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Abstract

The flow in a symmetric expansion plane channel is known to deflect to one side of a channel even at a low Reynolds number due to
the Coanda effect. Details of flow structure have been investigated by various authors; however, there have been a few works conducted
in the area of on heat transfer. This paper presents experimental results of turbulent heat transfer in separated and reattached flows in a
symmetric expansion plane channel. Experiments were conducted using a low-speed open-circuit wind tunnel. The step H was 20 mm
high and 200 mm wide, with an expansion ratio of 2.0. The Reynolds number based on the uniform flow velocity at step and H was var-
ied from 5,000 to 35,000, respectively. The mean and turbulent fluctuating velocities were measured using mainly two types of split film
probe. A cold single wire probe was used for measuring the mean and turbulent fluctuating temperatures. It was found that the local Nus-
selt number profile was considerably different on the upper and lower walls due to the Coanda effect, which is was caused by instability
between the upper and lower separated shear layers. Empirical formulae for the maximum Nusselt number in the reattachment region are
hereby proposed for the upper and lower walls, respectively. The two formulae are well correlated with the previous general formula
proposed. The location of maximum Nusselt number is found to be very close to the flow reattachment point. Details of the velocity and
temperature fields were clarified and their correlations with the heat transfer characteristics described above investigated. Furthermore,
the wavelet transformation methodology was employed to study instantaneous flow and temperature behaviors, which exhibited its use-

fulness in the study of the present complicated flow and temperature fields.
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1. Introduction

The importance of the prediction of heat transfer in the
separated, reattached, and redeveloping regions of incom-
pressible or compressible flow is recognized in relation to
many types of heat exchangers. Thus, numerous experimental
and numerical works have been conducted on this area.

These previous papers have been reviewed by several au-
thors [1-5]. It has been noticed that the flow structure in the
separated and reattached regions is extremely complicated,
this means that the details of the turbulent heat transfer
mechanism are presently not yet fully understood.

A symmetric expansion plan channel consists of a basic
geometrical configuration in which the separation and reat-
tachment of flow occurs. There have been several experimen-
tal and numerical studies concerning the flow in the channel.
Studies have clarified that the flow in the channel deflected to
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one side of the wall even at a low Reynolds number due to the
instabilities of the separated shear layer (i.e., the so-called the
Coanda effect). On the other hand, only a few studies have
been conducted on turbulent heat transfer in the channel [6-8]
even though several numerical results at low Reynolds num-
bers have already been reported [9-12]. These previous works
have been extensively reviewed by Ota [5].

The purpose of the present study is to experimentally inves-
tigate the turbulent heat transfer in the separated, reattached,
and redeveloping regions in a symmetric expansion plane
channel. Details of the flow and temperature fields are clari-
fied to study their correlations with heat transfer characteris-
tics.

2. Experimental apparatus and procedures

The experiments were carried out in a low-speed open- cir-
cuit wind tunnel driven by an axial blower at inlet [13]. Fig. 1
illustrates the experimental apparatus and test section.

It is a rectangle with a height of 500 mm, a width of 200
mm and length of 1,500 mm, which is similar to those used in
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Fig. 1. Experimental apparatus and test section.

previous studies [14, 15]. In the present experiments, a sym-
metric expansion plane channel was constructed in the central
part of the test section. The height of the upstream channel W,
was 40 mm, while that of the downstream W; was 80 mm,
producing a step height H=20 mm. The expansion ratio E.R.
(=W1/Wy) was equal to 2.0 in the present study. Furthermore,
the channel width W> was 200 mm as described above, re-
sulting in an aspect ratio of A,R. (W,/H) of 10.0.

Fig. 2 illustrates the test configuration, several important pa-
rameters, and coordinates employed. In the present study, both
the upper and lower surfaces downstream of the step were
heated, while conducting electric current to a stainless steel
foil of 0.03 mm thick and 200 mm wide stuck onto both steps
of the plate. The heat transfer experiments were conducted
under a condition of constant heat flux q,, which varied from
50 to 1,000 w/n’, depending on the free stream velocity U, to
avoid increasing the wall temperature.

The wall temperature T,, was measured using 0.05 copper-
constantan thermocouples embedded onto the plate surface
inside the foil.

