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ABSTRACT
This paper experimentally studies a new method to enhance heat transfer in which a soft
textile flap flutters and slaps a hot plate surface, due to fluid-structure interaction. The self-
sustained periodic slapping of the textile flap against the heat transfer surface disrupts the
boundary layers and thus, increases the heat transfer between the air and plate surface.
Heat transfer coefficients in the presence of textile flaps of different shapes and sizes were
measured while oscillatory motion of the flaps was recorded. The results show that rect-
angular flaps provide consistent heat transfer enhancement with increases in heat transfer
coefficient observed of up to 42%, from 113W�m�2�K�1 in the absence of a textile flap, to
161W�m�2�K�1 in the presence of a rectangular textile flap, at a wind speed of 18.5m�s�1.
It is found that the Nusselt number in the presence of rectangular flaps varies with the flap
oscillation frequency in a nonlinear fashion and that the maximum heat transfer coefficient
generally occurs when the dimensionless flow-induced oscillation frequency is in the range
of 0.22 to 0.32. These results show the potential of using self-sustained oscillating textile
flaps to enhance the convective heat transfer in various heat exchangers.

Introduction

Efficient convective heat transfer is essential in many
engineering applications, such as heat exchangers, elec-
trical devices, and power generation systems and many
techniques have been investigated to increase rates of
heat transfer [1–8]. Among the approaches studied, the
use of active or passive vortex generators placed
upstream of heat transfer surfaces to disrupt boundary
layers has been extensively investigated [1, 9–12].

Active vortex generators use external power sour-
ces, such as piezoelectrics, to drive and control vortex
flows [13–18]. Gerty [13] embedded a piezoelectric
reed inside a heated duct which oscillates and induces
a reverse Karman vortex street through the channel,
leading to a nearly 100% increase of the Nusselt num-
ber (Nu). Hidalgo et al. [14] studied the heat transfer
and fluid mechanics associated with the vibration of a
piezoelectric reed in a 2.5mm � 27.4mm channel dem-
onstrating an increase in the heat transfer coefficient by
a factor of up to 1.4. Acikalin et al. [16, 17] investigated
the effects of piezoelectric fans on the thermal manage-
ment of electronic devices showing a localized 100%
increase of the convective heat transfer coefficient.
Though actively controlled vortex generators have

shown promising results regarding heat transfer
enhancement, practical implementation presents inte-
gration challenges due to increased system complexity
as well as size, weight, and power concerns depending
on the application.

Passive vortex generators, on the other hand, can
modify the flow in the wake without requiring exter-
nal power sources. Both rigid and flexible passive vor-
tex generators have been explored to enhance heat
transfer [9, 10, 19–27]. Wang et al. [10] carried out a
comparative study of the air-side heat transfer of fin-
and-tube heat exchangers in the presence of plain,
louver, and semi-dimple rigid vortex generators. They
found that the heat transfer coefficient increased by
about 20% when louver rigid vortex generators were
used. Li et al. [19] studied the air-side heat transfer of
rectangular heatsink channels in the presence of an
airfoil-shaped flexible vortex generator reporting
improved heat transfer of 26%. Inspired by the caudal
fin of fish, Li et al. [20] further investigated the
heat transfer performance of an hourglass-shaped self-
oscillating flexible vortex generator installed inside a
plate-fin heat exchanger. A 68% enhancement in
thermal-hydraulic characteristics was achieved when
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compared to the clean channel at the same Reynolds
number (Re). Ali et al. [23] conducted a numerical
study on the effects of flexible flap oscillation on mix-
ing and heat transfer in a two-dimensional flow. They
predicted an increase of up to 97% in local heat trans-
fer and 134% in overall heat transfer by using flexible
instead of rigid flaps. Lee et al. [25, 26] numerically
investigated the dynamics of a pair of flexible flags
clamped in a heated channel finding that the presence
of the flags with optimal parameters could increase
the convective heat transfer by 207% and the thermal
efficiency factor by 135% in comparison with the
open channel flow.

