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Abstract

Flow and thermal control downstream of a backward-facing step has been performed in order to achieve heat transfer

enhancement by introducing small disturbance with electromagnetic flap actuators on the step edge. Flap oscillation frequency and

amplitude were both changed variously under the laminar flow condition. As the flap oscillation frequency increases, heat deteri-

oration area just behind the step rapidly decreases its size until the oscillation Strouhal number Sr equals up to 0.35, but increases

once and then intensively decreases again. Thus, the largest heat transfer enhancement is obtained at the highest oscillation fre-

quency Sr ¼ 4:0 within the studied frequency ranges, though sub-optimum frequency around 0:2 < Sr < 0:35 is also obtained. From
velocity measurements by PIV, it was found that intensifications of two different fluid motions, i.e., a large-scale unsteady vortex and

a downward high-speed flow, are the main cause to enhance the heat transfer in the sub-optimum and in the high-frequency

conditions, respectively.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Flow with separation and reattachment has inten-

tionally been used for many thermo-fluidic devices as
one of the heat exchange elements due to its high heat

transfer performance around the flow reattachment re-

gion. In particular, as the simplest geometry to generate

the flow separation and reattachment, the fundamental

flow and thermal characteristics over a backward-facing

step have been focused and intensively investigated both

experimentally and numerically so far (Eaton and

Johnston, 1981; Aung, 1983; Armaly et al., 1983; Vogel
and Eaton, 1985; Kondoh et al., 1993). In terms of the

heat transfer aspect, it is well known that heat transfer

deterioration inevitably occurs due to the flow re-cir-

culation just behind the step though large heat transfer

enhancement is achieved downstream there. Therefore,
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to find the ways to recover this heat transfer deteriora-

tion is also one of the on-going research targets.

By the way, most of the available results for the

backward-facing step flow in the previous studies were
obtained under large aspect ratios assuming the flow

and thermal fields kept two dimensional, that is, previ-

ous discussions were made about the results obtained

along the centerline of the stepped channel. However,

more recently, since Papadopoulos and Otugen (1995)

has suggested the three dimensional flow structure of

this flow system, new investigations of complex flow

structures downstream the step including the effects of
three dimensionality and unsteadiness have been started

(Chiang and Sheu, 1999; Iwai et al., 2000; Nie and

Armaly, 2002; Inaoka et al., 2002; Carrington and

Pepper, 2002). Such complex flows affect thermal field

and produce unique heat transfer distribution. For

example, the lowest heat transfer is obtained near the

side wall caused by a pair of tornado like vertical vortex

and heat transfer recovery is obtained by the motion of
unsteady spanwise vortex generated in the separation
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Nomenclature

a0 oscillation amplitude of flap actuator

f oscillation frequency of flap actuator

Nu local Nusselt number¼ qwS
kðTw�TinÞ

Nus spanwise mean Nusselt number

qw heat flux on the bottom wall

Re Reynolds number¼ UmS
m

S step height

Sr oscillation Strouhal number of flap actua-
tor¼ fS

Um

Tin fluid temperature at the inlet

Tw temperature on the bottom wall

U streamwise velocity

Um streamwise mean velocity just upstream the

step

WD Width of the duct

x, y, z streamwise, wall-normal, spanwise coordi-

nates, see Fig. 2

k thermal conductivity of water
m kinematic viscosity of water

Fig. 1. Schematic view of an experimental apparatus.
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shear layer downstream the step. Maximum heat

transfer appears near the side wall region even if the flow

Reynolds number is varied both for laminar and tur-

bulent flow regime whereas the streamwise location of it

moves depending on the Reynolds number (Inaoka

et al., 2002).

Generally in the separation shear layer, vortex mo-

tion is well known to be quite sensitive to the initial state
of the separation shear layer. This implies the possibility

to control the flow and thermal characteristics by

introducing the small disturbance into it. From this

point of view, in order to control the flow field over the

backward-facing step, various attempts by introducing

different types of small periodical disturbance at the step

edge have been tried both experimentally and numeri-

cally (for instance, Bhattacharjee et al., 1986; Hasan,
1992; Chun and Sung, 1996; Chun et al., 1999), and

useful results have been obtained so far. Among them, a

couple of common results have been observed, for

example, larger disturbance achieves larger flow modi-

fication so that the flow reattachment length is drasti-

cally minimized. Another point worth to note is that an

optimum disturbance frequency exists, that is, the larg-

est flow modification or the minimum flow reattachment
length is obtained at a certain disturbance frequency.

