivity but also to space resolution.

Conventionally, some studies (Williamson, 1989;
Yokoi and Kamemoto, 1991) have reported on the 3-dimen-
sional behavior of the flow field. They discussed the rela-
tionship between the boundary separation and the separated
shear flow in the wake region of the circular cylinder. How-
ever, no studies have been performed to show the relation-
ship between the 3-dimensional flow structure and the heat
transfer mechanism.

On the other hand, models of the heat transfer mech-
anism in the separated region were proposed by Igarashi and
Hirata (1973) and Sano and Nishikawa (1964). However,
these models were based on results of time-averaged heat
transfer coefficients around the circumference. They took the
periodic shedding of Karman vortex into consideration, but
were not verified with experimental results of the flow field.

On the basis of these results, in this report, two mea-
surement techniques were improved and developed for fluid
flow and heat transfer. One is a flow direction probe
(Westphal et al, 1981) to determine the instantaneous veloc-
ity and flow direction. The other is a small dynamic heat flux
sensor (Kawamura et al, 1987) to determine the instanta-
neous heat transfer coefficient. We accumulated the instanta-
neous heat transfer distributions of the axial direction and
around the circumference. These data are processed under
the condition of the frequency of Karman vortex shedding.
On the basis of these data, we investigated the instantaneous
relationship between the flow field and heat transfer distri-
bution.

EXPERIMENTAL APPARATUS AND PROCEDURES

The wind tunnel used in this study was a blow-down
type with a working section of 0.3-m x 0.4-m cross-sectional
area and 2-m length. The tests were performed at a free-
stream velocity U=9-15 m/s; Reynolds number=(2.28-
3.66)x10%.

Figure 1 is a schematic diagram of the flow direction
probe in pairs mounted in the circular cylinder. The central
wire (tungsten, 5  m diameter) was heated using the same
principle as the constant-temperature hot-wire anemometer.
The temperature-sensing wires, located in front of and be-
hind the heating wire, were made of tungsten and 5 2 m in
diameter. These three wires can be moved precisely and in-
dependently of each other in the vertical direction of the wall
surface, using a rack-and-pinion device. The instantaneous
flow direction was determined by the output signal of the
sensor wire. Flow direction probes can be moved around the
circumference.

Figure 2 is a schematic diagram of the heat transfer
cylinder used for measuring the heat transfer coefficient
around the circumference of a cylinder, The measured part of
the cylinder is made of copper and both ends of the cylinder
are made of bakelite. The cylinder diameter is 40-mm. The as-
pect ratio and blockage ratio are 7.5 and 0.1, respectively.
The cylinder was heated with the sheath heater, as shown in




the figure. The cylinder for measuring the axial direction is
of the same construction as that shown in Fig,. 2.

The heat flux meters were controlled at a constant tem-
perature by temperature-feedback amplifiers, using the same
principle as the constant-temperature hot-wire anemometer.
As shown in Fig. 2, 18 dynamic heat flux meter sensors were
arrayed on the heat transfer surface. Figure3 shows the pat-
tern of a dynamic heat flux sensor, The nickel film heater (3
p I thick), which also functions as a surface temperature
sensor, was attached to a copper block with two-sided adhe-
sive tape. The film was formed into the pattern by a chemical
etching process. The temperature-compensating register,
which forms a part of a Wheatstone bridge, was adhered to a
side surface of a copper block to equilibrate the film tem-
perature accurately with temperature of the surrounding heat
transfer surface. The controlling circuit is the same as that
used in the experiment of the previous report (Kawamura et
al,1987). Static calibration of the dynamic heat flux meter
was performed during stagnation heat transfer on a cylinder.
Dynamic calibration of the heat fluxmeter was performed
under the same conditions as for static calibration with pul-
sative light radiation. The light pulse was projected from a
halogen lamp(400 W) and cut by a rotating drum shutter with
multiple rectangular windows to an on/off ratio of 1:1. The
amplitude at 150 Hz was about half that in the constant-am-
plitude region (f<< 25 Hz). Thus the time constant for the re-
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sponse of the dynamic heat flux meter, including the con-
stant-temperature controller, was estimated to be about 2.1
ms.