As described in the literature, vortex generators are
used to modify the flow in wake regions and enhance
thermal mixing and heat transfer within the flow. In
the present study, a new method is introduced to
enhance the air-side heat transfer which takes advan-
tage of fluid-structure interaction to produce a self-
sustained fluttering of a soft textile flap placed on the
top of a heated plate. The fluttering motion of the tex-
tile flap is achieved via the aerodynamic forces applied
by the existing flow without requiring external energy

sources. The textile flap periodically slaps (i.e., directly
contacts) the plate surface and disrupts the boundary
layers, resulting in an enhancement in the heat trans-
fer between the surface and the fluid.

The present experiments were designed and con-
ducted to investigate the effects of the flow-induced
oscillating-slapping motion of flexible flaps on the heat
transfer performance of the plate. Heat transfer coeffi-
cients between the air and the heated plate in the pres-
ence of flexible textile flaps of different shapes and sizes
were measured while the oscillatory motions of the tex-
tile flaps were captured with a high-speed camera. Using
the experimental data, the relationship between the over-
all heat transfer performance and the oscillating dynamic
features of the flexible textile flaps was explored with
particular focus on oscillation frequency.

Experimental setup

Test apparatus

Figure 1 shows the schematic of the experimental setup
for (a) heat transfer measurement and (b) dynamics
observation of the textile flap. The experiments were

Nomenclature

A total area of the hot plate for convective heat trans-
fer, m2

Ac cross section area, m2

A� area ratio of the flexible structure to the total heat
transfer area

cp specific heat of the air, kJ�kg�1�K�1

DH hydraulic diameter for vertical wind tunnel, m
f oscillating frequency of the flexible textile flap, Hz
fD Darcy friction factor
f � dimensionless flow-induced oscillation frequency
h heat transfer coefficient, W�m�2�K�1

H height difference of two water columns, mm
k thermal conductivity of air, W�m�1�K�1

kfoam thermal conductivity of the insulation
foam, W�m�1�K�1

K coefficient defined as K ¼ Nu
Re�1000

L lengths of the rectangular oscillating structures, m
Lfoam thickness of the insulation foam, m
LHP hot plate length, m
Nu Nusselt number
p static pressure, Pa
patm atmosphere pressure, Pa
P perimeter of the cross section, m
P0 stagnation pressure, Pa
Pr Prandtl number
Prw Prandtl number of air at wall temperature
Qinput power dissipation, W
Qloss heat conduction loss, W
R resistance of the heater, X
Rg specific gas constant, J�kg�1�K�1

Re Reynolds number
t time, s
Tamb ambient temperature, K

Tback temperature on the back surface of the insulation
layer, K

Tinlet inlet air temperature, K
Tsurface temperature of the hot plate surface, K
Tair averaged airflow temperature, K
U inlet air velocity, m/s
V input voltage, V
W Widths of the rectangular oscillating structures, m

Greek symbols
d uncertainty
cw specific weight of water, kN�m�3

l dynamic viscosity of the air, kg�m�1�s�1

q air density, kg�m�3

Subscripts
atm atmosphere
back back surface of the insulation layer
c cross section
D Darcy
foam insulation foam
g gas
H hydraulic
HP hot plate
inlet inlet air
input input device
loss conduction heat loss
surface hot plate surface
w wall
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conducted in a cross-flow heat exchanger (H351, made
by P. A. Hilton) in a vertical wind tunnel, as shown in
Figure 1(a). The wind tunnel is 1m in length and
0:15� 0:05 m2 in cross-section and downward airflow
in the tunnel is driven by a variable-speed fan located at
the bottom of the wind tunnel. The inlet air velocity (U)
in the tunnel was measured at a distance of 0.13m down-
stream from the inlet with a U-tube manometer, and was
calculated using Bernoulli’s equation in the form as

U ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðP0 � pÞ=qp

, where P0 is the stagnation
pressure, p is the static pressure, and q is the air dens-
ity. The difference between the stagnation pressure and
static pressure was displayed by the height difference of
the two water columns in the U-tube manometer. That
is, P0 � p ¼ cwH, where cw ¼ 9:8 kN/m3 is the spe-
cific weight of the water and H is the height difference
of the two water columns. Thus, U can be expressed as

U ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2cwH=q

p
: The air density was calculated by

using the ideal gas law as q ¼ patm=RgTinlet, where patm
is local atmospheric pressure measured in the lab, Rg ¼
287:06 J�kg�1�K�1 is the specific gas constant, and
Tinlet is the inlet air absolute temperature in degrees
Kelvin. In this study, the height differences of the water
columns ranged from 6.0 to 21.0mm, corresponding to
a range of 9.9 to 18.5m/s for the air velocity.