However, to the authors’ knowledge, few heat

transfer data are available to judge whether such flow

disturbance is effective to recover the heat transfer

deterioration inevitably generated behind the step.

Therefore, in the present study, to see the possibility to

achieve better heat transfer enhancement or heat trans-

fer control of this flow system, a basic heat transfer
experiment has been conducted when the flow has sub-

sequently been disturbed. For this purpose, subsequent

flapping of miniature electromagnetic actuator was

introduced on the upstream surface of the step. Because

quite unique heat transfer distributions were revealed

for undisturbed duct flow with backward-facing step in

the previous study (Inaoka et al., 2002), spatial distri-

butions of heat transfer coefficient on the bottom wall
downstream the step were again measured by thermo-
sensitive liquid crystal sheet. In addition to that, to see

the relationship between the heat transfer data and flow

structure, velocity measurements by PIV were also

conducted in the flow re-circulation area for the repre-

sentative cases.
2. Experimental apparatus and procedures

Fig. 1 shows a schematic view of an experimental

apparatus used in this study. Experiments were con-

ducted in a close water channel consisted with an up-

stream tank, honeycombs, wire meshes, a contraction, a

developing channel, a test section and a downstream

tank. Water was driven by head difference between the

upstream tank and the downstream tank. At the inlet of
the test section, which was located 1500 mm down-

stream of the contraction, fully developed laminar flow

was supplied. The test section, illustrated in Fig. 2, was

240 mm wide, 30 mm high, 500 mm long and was made

of transparent acrylic plate. Since the step was 15 mm

height in this study, the duct expansion ratio and the

duct aspect ratio upstream the step were 2.0 and 16.0,



Fig. 2. Illustrations of a test section, electromagnetic flap actuator and coordinate systems.
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respectively, the same value adopted in the numerical

simulation by Iwai et al. (2000). The origin of the

coordinate system was located at the center of the bot-

tom line of the backward-facing wall. x-, y- and z-
coordinates were set for the streamwise, the wall-normal

and the spanwise directions, respectively.

In the heat transfer experiment, distributions of the

local heat transfer coefficient on the bottom wall down-

stream of the step were measured by making use of a

thermo-sensitive liquid crystal sheet. For this, as shown

in Fig. 3, inner surface of the bottom plate was covered

with thin stainless steel foil strips of 39.5 mm wide,
500 mm long and 20 lm thick, having 1 mm spanwise

spacing with each other. These foil strips were connected

electrically in series and were heated by passing an

alternating current through them, that is, a constant heat

flux heating condition was established at the wall.

Though the side walls were not heated in this study, an

additional heating of side walls made only small differ-

ence in the heat transfer distribution on the bottom wall
in the preliminary study. The liquid crystal sheet of 75
Fig. 3. Schematic view of a test plate for the heat transfer experiment.
lm thick was glued between the heater strips and the

transparent bottom wall so as to monitor the local dis-

tributions of the bottom wall temperature. Color images

of the liquid crystal sheet were subsequently taken with a
CCD video camera through the transparent bottom

plate from outside of the test section and were converted

to the temperature distributions by making use of a

supervised learning of hierarchy neural network system

(Kimura et al., 1993). In the present heat transfer

experiment, totally more than 32 images taken at

appropriate intervals were used to obtain the time-

averaged distribution. The calibration of the image
conversion was done prior to every heat transfer mea-

surement. To evaluate the local heat transfer character-

istics in the following discussion, the local Nusselt

number defined based on the step height S as Eq. (1) will
be used.

Nu ¼ qwS
kðTw � TinÞ

; ð1Þ

where k is the thermal conductivity of the fluid, Tw is the

local wall temperature and Tin is the inlet fluid temper-

ature. The constant wall heat flux qw was calculated

from the electric power input through the stainless foil

strips. Heat conduction loss toward the outside of the
duct was neglected since its value was less than 0.3% of

the total heat flux. Uncertainty of the bottom wall

temperature using the liquid crystal sheet was less than

0.18 K in the present study (Inaoka et al., 2002). This

produced the largest uncertainty of the local Nusselt

number less than 4% at the maximum heat transfer

location where the smallest temperature difference be-

tween the wall and fluid temperatures was generated.
To give small disturbance to the initial state of the