During the temperature measurements 7 and ¢’ in the flow
field, a tungsten cold wire of 5 pm was used. The mean and
turbulent fluctuating velocities U, V, u; and v " were measured
using two types of split-film probes of 150 pm heating the
walls. A single hot wire probe of 5 um was also used in the
flow along with constant temperature anemometers.

Buoyancy was considered, and the difference between the
mainstream and wall temperature was established in a small
size to reduce the effect of buoyancy.

The wavelet transformation method [16, 17] was employed
to investigate instantaneous flow and temperature behaviors,
because of the method’s usefulness in the study of the present
complicated flow and temperature fields. The Gabor function
was utilized as a wavelet function in the present study. The
present experiments were conducted in a range of free stream
velocity U, from 3.5 to 18.8 m/s, and the corresponding Rey-
nolds number being based on H and U, from 5,000 to 35,000,

Y

Heated Surface

Fig. 2. Flow configuration and coordinates.

the velocity profile at the step was found to be symmetrical to
the center line of channel although it had a rather parabolic
shape. The turbulence intensity in the central section was
about 2% of the free stream velocity. These results suggested
that the free stream in the present experiments was under a
developing state.

Detailed measurements of the velocity and temperature
characteristics in the flow were carried out at Re=15,000,
since the experimental condition was very stable.

3. Experimental results and discussion

Fig. 3 presents the local Nusselt number (Nu) distributions
both on the upper and lower walls in the Reynolds number
range examined. The main flow entering into the downstream
channel deflected upward, forming a short recirculation region
along the upper wall and another along the lower wall. The
separated shear layer developed to the downstream and was
diffused by the high shear stress. Accordingly, a thin shear
layer reattached onto the upper wall, resulting in a higher heat
transfer coefficient and a thick shear layer reattached onto the
lower wall produced a lower heat transfer coefficient. As can
be clearly seen from the figure, Nu increased steeply to the
downstream on the upper wall, attained a maximum, and sub-
sequently decreased monotonically.

On the other hand, Nu on the lower wall varied slowly
compared to the upper wall. Fig. 3(c) directly compares the
local Nu distributions at Re=15,000 on both the upper and
lower walls. As can be seen, Nu is very different in the sepa-
rated and reattached regions but its difference quickly disap-
peared to the downstream, suggesting an early development of
the thermal boundary layers on both walls.

Fig. 4 shows a variation of the maximum Nu with Re both
on the upper and lower walls. Included in the figure are the
empirical formulae analyzed in the present study. It is very
clear that a difference between those on the upper and lower
walls increased with an increase in Re, which reached up to
about 45%.

Npax = 0.079 (U H)™"" (upper wall) 1)
Nt = 0.053 (U,ee H)" "' (lower wall) )



S.-K. Park and T. Ota / Journal of Mechanical Science and Technology 24 (4) (2010) 857~863 859

Re
> D
° 15000
100 = $ ;?% al
- 30000
e . - 35000
o NN R I R
:99 5'0990000:;:;: ; b . 5 & S 5 5
1 1 1 1
0 10 20 30 X/H 40
(a) Upper wall
150 T T T Re T
2 2 =
. iﬁmﬂ
100 = — L ,Q%g -
S33ieeeasttnng, | N
50 |y 35e000020000000003 2 0 N ]
- Frreonie RO IIC
;!5:;9'°°°°°°°°¢eoo° o ; : ; ; ; - :
1 1 1 ‘l’ 5
0 10 20 30 X/H 40
(b) Lower wall
150 . . | v
= -
]m B - ower wal h
sof _° :Za. - o
ot e"" Uit a s e, ., . 2
1 1 1 1
0 imn 20 30 X/H 40
(c) Re=15000
Fig. 3. Local Nusselt number.
150 T T T y
5[ e hmH/}L-‘=(}.079{Unf‘1/v)""’” P
£ L 3 0.712 /6 1
2: — g HA=0.053(U,4/Y) o
O Upper Wall O// |
o0k @ Lower Wall 1 -
0k -
! ] !
0 10000 20000 30000 40000
Re

Fig. 4. Maximum Nusselt number.

It is interesting to note that the power of Re is almost equal to
the other, both on the upper and lower walls.

Fig. 5 shows the surface velocity Us and the reverse flow
rate Ir near the wall (3v above the wall surface) along with the
Nu at Re=15,000.

