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Bio-inspired flexible plates have shown promising results as a passive method to enhance convective heat
transfer and mixing in flow. Flap fluttering is a self-excited phenomenon caused by the fluid-structure-
interaction between the main flow and the flap. Among all the parameters, the direction of the flap
relative to the incoming flow appears to be the key factor in determining the transition into the flapping
mode. In this study, flaps made of a 50-micron thick polyester sheet were cut into rectangular shapes
and placed at the centerline of the channels of a shrouded straight fin heatsink. Both hanging and verti-
cal positions of the flap in the axial flow were investigated using a custom-built testbed in our lab. We
measured the convective heat transfer rates and pressure drop in the heatsink for both arrangements.
We observed that: i) the rectangular cantilevered flap is more unstable in the hanging flap configuration
compared to the vertically installed flap, i.e., the transition to the fluttering mode occurs at a lower air-
flow velocity; ii) the critical flow velocity - the velocity at which the flap becomes unstable- is lower for
the flap aspect ratio of 0.5. We attribute this behavior to the longer viscous boundary layer around the
vertical case, which stabilizes the flap; iii) from a thermal performance point of view, the hanging config-
uration outperforms the vertical one with the same flap dimensions; iv) at a Reynolds number of 8,940,
large amplitude vibrations and coherent fluttering in a hanging configuration render a superior thermal
performance of 39 percent improvement in the Nusselt number compared to when bare channels are
measured. On the contrary, at higher flowrates, the difference falls in the range of measurement uncer-
tainty; and v) as for the pressure drop, unlike the hanging configuration, the vertical flap creates a higher
pressure drop as it tends to block half the channel at the end of the trailing edge stroke. Furthermore,
the presence of the flap holder adds to the pressure drop increase, which is eliminated in the hanging
position and therefore, flaps could be connected to the shroud directly.

© 2023 Elsevier Ltd. All rights reserved.
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a result, numerous studies have been conducted on the use of vor-
tex generators as turbulators confirming their superiority to mix

1. Introduction

Forced convection heat transfer is used predominantly for elec-
tronic cooling and heat exchangers with moderate to relatively
high-density heat fluxes [1]. However, as the thermal boundary
layer develops, the heat transfer rate degrades and plateaus to a
constant value. The everchanging technological advancement re-
quires more compact components with higher heat generation
rates in the electronic industry, solar power systems, power plants,
etc. This leads to a heat flux spike, which demands more effi-
cient heat dissipation and generally better thermal management
[2]. One approach to improve the heat transfer rate is to interrupt
the boundary layer. Also, the turbulent flow is more efficient in
terms of the heat exchange between the fluid and the surface. As
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the flow and enhance the heat transfer over other strategies [3,4].
Among all the vortex generators, flexible plates known as flags or
flaps have shown promising results. The flaps are placed along the
flow and initiate vibration at a certain flow velocity called critical
flow velocity and maintain their movement forward [5]. The crit-
ical flow velocity and the effect of spanwise clearance have been
studied intensively in wind tunnels to find the underlying physi-
cal parameters governing the transition to the flapping mode [6-
9]. This bio-inspired method has drawn attention recently as the
tip vortices generated due to the self-sustained fluttering of the
flexible plate can enhance the heat transfer coefficient at a rela-
tively low pressure drop cost. The behavior of the flaps is clas-
sified into three distinct modes: i) the stretched straight mode;
ii) the flapping or fluttering mode; and iii) the deflected mode,
see Fig. 1 [10,11]. Generally, the flap is initially stationary at low
flowrates as the destabilizing perturbations are not sufficient to
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Fig. 1. Distinctive flap modes as airflow increases [10].