separation shear layer, electromagnetic actuators made

of polyimide thin film (Suzuki et al., 1999) were intro-

duced at the step edge. Totally 20 sets of a miniature

thin actuator (10 mm wide, 15 mm long and 25 lm thick

each) and a permanent magnet (10 mm diameter, 10 mm

long and 4900 G magnetic flux each) were placed

spanwisely on the upstream surface of the step. Each



Fig. 5. Wall-normal distribution of the streamwise velocity at the

center of the duct just upstream the step.
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flap actuator was set as its trailing edge was coincided

with the step edge and the permanent magnet was cor-

respondingly embedded so as that its top surface was

flush with the upstream surface of the step. Since each
spanwise space between the neighbor actuators was

2 mm, the ratio of spanwise width where the actuators

were arranged to the duct whole width was about 0.83.

By passing a current through the copper circuit (35 lm
thick) made on the polyimide film, a magnetic field was

established around the circuit. Due to the interaction

between this magnetic field and the permanent magnet,

this electromagnetic actuator can elastically change its
position to plus and minus y directions except for its

upstream part (2 mm length) given as a fulcrum. By

passing a programmed current through the circuit, an

appropriate time-dependent oscillatory actuation, open

and close motions, can be achieved for each discrete flap

actuator. Flap oscillation frequency f and amplitude a0,
i.e., time-dependent displacement between the trailing

edge of the flap and the step wall was monitored during
the experiment by laser displacement meter. Its typical

behavior was shown for example in Fig. 4. As a basic

experiment in the present study, the simplest disturbance

condition was adopted, that is, every actuator oscillates

at the same time by introducing the same driving signal

to every actuator. As experimental parameters, flap

oscillation frequency f and amplitude a0 were both

changed variously under the laminar flow condition,
Re ¼ 1000 as for the first try. Here, Reynolds number is

defined based on step height S and streamwise mean

velocity Um as Eq. (2).

Re ¼ UmS
m

; ð2Þ

where m is the kinematic viscosity of water. Because the
largest heat transfer deterioration area has been ob-

tained at Re ¼ 1000 among other Reynolds number

cases including turbulent flow regime in the previous

study (Inaoka et al., 2002), the present Reynolds num-

ber case is expected to generate the largest effect to

minimize the heat transfer deterioration if the flap

oscillation works effectively. In the present Reynolds
number of 1000, just upstream the step, the streamwise
Fig. 4. Example of the time-dependent displacement of the actuator

(a0 ¼ 0:8 mm, f ¼ 4:7 Hz ðSr ¼ 1:0Þ).
velocity shows a parabolic shape at the center of the

duct like in Fig. 5. Two conditions were examined. At
first as for a case A, to see the effect of oscillation fre-

quency, keeping the flap oscillation amplitude a0 ¼ 0:8
mm, the flap oscillation frequency was changed in 33

steps ranging from 0 (without actuation) to 18.8 Hz.

This corresponds to the change of the flap oscillation

Strouhal number Sr, defined based on the step height

and mean velocity as Eq. (3), from 0.0 to 4.0.

Sr ¼ fS
Um

: ð3Þ
Next as for a case B, to see the effect of oscillation

amplitude, oscillation amplitude a0 was changed in 18

steps ranging from 0 to 2.4 mm under two representative

flap oscillation frequencies Sr ¼ 0:2 and 1.0.

To grasp the flow structure downstream the step, flow
visualization was also carried out. For the representative

cases, especially in the case A, instantaneous velocity

vectors in x–y plane along the centerline of the duct and
those in x–z plane near the bottom wall were measured

by 2D-PIV system. For this, nylon powders of 50 lm
diameter and 30 mJ Nd:YAG double pulse laser source

were used. The measurement areas in x–y and x–z planes
are respectively 75 · 30 mm2 ð5S � 2SÞ and 100 · 90 mm2