In the present study, the reverse flow rate was measured
with a split film probe. It may be reasonable to define a reat-
tachment region as a stream-wise distance between Ir=0.1 to
0.9, which extends from about 4 to 6H along the upper wall,
and from about 10.5 to 17.5H along the lower wall, respec-
tively. Such a large difference results in a great variation of
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Fig. 5. Reverse flow rate, surface velocity (y=3 mm), and local Nusselt
number at Re=15,000.
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Fig. 6. Reattachment length and point of Nuy.

Nu distribution shown in Fig. 3. It can also be detected that the
surface velocity becomes nearly equal to zero in the neighbor-
hood of a stream-wise location at Ir=0.5. Thus, it is reasonable
to define a time-averaged flow reattachment point as the point
of Ir =0.5.

Fig. 6 presents the reattachment length Xy along with the
point of the maximum Nu Xy,max- On the upper wall, Xyumax 1S
almost equal to Xg, and its variation with Re is very small.
However, on the lower wall, Xyuma appeared to be smaller
than Xy, suggesting that Nu attained its maximum upstream
flow reattachment point, although it is not easy to determine it
accurately because of the slow variation of Nu, as shown in
Fig. 3.

Fig. 7 illustrates the maximum Nu based on the reattach-
ment length as a function of the Reynolds number based on
Xgr- An empirical formula proposed previously by Ota et al.
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Fig. 9. Mean velocity in the Y-direction.

[3] is included for comparison in Fig. 7. They presented this
formula by thoroughly surveying numerous published data.

In the present study, the free stream velocity at the step was
assumed to be nearly equal to the velocity along the separated
shear layer. From the results, it is clearly shown that the em-
pirical formula proposed by Ota et al. correlated well with the
present experimental data. These results illustrated that the
diffusion of the separated shear layer strongly dominated the
heat transfer characteristics in the reattachment flow region.

Figs. 8-14 illustrate the mean and turbulent fluctuating ve-
locities and temperatures along with the turbulent shear stress
at Re=15,000. The velocity profile U at X/H=1.0 just down-
stream of the step is symmetrical to the channel center line,
with the main flow deflecting upward and subsequently shift-
ing downward in the downstream region.
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Fig. 10. Turbulent fluctuating velocity in the X-direction.
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Fig. 11. Turbulent fluctuating velocity in the Y-direction.
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The maximum value of the reverse flow was attained at
about 0.20U,; and 0.17U, near the upper and lower walls in
the recirculation regions, respectively. The main flow retained
U, until about X=6H and subsequently decreased to the
downstream due to the diffusion of the separated shear layer,
as shown in Fig. 8. The velocity V was first observed to be
positive in the main flow region because of the upward deflec-
tion of the lower; however it became negative while exhibiting
the downward deflection (Fig. 9). The maximum positive
value of V is about 0.06 U, while its negative value is about
0.08 Uy

Figs. 10 and 11 show two components of turbulence inten-
sity; it is clear that both profiles are very similar in shape al-
though their values are different. Peaks were detected along
two separated shear layers, which developed to the down-
stream as interference for each other. It was found that the
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order of magnitude of v',,s was roughly equal to that of V and
its maximum exceeded 0.08 U, On the other hand, u'., at-

tained a maximum of 0.19 U, in the reattachment flow region.

Fig. 12 presents the turbulent shear stress at several stream-
wise cross sections. In the present experiments, the measure-
ments of —u"v' with low uncertainty were not made in the
flow region of Ir>0.1 due to the difficulty of simultaneous
measurements of u’ and v’ with high reliability.

However, such discriminating data are included in the fig-
ure since they may be useful in investigating the turbulence
characteristics, at least on a qualitative basis. The turbulent
shear stress increased its magnitude along with the develop-
ment of separated shear layer, after which it reached a maxi-
mum in the reattachment flow region on both the upper and
lower walls.

Figs. 13 and 14 show the mean and turbulent fluctuating
temperature distributions. In the recirculation region, the mean
temperature rises rather steeply near the wall surface and also
in the separated shear layer, suggesting the existence of two
thermal resistance layers.

The turbulent fluctuating temperature profile is rather simi-
lar in shape to that of the mean temperature presented in Fig.
12 in the entire temperature field examined in the present
study. These mean and turbulent fluctuating velocity and tem-
perature results characterize the heat transfer behaviors de-
scribed previously.