Table 1
An overview of published studies incorporating a flap as a vortex generator.
Flap Orientation Flap Shape Notes
Alison et al. [20] Parallel, Standard Vertical Rectangle 25% Enhancement in Nu number at 35% hydraulic loss
Herrault et al. [21]  Parallel, Standard Vertical =~ Rectangle 60% Heat transfer augmentation

Li et al. [22]
Li et al. [10]
Zheng et al. [19]

Parallel, Standard Vertical
Inclined angle (35°)
Inclined angle (45°)

Airfoil-shaped

Rectangle

Hourglass-shaped

15% Heat transfer enhancement at the same pumping power
68% Improvement in thermal-hydraulic performance
120% Heat transfer increase at the same pumping power
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Fig. 2. A schematic diagram and photo of the testbed used to conduct the forced air convection experiment.

trigger flapping. In this regime, vortices with alternating signs are
generated and advected by the main flow downstream, but they
do not contribute to heat transfer enhancement [12,13]. The on-
set of fluttering that happens at the critical flow velocity depends
on both the fluid characteristics and the physical properties of the
flexible plate [14,15,16].

Once the transition to the flapping mode occurs, coherent large
amplitude vibrations are observed. The pressure difference across
the flap is the principal reason for deflections and the elastic
restoring forces are responsible for sustaining the flapping [17].
By further increasing the flowrate, the transition to the deflected
mode occurs as the elastic forces are not able to return the flap



S. Najafpour and M. Bahrami

(@)

Heatsink

Flap

Flap mast

(b) Shroud

Heatsink

International Journal of Heat and Mass Transfer 211 (2023) 124183

Flap Top view of
channel
Fla
P . Side
‘ view of
| channel

Fig. 3. The flaps placed in the channels of the heatsink in: (a) a vertical configuration with the top view photo; and (b) the hanging configuration with the side view photo.

to its initial position. Zhong et al. [18] tested Kapton flaps installed
vertically in a single channel and reported the positive effect of the
split flag on the heat transfer due to the interaction between strips.
A maximum thermal-hydraulic performance factor of 1.91 has been
reported for the case with four strips. They also conducted an ex-
perimental study on an inverted flap, where the trailing edge was
clamped instead of the leading edge [11]. Although, the transi-
tion to the flapping mode occurred at a lower airflow, the fric-
tion coefficient was augmented 6 to 8-fold, while achieving only an
80% increase in the Nusselt number. Furthermore, Li et al. [10] in-
vestigated hourglass-shaped agitators, different numbers and vari-
ous pitches. They reported that an optimum distance between two
consecutive flaps was 25 mm. Nonetheless, the pressure loss ow-
ing to the airflow blockage in the deflected mode eclipsed with an
almost 200% increase in Nu number compared to the bare chan-
nel at Reynolds numbers higher than 5000. In another experimen-
tal study, the advantage of using two pairs of rectangular flaps
over stationary vortex generators was shown, where the convective
heat transfer was enhanced by matching the heatsink’s preferred
frequency mode and the agitator’s resonance frequency [19]. An
overview of the experimental studies on flap fluttering as a con-
vective heat transfer enhancement method is provided in Table 1.
As highlighted in Table 1, the focus of these studies has been on
either parallel or inclined flaps. The question arises as to whether
or not other configurations, namely horizontal and hanging, would
be more effective. In this paper, we focused on the hanging config-
uration for its potential practical applications.

To summarize, the standard flag outperforms the inverted one
in terms of heat transfer enhancement and the pressure drop
penalty. The shortcoming of the vertical in-line flag configura-

tion is the higher critical flow velocity, which requires more fan
power and leads to excess noise. There are myriad number of fac-
tors determining the transition to the flapping mode, including:
the flap dimensions, the momentum of the flow, the density of
the solid, the flexural modulus, etc. [23]. Nonetheless, the posi-
tion of the flaps in the channel with respect to the incoming flow
is paramount. Although, numerous studies focused on the vertical
configuration with various inclination angles [24,25], to the best of
our knowledge, no study has ever been carried out on the hanging
configuration. In this paper, we report our experimental results, in-
cluding the critical flow velocity and hydrothermal performance of
a parallel plate-fin heatsink equipped with flaps and compare the
results with the bare heatsink.