An aluminum hot plate was placed on the sidewall
of the tunnel at a distance of 0.45m from the
entrance, as shown in Figure 1(a). An electric heater
was embedded in the pre-drilled hole on one edge of
the hot plate while a type K thermocouple was
embedded in another pre-drilled hole on the opposite
edge of the plate. A layer of thermal insulation foam
was applied between the hot plate and tunnel sidewall
to minimize the heat loss. During the experiments,

the power of the electric heater was set to a constant
70.45W and steady state air temperatures just
upstream and downstream of the hot plate were
recorded for each test condition.

To visualize the oscillation of the textile flap, the
hot plate was replaced with a transparent polymethyl
methacrylate (also known as acrylic) plate with the
same dimensions, as shown in Figure 1(b). A high-
speed camera (V9, made by Vision Research Inc.) was
used to observe the dynamic motion of the textile
flap. Images were captured at 1000 frames per second
with a resolution of 1632� 1200 active pixels.
Illumination for imaging was provided by a halogen
lamp (part 11 in Figure 1(b)).

Figure 2 shows the schematic of the hot plate with
the flexible textile flap which was made of commercial
microfiber fabric (80% Polyester and 20% Polyamide,
about 0.6mm thick). While the bottom end of the tex-
tile flap was free to move, the top end of the textile
flap was firmly attached to a stainless steel wire on a
3D-printed frame structure placed on the hot plate
base, as shown in Figure 2. The stainless steel wire
was parallel to the hot plate surface and the distance
between the wire and the plate surface was 3.78mm.
This distance is slightly larger than the thickness of
thermal boundary layer at the edge of the flat plate,
which is about 2.69mm when the Reynolds number
Re¼ 100,000. When the air flows over this assembly, a
self-oscillation of the textile flap is generated.

Design of textile flaps

The geometry of the textile flaps was investigated in a
two-step process, initially focusing on shape. Figure 3

Figure 1. Schematic of the experimental setup for (a) heat transfer measurement and (b) dynamics observation of the textile flap.
1. air inlet; 2. vertical wind tunnel; 3. hot plate heat; 4. fan; 5. air outlet; 6. console and power supply; 7. 3D-printed supporting
structure; 8. hot plate with thermal insulation foam; 9. flexible self-oscillating textile flap; 10. high-speed camera; 11. Halogen
lamp; 12. observation window.
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shows five different shapes of flexible flaps used in
the present study, all of which have an area of
0.0112m2. The goal of this part of the design was to
determine the shape of textile flaps that can provide
the most significant enhancement of heat transfer.
Having found superior heat transfer performance
from the rectangular textile flaps (see results
below), twelve rectangular flaps with four different
lengths and three different widths were then tested,
as shown in Figure 4. The insert in the right of
Figure 4 shows a sample textile flap marked with a
pattern of two rows of dots on the mesh lines on the
free end of the flap. This pattern was designed for
measurement of the oscillatory motion of the textile
flap within the flow.

Experimental uncertainty and validation of
test apparatus

In the present study, the air-side heat transfer coeffi-
cient h is determined as follows:

h ¼ Qinput

A Tsurface � Tairð Þ (1)

where Qinput ¼ V2=R is the power of the electric
heater, V is the input voltage, R is the resistance of
the heater, A¼ 0.022 m2 is the surface area of the
hot plate, Tsurface is the temperature at the hot plate
surface, and Tair is the temperature averaged from the
inlet and outlet airflows. The heat loss from the back
of the hot plate Qloss was estimated by Fourier’s law
as

Figure 2. Schematic of the hot plate with the textile flap. (a) top view, (b) front view, (c) side view. 1). stainless steel wire; 2).
thermal insulation foam; 3). hot plate; 4).3D printed supporting structure; 5). flexible textile flap; 6). wind tunnel cross-section;
x¼ airflow direction