Fig. 15 shows representative results of the power spectrum
of v' at points of the outer edge of the separated shear layer
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Fig. 15. Power spectrum of v'.
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Fig. 16. Wavelet power spectrum of v'.

(U/Upax = 0.99). 1t is clearly shown that two dominant fre-
quencies have been observed at about f<10Hz (fH/U¢ <0.02)
and f<170Hz (fH/U<0.32). The former corresponds to a low
frequency flapping motion of the separated shear layer, while
the latter corresponds to a high frequency of small vortices
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formed by the Kelvin-Helmholtz instability.

A clear dominant frequency was found at f=30Hz (fH/ U~
0.55) in the downstream, indicating a development of vortices
and their shedding from the reattachment flow region. Profile
shapes of the power spectrum and the dominant frequency
were nearly the same on both the upper and lower walls. This
phenomenon may have been brought about by the unification
of two shear layers separated at the upper and lower corners of
the step. Large-scale vortices were shed frequently to the
downstream from the reattachment region. The main flow at
low temperature was entrained into the reattachment region,
resulting in a high heat transfer coefficient therein. It has been
recently been noticed that there are several unsteady features
in large-scale organized structures that randomly deformed
and broke off with time (Ishikawa [18]. The wavelet transfor-
mation method is useful in investigating the instantaneous
characteristics of the flow.

Fig. 16 illustrates typical results of the wavelet transforma-
tion of v'. It was found that a low frequency region originating
from the low frequency flapping motion of the separated shear
layer was dominant just downstream of the separation point
(Fig. 16(a)).

In the reattachment flow region shown in Fig. 16(b), the en-
ergy was dispersed in a wide frequency range, while a low
frequency region, including the vortex-shedding frequency,
was dominant in the redeveloping region downstream of the
reattachment point (Fig. 16(c)).

4. Concluding remarks

Experimental investigations were conducted to clarify the
details of turbulent heat transfer in asymmetric expansion
plane channel of expansion ratio 2.0. According to the results,
the distribution of the local Nu was exhibited extremely dif-
ferently on the upper and lower walls. This originated from
the Coanda effect, which was caused by the instability be-
tween the upper and lower separated shear layers. The stream-
wise variation of Nu was great on the upper wall, accompany-
ing a short recirculation region, while it was rather gentle on
the lower wall accompanying a long recirculation region.

Empirical formulae were proposed for the maximum Nu in
the reattachment flow region on both walls. It was found that
the stream-wise point of Nu,,, was located very close to the
flow reattachment point. Furthermore, the present results of
the maximum heat transfer coefficient correlated well with the
previous formula proposed by Ota et al. [10, 11, 15], in which
the reattachment length was employed as a reference length.
Meanwhile, the mean and fluctuating velocities and tempera-
tures were measured at Re=15,000 in a wide stream-wise
range. Mean velocity profiles clarified the general flow struc-
ture deflected by the Coanda effect, and the turbulence pro-
files reflected the development of the separated shear layer
and its correlation with the heat transfer characteristics. The
power spectrum of the velocity fluctuation revealed that the
dominant frequency of large scale vortices shed from the reat-

tachment region was nearly equal to 0.70U¢/X, on both the
upper and lower walls.

The wavelet transformation of the velocity fluctuation was
found to be useful in investigating the instantaneous features
of the complicated separated and reattached flow.
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Nomenclature

AR Aspect Ratio (W»/W,)

Eg . Power spectrum of X

E.R. . Expansion Ratio (W/W)

f : Frequency

H : Step Height

h . Heat transfer coefficient (qQW/ (Ty-Trer))

I . Reverse flow rate

Nu . Nusselt number (hH/A)

Pr : Prandtl number

Qw : Heat flux per unit area and unit time

Re . Reynolds number (U,/Y)

T,t' : Mean and fluctuating temperatures

Uy’ : Mean and fluctuating velocities in X-direction
V' Mean and fluctuating velocities in Y-direction

Wo, W, Upstream and down stream channel, heights

XY Coordinates

X iNumax Stream-wise distance step to a point of maximum
Nu

Xk . Time averaged reattachment length

A0 : Thermal conductivity and kinematic viscosity

Subscripts

/ : Lower wall

max : Maximum

rms . Root mean square

s : Near wall

u : Upper wall

Superscripts

- Time averaged
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