2. Methodology
2.1. Experimental setup

A custom-built testbed has been developed in our lab and is
shown schematically in Fig. 2. The testbed is comprised of the
following main components: a counter blower attached to an air-
flow chamber with an orifice plate in between for measuring the
air flowrate, i.e., a 1,000 mm x 90 mm x 30 mm channel made
of acrylic sheets equipped with a heating section. The test sec-
tion was wrapped with insulation material to minimize the heat
loss. The heating section included a four-channel plate-fin heatsink
with a length, width, and height of 300 mm, 40 mm, and 30 mm,
respectively, glued to a heating block. The base thickness of the
heatsink, fin spacing, and the thickness of the fins are 3.8 mm, 8.5,
and 1.2 mm, respectively. The heating block had the same area as
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Fig. 4. The friction coefficient as a function of Re number. The transition to the flapping mode for the hanging and vertical configurations is shown by the red and blue
arrow, respectively. In addition, the straight and flapping modes, for each flap configuration, are demarcated by the corresponding colored dashed lines. One rectangular flap
was placed in the middle of each channel with a width, height, and length of 8.8 mm, 26 mm, and 300 mm, respectively. The inlet air temperature was fixed at 22.5 °C and
the input power to the heater was set at 120 W. The transition to the fluttering mode for the vertical flap occurred at Re = 11,270 while the onset of the flapping for the

hanging configuration occurred earlier at Re = 8, 940.

Table 2

A list of measuring devices and their corresponding accuracy.

Measurement Devices and Sensor

Omega T-type Thermocouple

Omega RTD

Setra Differential Pressure Transducer
Lamda Orifice Plate

Omega Polyimide Heater

National Instrument DAQ

Model Accuracy
+0.5°C
PR-13-2-100-1/8-6-E +0.15°C
2671-001WB-11-G1ED +0.4%
FLC-AC < +£0.5%

KHA-112/10-P
NI 9217, NI 9213, NI 9207

the heatsink and the film heater (flexible polyamide, Omega) was
attached to the bottom of the heating block. The heating block
was covered all around with an insulation material to minimize
the heat loss and to ensure that a uniform 1-D heat flow was di-
rected at the heatsink. The contraction section and air straighter
were installed at the inlet to minimize the upstream turbulence.
The temperature of the heating block was measured using 9 T-
type thermocouples (Omega) that were inserted vertically at three
locations. The inlet and outlet air temperatures were measured us-
ing RTDs (PT100, Omega) for a higher accuracy. Two pressure taps
were used before and after the heatsink to measure the pressure
drop using a differential pressure transducer (267, Setra). More de-
tails on the suppliers, models, and the accuracy of sensors used in
the testbed can be found in Table 2.

The flaps were made of a 50-micron thick polyester (PET) film
with a flexural rigidity of 4.89 GPa (McMaster-Carr). They were cut
in rectangular shapes (24 mm x 12 mm). Since there is no gen-
eral equation for thermal entrance length in a turbulent regime,
we used the following approximation for the thermal entrance

length [26]:
Xth
b =10 )

where, x;, is the thermal entrance length, and D, (m) is the hy-
draulic diameter of a single heatsink channel. Consequently, one
flap per channel was installed 150 mm from the channel entrance.
For the vertical configuration, flaps were connected to a 0.02-mm
stainless steel foil, as the flap mast; the hanging configuration
didn’t require a post and the flaps were connected to the heatsink
shroud directly. The schematic diagram and a photo of the testbed
are shown in Fig. 2. The installed flaps are depicted in Fig. 3

2.2. Experimental procedure and data analysis

Initially, the tests were conducted on the bare heatsink to es-
tablish a baseline for the results. The electrical power input was
set and maintained to a predetermined value throughout the en-
tire experiment. The fan was set to the suction mode to mini-
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Fig. 5. The average Nu number with the increase in Re number. The transition to the flapping mode for the hanging and vertical configurations is shown by a red and blue
arrow, respectively. In addition, the straight and flapping modes are demarcated for each flap configuration, by corresponding colored dashed lines. One rectangular flap
was placed in the middle of each channel with a width, height, and length of 8.8 mm, 26 mm, and 300 mm, respectively. The inlet air temperature was set at 22.5 °C and
the input power to the heater was fixed at 120 W. The transition to the fluttering mode in vertical flaps occurs at Re = 11, 270 while the onset of flapping in the hanging

configuration occurred earlier at Re = 8, 940.