ð6:7S � 6SÞ. The thickness of the laser sheet was about
1.0 mm for both cases. The particle images were ac-

quired by a cross-correlation camera (1018 · 1008 pixel2)
at 30 frames/s and recorded onto a hard disc of a per-

sonal computer. Velocity vectors were calculated using

cross-correlation method combined with post median

filtering for removing spurious vectors.
3. Results and discussion

3.1. Distributions of heat transfer coefficient on the

bottom wall

Fig. 6 shows the distributions of the local Nusselt

number Nu in the representative cases of A, constant
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amplitude (a0 ¼ 0:8 mm) condition, (a) without actua-

tion and with flap oscillation (b) Sr ¼ 0:2, (c) Sr ¼ 1:0
and (d) Sr ¼ 4:0, respectively. Indexed color scales

drawn in the figure correspond to the value of the local
Nusselt number. Dark gray parts correspond to the area

of high Nusselt number whereas light-colored parts to

that of low Nusselt number. First of all, unique distri-

butions of the local Nusselt number without actuation

case (Fig. 6(a)) should shortly be reviewed. Relatively

large high Nusselt number area, observed around

5 < x=S < 15, shows heat transfer enhancement basi-

cally produced by the flow reattachment. Upstream that
and just behind the step, there exists large area of low

Nusselt number or heat transfer deterioration which we

want to recover in the present study. Other unique

points worth to mention are the maximum heat transfer

appears in two regions near the side walls and the lowest

heat transfer appears also in two regions near the side

walls just behind the step.

Noticeable effects of the flap oscillation can be found
in Fig. 6(b)–(d). For every case with flap oscillation, heat

deterioration area just behind the step remarkably re-

duces its size compared to that without actuation. Thus,

heat transfer recovery is found to obtain by this flap

actuation. According to this size change, the maximum

peak of the heat transfer coefficient changes its position
Fig. 6. Distributions of the local Nusselt number on the bottom
streamwisely closer to the step. This tendency is some-

thing similar to that observed in the effect of increasing

Reynolds number from 1000 to 2300 in the previous

study (Inaoka et al., 2002). On the contrary, seen in
Fig. 7, spanwise position of the maximum heat transfer

appears almost near the side wall region. In this sense,

side wall effect still remains large for the disturbed case

in this type of flow system.

To see this point more in detail, Fig. 8 shows the

streamwise locations of the downstream edge of heat

transfer deterioration area for various Sr cases. Here,

heat transfer deterioration area just behind the step was
chosen where the spanwise mean Nusselt number

showed lower value than the spatial mean value for the

whole test section. As the oscillation frequency in-

creases, heat transfer deterioration area rapidly de-

creases its size until around 0:2 < Sr < 0:35. However, it
increases up to around Sr ¼ 1:0 and then it gradually

decreases again. Within the studied conditions, mini-

mum streamwise position was obtained at the highest
frequency Sr ¼ 4:0 in the present study. Thus, sub-

optimum value of heat transfer recovery was obtained

around 0:2 < Sr < 0:35, and the largest heat transfer

recovery was achieved at Sr ¼ 4:0. The former decreas-
ing tendency of heat transfer deterioration with

increasing frequency is very interesting because similar
wall for the representative Sr cases (case A, a0 ¼ 0:8 mm).



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0

0.1

0.2

0.3

0.4

0.5
z/

W
D

Sr

Fig. 7. Spanwise locations of the maximum Nusselt number for various

Sr cases (case A, a0 ¼ 0:8 mm).

0 1 2 3 4 5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Sr

x/S

a
0
=0.8[mm]

Fig. 8. Streamwise locations of the downstream edge of the low Nusselt

number area (case A, a0 ¼ 0:8 mm).

0 1 2 3 4 5

0.0

0.5

1.0

1.5

2.0

2.5 Without actuation
Sr =0.2
Sr =1.0

a 0
 [

m
m

]

x/S

Fig. 10. Streamwise locations of the downstream edge of the low

Nusselt number area (case B, Sr ¼ 0:2 and 1.0).

0 5 10 15 20 25
0

5

10

15

20

25

30

35

N
u s

x/S

Sr =0.0
 (Without actuation)

Sr =0.2
Sr =1.0
Sr =4.0

Fig. 9. Streamwise distributions of the spanwise mean Nusselt number,

Nus (case A, a0 ¼ 0:8 mm).

716 K. Inaoka et al. / Int. J. Heat and Fluid Flow 25 (2004) 711–720
optimum frequencies for the minimum flow reattach-

ment length have been achieved by other research

groups though they were in the turbulent flow regime.