Figure 3. Schematic of the textile flaps with different shapes but the same area. x denotes airflow direction
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Qloss ¼ kfoamA
Tsurface � Tback

Lfoam
(2)

where, kfoam ¼ 0:03 W�m�1�K�1 is the thermal con-
ductivity of the insulation foam, Lfoam ¼ 0:01 m is the
foam thickness and Tback is the temperature at the
back surface of the insulation foam, which is approxi-
mately equal to the ambient temperature Tamb: With
the temperature difference, Tsurface � Tback, in the
range of around 22 K to 50 K in this study, the mag-
nitude of Qloss is found to be in the range of 1.45 to
3.30W, which is less than 5% of the power input
70.45W. Thus, the heat loss is treated as negligible
in the following calculations of the heat transfer
coefficient.

The experimental uncertainty of the heat transfer
coefficient (dh) in the present study is estimated by
using the root-sum-square method [28] as

dh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@h
@Q

dQ

� �2

þ @h
@A

dA

� �2

þ @h
@T

dT

� �2
s

(3)

where dQ, dA, and dT are the experimental uncer-
tainties of the power of the electric heater, the surface
area of the hot plate, and temperature, respectively.
The relative uncertainties of the input voltage and the
resistance of the heater are less than 0.1%, and thus
dQ is negligible. The relative uncertainty of dA is less
than 0.5% and can also be considered negligible.
Thus, taking dQ ¼ 0 and dA ¼ 0, Eq. (3) reduces to

dh
h

¼ 1
Tsurface � Tair

����
����dT (4)

Substituting dT ¼ 1:1 K for type K thermocouple
and the range of ðTsurface � TairÞ which is from 22 K
to 50 K used in the present study into Eq. (4)
yields dh

h < 10:0%:

The uncertainty of inlet air velocity (dU) can also
be estimated by using the root-sum-square method
[28] as

dU ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@U
@H

dH

� �2

þ @U
@Tinlet

dTinlet

� �2

þ @U
@patm

dpatm

� �2
s

(5)

where dH, dTinlet, and dpatm are the uncertainties of
the height difference of the two water columns, inlet
air temperature, local atmosphere pressure, respect-
ively. Dividing Eq. (5) with the expression of U yields

dU
U

¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dH
H

� �2

þ dTinlet

Tinlet

� �2

þ dpatm
patm

� �2
s

(6)

in which dH is about 0.5mm, dTinlet is 1.1 K, and
dpatm=patm is about 0.1% and can be considered negli-
gible. Substituting the range of H and Tinlet (around
295.2 K) used in the present study into Eq. (6) yields
1:2% < dU

U < 4:2%: The test apparatus is validated by
the Gnielinski correlation [29, 30] in the absence of a
textile flap. The Gnielinski correlation depicting the

Figure 4. Schematic of the twelve rectangular textile flaps with different lengths and widths. Dots and meshes marked on the
right textile flap are used for oscillation motion observations with the high-speed camera.
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Nusselt number for internal turbulent channel flow is
given as follows [29, 30],

Nu ¼
fD
8

� �
Re� 1000ð ÞPr

1þ 12:7
ffiffiffi
fD
8

q
Prð Þ23 � 1

� � 1þ DH

L

� �2=3
" #

Pr
Prw

� �0:11

(7)

where fD is the friction factor, Nu ¼ hDH
k , Re ¼ qUDH

l
and Pr ¼ lcp

k are the Nusselt number, Reynolds num-
ber and Prandtl number, respectively. Here, k is the
thermal conductivity of air, l is the dynamic viscosity
of air, cp is the specific heat of air, q is the air density,
L is the length of the hot plate in the direction of
wind propagation, and DH ¼ 4Ac