RESULTS AND DISCUSSION

Results of frequency analysis of the hot-wire signal and
sensor wire signal of the flow direction probe are shown in
Figs. 4(a) and (b). The frequency of Karman vortex shedding
is 100 Hz at this experimental velocity. Comparing the two
figures, @ =130° , we find that neither shows the peak at a
specified frequency. This corresponds to the secondary vor-
tex region discussed by Boulos and Pei(1974) and to the
hump region appearing in the heat transfer distribution in the
case (Mabuchi et al, 1974) of a splitter plate inserted into the
wake region, When 6 =140 | the output of the sensor wire
shows a peak only at 100 Hz. This means the change of the
flow direction interlocks the shedding of the Karman vortex.
Conversely, results of the hot-wire signal show the peak at
the double frequency (200 Hz) of Karman vortex shedding in

the case of # =180" and two peaks, at the shedding fre-
quency (100 Hz) and the double frequency (200 Hz), in the
case of # =170 . Then, when § =160" , the peak is shown
only at 100 Hz. This means that flow is not induced by vor-
tex formation from upstream of @ =160" to downstream. In
fact, at § =160" , the catching ratio of streamwise flow by
the flow direction probe is less than one-half of that of re-
verse flow, but 80° = # =130° , both catching ratios are
of the same order.

Output of the hot-wire of the flow direction probe has
high frequency of turbulence in addition to the frequency of
Karman vortex shedding, as shown in Fig. 5. In order to ana-
lyze the change of velocity in a periodic time of Karman
vortex shedding, data were processed by computer after
smoothing and dividing into 16 phases in a periodic time. As
shown in this figure, the high frequency component defined
by the relation of u'=U-u does not have a specified frequency.
In the frequency distribution of velocity in each phase, their
variances gradually increase as # increases. This reflects on
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the entrainment flow being covered in this region (140" <
8 = 180" ) while a vortex is formed and shed. Figure 6
shdows changes in the arithmetical mean velocity of each
phase during a periodic time. Generally, reverse flow is
larger than streamwise flow, regardless of & . Furthermore,
the flow changes from streamwise flow to reverse flow as a
sine wave and alternately accelerates and decelerates. Both
flows show the maximum velocity at the central phase.

Figure 7 shows examples of changes in the radial direc-
tion distribution of mean velocity at each phase. The distri-
butions at each phase are similar to the boundary layer ve-
locity profile.

Characteristics of instantaneous heat transfer

At first, it was confirmed that the distributions of total
time-averaged heat transfer coefficients with respect to 4
agreed very well with the conventional results. Furthermore,
the mean value, which numerically integrates this distribu-
tion over all angles, agreed fairly well with the result of
McAdams (1954).

The result of frequency analysis of a dynamic heat flux
sensor's output signal is shown in Fig. 8. The frequency char-
acteristic of the sensor signal agrees well with that of the hot-
wire signal, as shown in Fig. 4(a). Therefore, this suggests
that instantaneous heat transfer coefficients in the separated
region become large due to the effect of periodic thermal
boundary layer renewal caused by the alternative boundary
layer flow formed near the wall, interlocking with the fre-
quency of Karman vortex shedding.

Considering the above result, all signals of sensors
were measured simultaneously with the signal of the hotwire
which was inserted downstream of the cylinder and by which
the waveform of velocity fluctuation due to Karman vortex
shedding was measured.

Figure 9 shows the axial distribution of the phase-mean
heat transfer coefficients around 4 =80° . As described con-
ventionally, the value around the separated point changes
periodically, not only within one periodic time but also in the
axial direction.