For example, the results by Chun et al. (1999), where the

periodical flow disturbance was given by blowing and
suction, the flow reattachment length became minimum

at the similar optimum value of Sr ¼ 0:27. However, the
latter decreasing tendency of high Sr case has never been
reported in the previous literatures. Although further

investigation would be needed because such latter

decreasing tendency of heat transfer recovery was never

found in the results from the reattachment point of view,

however, the present heat transfer results show some
possibility to generate shorter reattachment length,

especially in laminar flow regime by providing higher

frequent disturbance at the step edge.

Fig. 9 shows the streamwise distributions of the

spanwise mean Nusselt number, Nus for the corre-

sponding cases in Fig. 6. Heat transfer recovery just

behind the step and the upstream shift of the heat

transfer enhancement can be reconfirmed for disturbed
cases. Interestingly, the maximum value of Nus in the
sub-optimum frequency of Sr ¼ 0:2 becomes larger than
that without actuation case while those in other two

cases of Sr ¼ 1:0 and 4.0 show almost the same as that

without actuation. In this case of sub-optimum fre-
quency, intensive heat transfer enhancement is achieved

though the recovery area is relatively smaller than other

frequency cases. This suggests the difference in the flow

structure and it will be mentioned later.

On the other hand, in case B of the constant fre-

quency condition, strong effect of the oscillation

amplitude a0 on the heat transfer recovery was also

worth to mention. Fig. 10 shows how oscillation
amplitude a0 augments the heat transfer recovery for

two representative frequency cases. It was clearly found

that even small amplitude can effectively reduce the heat

transfer deterioration for both oscillation frequency

cases. The larger oscillation amplitude becomes, the

more effective heat transfer recovery is generated, al-

though its effectiveness becomes almost constant at large

amplitude oscillation. Fig. 11 shows the streamwise
distributions of spanwise mean Nusselt number for the

representative amplitude cases of Sr ¼ 0:2. From this
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figure, intensive large heat transfer enhancement is

confirmed downstream the step and this contributes to

reduce the heat transfer deterioration area for large

amplitude case. The large amplitude achieves the large

heat transfer enhancement.

3.2. Flow structure related to the heat transfer enhance-

ment

Fig. 12 shows the magnified view of the local Nusselt

number and corresponding time-averaged velocity vec-
Fig. 12. Magnified view of the local Nusselt number and time-a
tors near the bottom wall obtained by PIV for the three

representative cases, (a) without actuation, (b) Sr ¼ 0:2
and (c) Sr ¼ 4:0, respectively. Basically, in the case

without actuation, low Nusselt number area corre-
sponds well to the low-speed flow area behind the step.

Thus, such low-speed flow is the main cause of the heat

transfer deterioration. Especially near the side wall,

weak but clockwise fluid motion can be found. Al-

though further 3-D PIV measurements would be needed

to quantitatively examine this fluid motion, this is what

is called tornado like vertical vortex (Papadopoulos and

Otugen, 1995) and we can find from this figure that this
vortex results in generating the lowest Nusselt number

there. On the other hand, the location of relatively high-

speed flow corresponds well to the high Nusselt number

area. Such high-speed flow, though it is reversed flow, is

basically brought by the downward flow from the main

stream and it enhances the heat transfer there. In the

case of Sr ¼ 0:2, much more complicated flow structure

can be observed. Owing to this flow change, low-speed
flow area becomes so small so that the low Nusselt

number area intensively reduces its size. In the case of

Sr ¼ 4:0, it is very difficult to find low-speed flow or even

reverse flows. Thus, flow structure is completely changed

from what we observed for undisturbed case.

Fig. 13 shows typical snapshots of the instantaneous

velocity vector along the centerline of the stepped duct
veraged velocity vectors near the bottom wall for case A.
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measured by PIV for representative frequency condi-

tions in case A, (a) without actuation Sr ¼ 0:0, (b) sub-
optimum frequency at Sr ¼ 0:2, (c) high frequency at

Sr ¼ 4:0. Here, streamwise distribution of the local
Nusselt number on the bottom wall along the centerline

of the duct was correspondingly shown below in the

figure. In the basic case without actuation, stable sepa-

rated shear layer is observed toward downstream from

the step edge. The flow inside the re-circulation area has

very low reverse velocity component and the down-

stream regions of 0 < x < 4S confirms almost stagnant

at this low Reynolds number Re ¼ 1000. Because the
area of heat transfer deterioration corresponds well to

that of the stable flow stagnation, this stable flow stag-

nation is the main cause of the heat transfer deteriora-

tion behind the step.

