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Airfoil-based self-agitators (AFAs) were installed in multiple plate-fin channels integrated with cantilever
beams. The heat transfer enhancement and pressure drop characteristics of this AFA design were exper-
imentally investigated and compared with the clean channel case. We found that the AFA vibrates peri-
odically and generates vortices, which enhance flow mixing and thus heat transfer performance. A
rectangular shaped airfoil-based self-agitator (RAFA) and a delta shaped airfoil-based self-agitator
(DAFA) with variable chord lengths were designed to investigate shape and size effects on thermal per-
formance. Measurements were also carried out for DAFAs with different layouts, such as multiple rows of
DAFAs installed inside a single channel. For the chosen heat sink and assigned working conditions, the
best heat transfer performance was obtained with four rows of DAFAs, which caused an 80% increase
in overall Nusselt number over the clean channel at the same Reynolds number and a 50% rejected heat
increase at the same pumping power due to the strong longitudinal vortices generated by the presence of
the AFAs.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Plate-fin heat exchangers can be used for a wide range of indus-
trial applications, such as power plants, chemical engineering,
heating and air conditioning, electronics cooling, and air-cooled
solar collectors [1–3]. Enhancement of thermal performance in
heat exchangers allows for a more efficient design, resulting in
material and energy savings. Heat transfer in plate-fin channels
has been intensively studied using theoretical, numerical, and
experimental methods. Placing vortex generators in a plate-fin
channel is one of the most widely used heat transfer augmentation
methods. This method is typically classified into two categories:
passive and active. Ahmed et al. [4] and Sheikholeslami et al. [5]
conducted a comprehensive review on passive vortex generators.
Passive methods include modifying the surface of the channel
and adding an additional upstream device to generate a vortex.
Active vortex generators have limited practical application because
they need external power input and they are difficult to place
inside the channel. The use of a piezofan is one of the most popular
active techniques. Yu et al. [6] studied active agitator plates in an
air-cooled heat sink and reported the effects of operational mode,
tip gap size, operational amplitude, and frequency of heat transfer
enhancement. An alternative to traditional passive vortex genera-
tion methods involves placing flexible materials such as plates,
flags, and reeds inside the channel. As these flexible structures
are immersed in channel flow they engage in periodic flapping
motions, and this fluid-structure interaction (FSI) generates vor-
tices. This method combines the highlighted advantages of both
the passive and active methods described above.

A number of numerical studies which employed FSI of flexible
materials coupled with heat convection have been published.
Shoele et al. [7] conducted modeling studies on a flexible reed in
a heated channel, which showed that heat transfer is maximized
when the interaction between the channel walls and the wake of
the reed creates large modulations in the boundary layer. Park
et al. [8] demonstrated that an inverted flag embedded in a sur-
rounding flow can improve thermal performance through the gen-
eration of vorticial structures by FSI. The investigation conducted
by Khanafer et al. [9] presented the flow and heat transfer charac-
teristics around a flexible microcantilever in a fluidic cell, which
included the effect of fluid velocity, flow direction, and the height
of the bluff body on the deflection of the microcantilever. Shi et al.
[10] investigated vortex-induced vibration through a flexible plate
attached to lee side of a stationary cylinder. The results show that
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Nomenclature

AFA airfoil-based self-agitator (–)
As conduction area of heating block (m2)
A1 convection heat transfer area of channel (m2)
A2 cross section area of channel (m2)
b length of beam (mm)
c chord length (mm)
cp specific heat (J kg�1 K�1)
d spacing between agitator (mm)
DAFA delta airfoil-based self-agitator (–)
Dh hydraulic diameter (m)
h heat transfer coefficient (W m�2 K�1)
H height of heatsink channel (mm)
k1 thermal conductivity of heating block (Wm�1 K�1)
k2 thermal conductivity of air (Wm�1 K�1)
L length of heatsink channel (mm)
Nu overall Nusselt number (–)