Figure 10 shows the axial distribution of the phase-
mean value at the rear stagnation point ( 4 =180° ) within
one periodic time. As shown in Fig. 8, hat §=180" changes
with a period of the double frequency of Karman vortex
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shedding. Furthermore, even if h is the averaged value of
each phase, a change in axial direction is observed.
As described in a series of figures of the phase-aver-
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Fig.8 Frequency analysis of heat flux sensor signal
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Fig.12 Time change of h around the cylinder

aged value, h changes in the axial direction. It can be consid-
ered that there is an effect of 3-dimensionality of the flow,
and this means that the separated shear flow has three-dimen-
sional behavior. Figure 11 shows the time change of instan-
taneous heat transfer coefficients at # =180 . As shown in
this figure, the peak value of the output waveform moves in
the axial direction with a given period of timelag. Further-
more, it seems that the movement is not monotonous but dis-
continuous. As the measuring distance is insufficient, it is not
clear whether the same behavior is repeated periodically or
not, but it seems that the moving behavior has a certain
wavelength; that is, it is equal to about one diameter of the
cylinder in this experiment. The measurement should be
done again, using a cylinder with a different diameter. How-
ever, it is very important that this value be on the extension
of the line given Yokoi and Kamemoto (1991) who obtained
the result using the flow visualization technique in the range
of Reynolds numbers from 170 to 1340.

Figure 12 shows the time change of local instantane-
ous heat transfer coefficients around the circumference.
Nothing has been reported, so far as the authors have de-
termined from the literature, about this kind of result. As ex-
pected, the heat transfer in the region of the laminar bound-
ary layer is extremely stable, and there is a symmetry about
the front stagnation point. However, in the separated region,
the effect of Karman vortex formation is very complicated
and the heat transfer mechanism is intricate; for example, the
maximum value of h is not always at the rear stagnation
point. In order to discuss the heat transfer behavior in detail,
the time change of local instantaneous heat transfer coeffi-
cients in the separated region is shown in Fig. 13. As shown
in this figure, the region of -160° = 0 =<+160° and the re-
gion of+80° = § < +160° (-80° = § <-160° ) are ex-
tremely different in their degrees of fluctuation. In-160" =

0 = +160° , the maximum value moves from @ =+160°
to 0 =-160° through # =180° with time, and then moves
from 0 =-160° to 0 =+160" through 4 =180° with time.
According to the tesult of the phase-mean value, it crosses
the point of & =180° twice within one periodic time. This
can also be explained in terms of the result of frequency
analysis (Fig. 8). Thus, in interlocking with the frequency of
Karman vortex shedding, the alternative boundary layer flow
is formed on the wall near the rear stagnation point.This ex-
perimental result conflicts with the model of the rear stagna-
tion flow (Igarashi and Hirata, 1973).

On the other hand, in +80° = # <+160° , it seems

that the fluctuation of h is small and has constant periodicity.

As shown in Fig.11, the distribution of h shows the hump in
+80° = 0 =+130° . This may be explained by the effect of
the separated shear flow, that is the vortex concentration due
to the development of the shear layer. However, the behavior
in the region of +130° < ¢ <+160° 1is not clarified.

CONCLUSIONS

Unsteady characteristics of the flow field and time se-
ries data of the instantaneous heat transfer coefficient were

Fig.13 Time change of h in the separated region

accumulated. A summary of the results and considerations

follows.

(1) Flow field in the separated region of a circular cylinder
can be divided into three regions; that is,

@160° = @, the alternative boundary layer flow inter-
locked with the frequency of Karman vortex shedding,
@130° = 0 <160° , the region affected by concentra-

tion of vortex and Karman vortex shedding.
@78° = 6 <130° , the region governed by the entrain-
ment flow of a separated shear flow.

(2) In the region of (1), the streamwise flow is accelerated
and the reverse flow is decelerated.

(3) Three-dimensionality of axial direction is shown by the
characteristic length, which is one cylinder diameter in
this experiment.

(4) The peak of instantaneous heat transfer coefficients
moves from 6§ =+160" to # =-160" through ¢ =180°
and then moves again. This movement is repeated with
the frequency of Karman vortex shedding.

(5) Close agreement between the characteristics of fluid
flow and heat transfer was obtained.
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