P is the hydraulic
diameter of the vertical wind tunnel, where Ac ¼
0:15� 0:05 m2 is the cross section area and
P ¼ 2� ð0:15þ 0:05) ¼ 0.4m is the perimeter of the
cross section. Prw is the Prandtl number of air at wall
temperature. The Gnielinski correlation for internal
turbulent channel flow has errors of ±10%. In the pre-
sent study, the air temperature ranges from 21 �C to
23 �C. For this small temperature range, q, k, l,
and cp show little change and the values of these
properties at 22 �C are used (i.e. q¼ 1.2 kg�m�3,
k¼ 0.026W�m�1�K�1, l¼ 1.822� 10�5 kg�m�1�s�1,
and cp ¼ 1.007 kJ�kg�1�K�1. Thus, Pr ¼ 0:705 is a
constant and Re is in the range of 5:2� 104 � 9:9�
104, while Eq. (7) is valid for 0.5 < Pr < 2000 and
3000 < Re < 5� 106 [29, 30]. In the absence of a
textile flap, the wind tunnel can be regarded as a
smooth channel and fD in Eq. (7) is estimated by
using the Petukhov correlation [30],

fD ¼ 0:790lnRe� 1:64ð Þ�2
, 3000 � Re � 5� 106

(8)

The correction term of ð Pr
Prw

Þ0:11 in Eq. (7) is
approximated to be one due to the small exponential
index and the moderate temperature change. Using
the assumptions described above, Figure 5 shows the
comparison of the prediction with Eq. (7) and experi-
mental measurement of Nu versus Re in the absence
of a textile flap. As can be seen from the figure, the
values of Nu measured from the experiments are
about 8% less than that calculated from the Gnielinski
correlation [29, 30].

Results and discussion

In this section, the effects of flap shape and size on
heat transfer performance are discussed prior to shift-
ing focus to rectangular flaps, which were shown to
provide superior convective heat transfer performance
for the majority of the test conditions. In the second
part of this section, the relationship between the heat
transfer performance and the oscillating frequency of
the rectangular flaps is explored.

Heat transfer in the presence of textile flaps

Figure 6 shows the plot of the air-side h varying with
U in the absence of textile flaps and in the presence
of flexible textile flaps of different shapes. It should be
noted that all textile flaps shown in the figure have
the same area. As can be seen from Figure 6, for all
shapes of textile flaps, h increases monotonically as U
increases. However, the h values and the rates of
change of h with U vary from one textile shape to
another. When U ¼ 9:9m=s (the lowest air velocity
reported in this study), the h value for each shape of
textile flap has a small deviation from that observed
in the absence of textile flaps, indicating that the
influence of the flexible textile flaps on h at a low air
velocity is negligible. At the highest air velocity
(U ¼ 18:5m=sÞ, the h value for the inverted isosceles
triangular shape is 158W�m�2�K�1 which is nearly
40% higher than that for the case without a textile
flap which is 118W�m�2�K�1. It is also observed that
the performance of the isosceles triangular flap is
lower than the baseline without flap at low velocities
(i.e., 9.9� 12.1m/s). It is thought that the low air
velocities present were unable to drive this shape flap
into a fluttering motion state. This results in a pre-
dominantly stationary flap that rests on and insulates
the hot plate, increasing the plate temperature over
the baseline.

Figure 5. Comparison of the prediction with the Gnielinski
correlation (solid line) [29, 30] and experimental measurement
(squares) of Nusselt number Nu versus Reynolds number Re in
the absence of a textile flap. The dash line refers to Nu that is
8% less than the prediction.
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In the range of wind velocities between 12.1 and
15.7m/s, the rectangular flaps consistently outper-
formed the other shapes studied with h values ranging
from 115W�m�2�K�1 to 140W�m�2�K�1. However,
for air velocities greater than 17.1m/s, the h value of
the rectangular textile flap is slightly lower than that
of the inverted isosceles triangular shape. This is likely
caused by the change of the flutter mode of the rect-
angular textile flaps at high wind speeds [31], thus
resulting in weaker flow mixing in the top portion of
the hot plate and a slower rate of increase of h: In
contrast, more vigorous three-dimensional motions of
the inverted isosceles triangular textile flap at high
wind speeds would strengthen the turbulence within
the boundary layer near the hot plate surface and
slightly increase the rate of change of h:

As shown in the previous section, the rectangular
textile flap produced higher heat transfer enhance-
ment in the range of wind velocities U between 12.1
and 15.7m/s, compared to the other four flap shapes.
Given this result, rectangular textile flaps were chosen
to investigate the effects of textile flap dimensions on
heat transfer and the relationship between the oscilla-
tory motion and heat transfer. Twelve rectangular
flaps comprised of four different lengths (0.045m,
0.075m, 0.120m and 0.150m) and three different
widths (0.064m, 0.102m, and 0.127m) were tested,
and their heat transfer results are shown in Figure 7,
where the four flap lengths are given as percentage of
the hot plate length (LHP ¼ 0.150m). As can be seen
from Figure 7, h increases as U increases for all rect-
angular textile flaps. However, for a given width of
the rectangular textile flap, the h values vary from one
textile flap length to another. Also, for a given length
of rectangular textile flap, h values vary from one

Figure 6. Heat transfer coefficient h vs. air velocity U for the
textile flaps with different shapes but the same area.

Figure 7. Heat transfer coefficient h vs. inlet air velocity U for
different rectangular flap lengths L and widths W: The four
flap lengths of 0.045m, 0.075m, 0.120m and 0.150m are
labeled as 30% LHP, 50% LHP, 80% LHP, and 100% LHP, respect-
ively. Here LHP ¼ 0.150m is the hot plate length. (a):
W¼ 0.064m, (b): W¼ 0.102m, (c): W¼ 0.127m.
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textile flap width to another. For instance, for the
0.064m wide by 0.045m long flap, the enhancement
of h is about 67% from U ¼ 9:9 to 18:5m=s, as illus-
trated in Figure 7(a), while for the textile flap of
0.127m wide by 0.045m long, the enhancement of h
is 86% from U ¼ 9:9 to 18:5m=s, as shown in Figure
7(c). Figure 7 also shows that the textile flaps with a
length of 0.075m, (50% LHP), are more effective at
enhancing the heat transfer coefficient, compared to
other flap lengths. To provide further illustration, the
data in Figure 7 are replotted in Figure 8, where the
heat transfer coefficient h is plotted against the flap
length L for different airflow velocities and different
flap widths W. It is interesting to note that the heat
transfer coefficient h increases up to 50% of the length
of the hot plate before gradually decreasing with any
additional flap length. Maximum increase in heat
transfer coefficient over the baseline is obtained for
the 0:102m wide by 0:075m long flap at U ¼ 18:5m=s
where a 42% increase in h is observed. The heat trans-
fer enhancement with this dimension of rectangular
textile is likely related to the change of the flutter
mode with the length change of the textile flap [31].
The observed optimal length (50% LHP) of the rect-
angular flaps which maximizes the heat transfer coeffi-
cient, could be attributed to the superimposed adverse
effects of lower oscillating frequency and beneficial
effects of larger coverage area of flaps as their length
increases. It is also observed in Figure 8(c) that the
heat transfer coefficient for the air velocities of
U¼ 12.1 and 15.7m/s and the flap length L¼ 0.14m
is slightly higher than for L¼ 0.12m, which produces
opposing trends, compared to other air velocities.
Future research on the air velocity field near the hot
plate is needed to explain this phenomenon. Overall,
the size and shape of the textile flaps play an import-
ant role in the enhancement of heat transfer as these
geometrical features dominate the flow-induced
motion of the textile flap in the wind tunnel, which
will be discussed further in the following section.

Oscillating frequencies of the rectangular
textile flaps

Figure 9 shows six photographs of the free end of the
rectangular flap captured with high speed camera at a
wind speed of U ¼ 18:5m=s: These six images corres-
pond to the six time-instances in a typical cycle of the
oscillation of the textile flap. In the figure, the air
flows downward, and the textile flap is 0.075m long
(50% of the hot plate length) by 0.102m wide (80% of
the hot plate width). The motion of the textile flap is