mize the entrance disturbances. The airflow was modulated us-
ing a variable speed centrifugal fan. The airflow was increased
step by step and the data were recorded once the steady-state
condition was reached. The steady-state condition was assumed,
when the temperature variation with respect to time was less than
0.1°C per 5 min. Then, the tests were performed with agitators in-
stalled between the heatsink channel walls and connected to the
shroud in two configurations: i) the vertical configuration; and ii)
the hanging configuration. In order to evaluate the performance of
the heatsink, the following non-dimensional numbers are defined
and used.
The Reynolds number of the flow is defined as:

PVDy,

Re =
4Ac 1L

(2)

where, V (m3 s=1) is the airflow rate measured by the orifice plate,
Dy, (m) is the hydraulic diameter of a single heatsink channel as
the characteristic length, Ac (m?2) is the cross-sectional area of one
of the heatsink channels, p (kg m=3) and v (m? s~!) are the density
and dynamic viscosity of the air at film temperature, respectively.

Since the pressure drop is a characteristic of the hydraulic per-
formance, the friction factor is considered using Eq. (3):

ApDh

I=55007L

(3)
where, Ap (Pa) is the pressure drop across the test section, L (m)
is the distance between the pressure taps, i.e., 0.4 m, and U (m s~1)
is the inlet average velocity, respectively.

To assess the thermal performance of the heatsink, the Nus-
selt number and j-factor are selected as shown in Egs. (4) and (6),
respectively.

hDy,
Nu=—- 4
=" )
where, k (W m~1 K-1) is the thermal conductivity of air and h
(W m=2 K-1) is the convective heat transfer coefficient derived

from Eq. (5):

Q
h= —F— 5
At ATimrp )
where, Q (W) is the heat generated by the film heater transferred

to the heatsink, A; (m?) is the total convective heat transfer area,
and ATyyrp (K) is the log mean temperature difference between
the heatsink base temperature and the airflow temperature, re-
spectively. As the uniform heat flux is applied to the bottom of the
heatsink, the log mean temperature difference is used to calculate
the heat transfer coefficient:

Nu
j = 6
! RePr3 (®)
where, Pr is the air Prandtl number defined as the ratio of mo-

mentum diffusivity to thermal diffusivity o (’”T)

Pr=— (7)

Finally, the overall thermal-hydraulic performance is assessed
using Eq. (8) in which the increase in heat transfer is divided
by the increase in the fan/pumping power. In other words, the
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Fig. 6. The j-factor versus the Re number. The straight and flapping modes for the hanging/vertical configuration are demarcated by a red and blue dashed line, respectively.
One rectangular flap was placed in the middle of each channel with a width, height, and length of 8.8 mm, 26 mm, and 300 mm, respectively. The inlet air temperature was
set at 22.5 °C and the input power to the heater was fixed at 120 W. The transition to the fluttering mode in vertical flaps occurred at Re = 11, 270 while the onset of the

flapping mode in the hanging configuration occurred earlier at Re = 8, 940.

thermal-hydraulic performance factor determines the heat trans-
fer enhancement at a constant pumping power compared to the
baseline, where no flags were added.
()
n=-—"t (8)
(£)
fo

The tests were repeated three times each, the results were re-
peatable with a maximum deviation of 6%; averaged values were
used in this study.

Furthermore, an uncertainty analysis was carried out to account
for both the bias and the random variation errors. The bias uncer-
tainty analysis is calculated using a root-sum-square method fol-
lowing Ref. [27]:

(9)

where, Y is a function of (X;, X5,..., Xy) variables. Taking the bi-
ased uncertainty of friction factor as an example:

Sfp= (;Z ) (8Ap)? +(8f> (8U)?

The total uncertainty of the friction factor including the stan-
dard deviation uncertainty derives as follows:

8f =1/ (8p)* + (8fua)’ (11)

The accuracy of the measurement devices used in our testbed
are listed in Table 1. The overall uncertainty of our measurements
is estimated to be less than 8%.