In the case of Sr ¼ 0:2, just downstream the step edge,

small upward fluid motion from the re-circulation area

toward the top wall was observed. This upward fluid

motion is synchronizingly generated when the trailing
edge of the actuator flaps up to the wall normal direc-

tion. Fig. 14 shows the time series of the obtained un-

steady flow structures. From this figure, we can find that
Fig. 13. Instantaneous velocity vectors and the local Nusselt number

along the duct centerline (case A, a0 ¼ 0:8 mm).
the small upward fluid motion develops entraining faster

fluid from the main stream, pushing the slow stagnant

fluid to the main stream and changing its elevation to

the bottom wall, thus, unsteady vortex is subsequently
generated as it goes downstream in the separated shear

layer. This unsteady vortex develops larger as it goes

downstream and becomes wide almost comparable to

the step size. This unsteady vortex finally joins to the

main flow and it impinges the main flow toward the

bottom wall. This intensive vortex development and

above flow impingement contribute largely to minimize

the flow reattachment length. This large-scale unsteady
vortex basically supplies cold fresh fluid of the main

stream to the bottom wall and pushes the hot fluid near

the wall toward main stream, it acts washing the hot

bottom wall or mixing the fluid in the re-circulation

area. As can be seen in Fig. 13(b), the area where this

vortex comes near the bottom wall corresponds well to
Fig. 14. Vortex behavior with time for sub-optimum oscillation case at

Sr ¼ 0:2.
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that of heat transfer recovery, therefore, the main cause

of the sub-optimum frequency is the periodical genera-

tion of this large-scale unsteady vortex.

In the case of Sr ¼ 4:0, as can be seen in Fig. 13(c), a
completely different flow structure was observed from

that seen in Fig. 13(b). In this time, no large-scale vortex

motion but an intensive downward fluid motion of a

portion of high-speed main stream can be observed just

behind the step. This high-speed downward flow then

sweeps near the bottom wall producing irregular veloc-

ity fluctuations behind the step, and as a result, it plays a

role to break the stable flow re-circulation so that flows
downstream of the step are no longer stagnant. Inter-

estingly, the whole direction of the main stream was also

distorted toward the bottom wall. The area of heat

transfer recovery agrees well to the area where velocity

fluctuations are observed near the bottom wall. There-

fore, the main cause of the maximum heat transfer

enhancement in the optimum high-frequency case within

the studied frequency ranges is this intensive high-speed
downward flow, which is different from that of the sub-

optimum case. In the intermediate frequency case,

especially around Sr ¼ 1:0, it is expected that the flow

transition occurs from the flow field characterized by the

large-scale unsteady vortex to that characterized by the

high-speed downward flow. Because of the trade-off

relation between these two flow structures, either cause

of heat transfer enhancement is weakened around
Sr ¼ 1:0.
4. Concluding remarks

Heat transfer experiment has been done on a duct

flow with a backward-facing step where a small dis-

turbance has been introduced by flap actuators to
achieve heat transfer recovery behind the step. Spatial

distributions of local heat transfer coefficients on the

bottom wall were measured for various flap oscillation

frequencies and amplitudes under laminar flow con-

ditions. Velocity measurements by PIV have also been

conducted to see the flow structures related to the

heat transfer recovery. Main results obtained in this

study are summarized as follows.
A flap oscillation was very effective to recover the

heat transfer deterioration or to enhance the heat

transfer behind the step. As the oscillation frequency

increases, heat transfer deterioration area behind the

step rapidly decreases its size until the oscillation

Strouhal number around 0:2 < Sr < 0:35, but increases
once and then intensively decreases again. Thus, an

oscillation with the highest frequency at Sr ¼ 4:0
achieves the best heat transfer recovery within the

experimental frequency ranges, though oscillation with

sub-optimum frequency around 0:2 < Sr < 0:35 is also

obtained from the heat transfer point of view. Two
different types of fluid motions, an unsteady large-scale

vortex periodically produced in the separation shear

layer and a high-speed downward flow from the main

stream, are the main cause of the heat transfer recoveries
for different oscillation frequencies, 0:2 < Sr < 0:35 and
Sr ¼ 4:0, respectively. Flap oscillation with small

amplitude is still effective to reduce heat transfer dete-

rioration. The larger the oscillation amplitude is, the

larger heat transfer enhancement is obtained within the

studied amplitude ranges.
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