Figure 8. Heat transfer coefficient h vs. rectangular flap length
L for different air velocities and flap widths W. The heat trans-
fer coefficient h at 18.5m/s in each subplot reaches a max-
imum at L¼ 0.075m, which is about 50% of the hot plate
length. (a): W¼ 0.064m, (b): W¼ 0.102m, (c): W¼ 0.127m.
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illustrated by the displacement of the dots and meshes
marked on the flap. As can be seen from Figure 9, the
flap primarily oscillates along the air-flow direction,
though the free end of the flap does sometimes curl
on itself. It should be noted that the amplitude of this
oscillation has little variation with wind speed [31]
and as such, the oscillating frequency of the flap is the
critical parameter describing the oscillation dynamics.
The time taken for the yellow dots seen in Figure 9 to
cycle from their lowest positions back to those same
positions is considered as one oscillation period,
whose inverse is the oscillation frequency. The accur-
acy of the oscillation period measurement depends on
the quality of the image and the wind speed. For the
well-focused images typical of this study, the start and
end of each period can be determined within two
frames (2ms in time) for high wind conditions, which
corresponds to an uncertainty of about 5% in the fre-
quency measurement.

Figure 10 shows the oscillating frequencies (f) of
rectangular textile flaps varying with U. In this figure,
the oscillating frequencies range from about 15.4 to
76.9Hz, with corresponding oscillating periods meas-
ured to be between 0.013 to 0.065 seconds. As can be
seen from Figure 10, oscillation frequency increases
monotonically with wind speed for all rectangular tex-
tile flaps. This trend is similar to that reported by
Virot et al. [31] who experimentally studied the
dynamics of fluttering flags. As seen in Figure 10, the
frequency values and the rates of change of oscillating
frequency with increasing air velocity change from
one flap dimension to another. For a given width, as

seen in Figure 10(a), the curve of f vs. U for
L¼ 0.045m is above that for L¼ 0.075m, indicating
that the oscillating frequency of the rectangular textile
flap decreases as the flap length increases. However,
the vertical separation between these two curves
becomes smaller when the width of the textile flaps
increases from 0.064m to 0.127m. It is also reported
by Teneda [32] that the oscillating frequencies of flags
in a uniform flow increases with increasing mass per
unit area of flags.

To explore the physical mechanisms that control
the oscillation of textile flaps in the wind tunnel, we
introduce two parameters: the area coverage ratio
(A�) and dimensionless flow-induced oscillating fre-
quency (f�). The area coverage ratio A� is defined as
the textile flap area over the hot plate area (A) as
given below:

A� ¼ LW
A

(9)

L and W are the length and width of the textile flap,
respectively. The dimensionless oscillating frequency
f � representing the flow unsteadiness is defined as

f � ¼ fL
U

(10)

where f is the oscillating frequency of the flexible tex-
tile flap.

Figure 11 shows f � as a function of A� under dif-
ferent wind conditions. In the figure, the trend lines
are polynomial fitting curves for different wind
speeds. As can be seen from this figure, f � increases
with A�, indicating that the flow unsteadiness

Figure 9. Images showing the oscillating motion of the rectangular textile flap of dimension L�W : 0:075m� 0:102 m: The
time difference between the first and last images, referred to as the oscillating period, is 0.015 s, corresponding to an oscillating
frequency of 66.67Hz.
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increases with increasing A�: Figure 11 also shows
that for a given A�, f � increases as the air flow vel-
ocity increases, indicating that f � might be affected by
Re: A plot of f � versus a dimensionless parameter
A�Re is shown in Figure 12. As can be seen in the fig-
ure, the data points collapse to a single curve and f �

increases with increasing A�Re in a nonlinear fashion.
Using a curve fit to the data yields

f � ¼ 8:987� 10�4ðA�ReÞ0:57 (11)

with the coefficient of determination R2 ¼ 0:912: Eq.
(11) reveals that the effects of the area coverage ratio A�

and Reynolds number Re are of equal importance in
determining the dimensionless oscillating frequency f �:

Correlation between the heat transfer coefficient
and the oscillatory frequency of the textile flaps

As shown in the Experimental Uncertainty and
Validation of Test Apparatus section, the present base-
line experimental data set (hot plate without flap) fits
the Gnielinski correlation [29, 30] for internal turbulent
channel flow, as seen in Figure 5. For the sake of sim-
plicity, the Gnielinski correlation shown in Eq. (7) may
be altered to a more compact form as follows:

Nu ¼ KðRe� 1000Þ (12)

where K is a heat transfer coefficient that represents
the combined effects of fD,

DH
L and Pr. Figures 6 and

7 showed that the trend of heat transfer coefficient h
with air velocity U in the absence of flaps is similar to
the same trends in the presence of rectangular flaps.
Similarly, a correlation such as Eq. (12) is able to fit
the experimental data in the presence of flaps by

Figure 10. Oscillating frequency f vs. air velocity U for two
rectangular flap lengths L and three widths W. (a):
W¼ 0.064m, (b): W¼ 0.102m, (c): W¼ 0.127m.