(10)

3. Results and discussion

The experimental results for the friction coefficient and Nu
number are presented in Figs. 3 and 4, respectively. The ex-
perimental results on the bare heatsink are compared with the
empirical bypass correlation proposed by Jonsson and Moshfegh
[28], there is a good agreement between them. The jump in
both the friction factor and Nu number demarcates the transi-
tion to the flapping mode. The hanging flap jumped to the flap-
ping mode at a 19% lower critical flow velocity in comparison with
the vertical flap. Since the source of excitation in both configu-
rations was movement-induced [14]|, we believe that the lower
airflow velocity associated with the hanging flap is due to the
shorter viscous boundary layer around it. The viscous bound-
ary layer resists the perturbations, which in turn stabilizes the
flap.

In terms of hydraulic performance, the hanging configuration
showed a lower pressure drop compared to the vertical one
in both the stretched and flapping modes, as can be seen in
Fig. 3 and 4. In the stretched mode, the standard vertical flaps
created an almost 20% more pressure drop increase compared to
the bare channel, while the hanging flaps exerted a 13% pres-
sure drop increase. This slightly higher pressure drop could be at-
tributed to the presence of the flag mast. Similarly, in the flap-
ping mode, the standard vertical flaps increased the friction co-
efficient by roughly 56%; this number was less than 34% for
the hanging one. The reason for the higher hydraulic loss is the
channel blockage at the end of each stroke of the flap. Con-
versely, the pressure drop which increases in the hanging configu-
ration is mainly ascribed to the vibration of the flap itself, which
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Fig. 7. The thermal-hydraulic performance factor for the two flap orientations. The inlet air temperature was set at 22.5 °C and the input power to the heater was fixed
at 120 W. The straight and flapping modes for the hanging and vertical configuration are demarcated by a red and blue dashed line, respectively. One rectangular flap was
placed in the middle of each channel with a width, height, and length of 8.8 mm, 26 mm, and 300 mm, respectively. The transition to the fluttering mode in the vertical
flaps occurred at Re = 11, 270 while the onset of flapping in hanging configuration occurred earlier at Re = 8, 940.

mixes the flow and extracts energy from the flow to maintain its
movement.

The Nu number of the channels equipped with the flaps com-
pared to the bare channels is within the range of measurement
uncertainty at a low Re value of < 6,000. However, the Nu num-
ber jumps at the outset of large amplitude oscillations due to the
fluid-structure-interaction. The highest increase in the Nu number
is nearly 45% for the hanging configuration. The vortices shed off
the flaps interrupt the developing boundary layer leading to heat
transfer enhancement. The generated vortices can penetrate the
viscous boundary layer and agitate the flow.

Other performance metrics - the j-factor and thermal-hydraulic
performance factor - are plotted against the Re number in
Figs. 6 and 7, respectively.

As shown in Fig. 5, the Nu number increases monotonically
with the Re number, however, the j-factor plot is a better represen-
tative for thermal performance that excludes the effect of the fluid
momentum. The j-factor increased sharply by up to 50%, and the
difference between the hanging and vertical configurations in the
flapping region (Re > 10,900) was negligible. The overall thermal-
hydraulic performance of the heatsink augmented with a hanging
flap was increased by 30% at the inception of the flapping mode,
Re = 8,940. This translates into gaining a 30% increase in the heat
transfer rate with no additional fan power, when compared to the
vertical flap arrangement.

4. Conclusions

In this study, an experimental investigation of nature-inspired
fluttering flaps has been conducted in a wind tunnel in two

positions: the hanging and vertical configuration. The downside of
installing flaps vertically which is a higher critical flow velocity has
been addressed in this paper by installing the flaps in the hang-
ing configuration. It was observed that the boundary layer around
the flap was shorter in the proposed hanging configuration, which
made it more unstable, thus more effective. Other advantages of
the hanging configuration over the vertical one was that there was
less pressure drop increase due to the elimination of the channel
blockage associated with the vertical installation of flaps. In addi-
tion, the need for a flag post was omitted, and the flags were con-
nected to the heatsink shroud directly. The lower hydraulic loss,
critical flow velocity and the same heat dissipating performance
made the hanging configuration a promising approach and a topic
worthy of further investigation.
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