Figure 11. Dimensionless flow-induced oscillation frequency f �

vs. rectangular flap area coverage ratio A� for different air-
flow velocities.
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modifying the coefficient K appropriately. In this study,
while the Prandtl number Pr is a constant, the friction
factor fD is changed by the enhancement of the flow
mixing in the air boundary layer in the presence of the
textile flap. However, fD values are difficult to obtain
due to the complexity of the textile flap oscillation in
the air flow. Also, the effects of the thermal entry
length DH

L become complicated in the presence of the
flaps. In addition, it should be kept in mind that K also
varies with Re because fD is a function of Re, as indi-
cated in Eq. (8). Given these results, the following
explores the hypothesis that K is also correlated with
the oscillating frequency of the textile flap.

Figure 13 shows the empirical relationship between
the coefficient K ¼ Nu=ðRe� 1000Þ and f�. In the fig-
ure, the trend lines are fitted polynomial curves for
various wind speeds, corresponding to different Re:
As can be seen from Figure 13, for each airflow speed,
K varies with f� in a nonlinear fashion. In general, the
maximum value of K occurs when f � falls in the nar-
row range between 0.22 and 0.32, and this maximum
varies with Re, ranged from 8� 104 to 1:6� 105:
Based on Eq. (12), Nu would also reach its maximum
for its Re when f� is between 0.22 and 0.32, which
implies optimal heat transfer performance.

Such results might eventually be applied to the
optimal design of future heat exchangers. For
instance, for a heat exchanger with self-sustained
oscillating textile flaps, we can first calculate the corre-
sponding Re after U is determined. Then, to maximize
the heat transfer performance, the optimal A� describ-
ing the area coverage ratio between the textile flap
and hot plate can be estimated with the calculated Re,

based on Eq. (11) and Figure 13. In other words, the
highest Nu may be achieved by optimizing the size of
the textile flap to reach a certain value of f � in the
range of 0:22 to 0:32, depending on Re.

Conclusions

The present study investigated heat transfer enhancement
on a flat plate with a flow-induced oscillating-slapping
flexible textile flap where self-sustained periodic slapping
of the heat transfer surface disrupts the boundary layers
and thus enhances heat transfer between the air and the
plate surface. The heat transfer coefficient of the plate was
measured for textile flaps with different shapes and sizes
and the motion of the textile flaps was captured using a
high-speed camera. The main conclusions given the sub-
sequent analysis are summarized as follows:

1. Heat transfer enhancement changes markedly with
the shape and size of the textile flap depending on
the wind speed. Among the shapes of textile flaps
that were tested, rectangular textile flaps provided
the largest enhancement of convective heat transfer
for wind speeds less than 17.2 m/s where a max-
imum increase of about 42% in h was observed.

2. Investigation into variables influencing the oscil-
lating frequencies of rectangular flaps shows that
air velocity and size of the textile flaps both play
significant roles.

3. Expressing heat transfer performance by K ¼
Nu=ðRe� 1000Þ and plotting against f � indicates
that maximum heat transfer performance occurs at a
particular value of f � in the range of 0:22 to 0:32,
depending on the Reynolds number.

Figure 12. Dimensionless flow-induced frequency f� varying
with dimensionless parameter A�Re for various air velocities. The
solid line is the fitting curve: f� ¼ 8:987� 10�4ðA�ReÞ0:57 with
the coefficient of determination R2 ¼ 0:912:

Figure 13. Coefficient K vs: dimensionless flow-induced oscil-
lation frequency f � for various air velocities.
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4. Correspondingly, an optimal design for future
heat exchangers can be achieved by optimizing A�

for a given Re to reach a desired f � in the range
of 0:22 to 0:32 based on Eq. (11) and Figure 13.
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