RAFA rectangular airfoil-based self-agitator (–)
Re Reynolds number (–)
Dp pressure drop (Pa)
P pumping power (Wm�2)
T temperature (K)
q conduction heat rate through heating block (W)
Q rejected heat of plate-fin heatsink (Wm�2)
Uin inlet flow velocity (m/s)
s span of airfoil (mm)
t thickness of airfoil (mm)
_V volume flow rate (m3 s�1)
W width of heatsink channel (mm)
v kinematic viscosity of air (m2 s�1)
h angle of attack of AFA (�)
u inclined angle between agitators (�)
q air density (kg m�3)
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vortex-induced vibration, which is considered a promising way to
augment the heat transfer of an air-cooled heat sink with accept-
able pressure drop, can dramatically increase the average Nusselt
number by up to 90.1% compared to a clean channel. Similar
results were observed by Soti et al. [11] through their simulation
analyses for a rigid cylinder attached to a deformable plate in a
channel flow. The analyses showed that larger Prandtl and Rey-
nolds numbers improved heat transfer, but reduced efficiency. Fur-
ther studies on the effects of channel blockage by a cylinder
conducted by Gallegos et al. [12] indicated that there exists an
optimum blockage that maximizes the frequency and amplitude
of the vibrations in a flexible structure behind the cylinder. Ali
et al. [13] demonstrated that 134% overall heat transfer enhance-
ment was obtained by inserting free elastic flaps instead of rigid
flaps in the channel. Lee et al. [14,15] conducted an investigation
on heat transfer enhancement by flags in an asymmetric configura-
tion (FAC) and in a symmetric configuration (FSC). They reported
that the FAC significantly augmented the thermal efficiency com-
pared to the FSC, and enhanced heat transfer by 207% compared
to the base flow.

However, few experimental investigations were conducted on
FSI coupled with convective heat transfer [16]. Herrault et al.
[17] and Hidalgo et al. [18,19] reported beneficial effects on heat
transfer by inserting elastic fluttering reeds in heatsink fins, which
are driven by the air flow. The experimental results reported by
Hidalgo et al. [18], demonstrated a coefficient of performance
enhancement of about 2.4-fold with a reduction in flow velocity
of 50% and an increase of about 190% in Nusselt number relative
to the base flow in single channel testbed. However, for the tests
conducted in a 5-channel heatsink, the heat transfer enhancement
in Nusselt number varies between a minimum of 53% and a max-
imum of 69% at lower Reynolds number ranges. The test results
shown by Hidalgo et al. [19] reported that Nusselt number
enhancement increases 43% at Re = 2000 to 88% at 5000 and the
pressure drop increment increases from 37% at Re = 2000 to nearly
100% at Re = 4300. Both fluttering reed and AFA are passively dri-
ven by air flow through the fluid-structure-interaction process
for inducing vortices within the channel to enhance the heat trans-
fer coefficient at the heated wall surface. However, the oscillation
frequency of fluttering reed can be varied from about 100–
600 Hz, which is much higher than the frequency of AFA at 37 Hz
in the present work. The fluttering reed generally has a larger
aspect ratio to create strong disturbance on wall flow, which makes
a loud noise during the high-frequency vibration. The overwhelm-
ing advantage of AFA compared with elastic reed is that the shape
and structure of AFA can be optimized easily to create favorable
longitudinal vortices.

Wendt et al. [20] investigated the geometry and flow character-
istics of the vortex generator, which is a symmetric airfoil having a
NACA 0012 cross-sectional profile. In the present study, the design
of both RAFAs and DAFAs was based on the NACA 0012 cross-
sectional profile but not exactly the same. AFAs lose stability and
start to vibrate at a critical velocity, and then oscillate periodically
due to fluid-structure-interaction. Airfoils that exhibit large defor-
mation due to FSI increase fluid mixing, and thus heat transfer,
significantly.

To investigate the convective heat transfer performance of the
plate-fin heatsink with AFAs inside, an experimental setup was
established and first evaluated by a numerical simulation in the
clean channel case. The thermal performance and pressure drop
characteristics of AFAs were examined in different shapes, chord
lengths, and arrangements. The results of this investigation indi-
cate that the use of AFAs is a potential way to enhance heat trans-
fer rate without significant increases in pumping power and fin
density.

2. Experimental description

2.1. Experimental apparatus and instrumentation

All experiments were conducted in an open transparent airflow
duct. A schematic diagram of the setup is shown in Fig. 1, and a
photo of the experimental system can be seen in Fig. 2(a) [21–
23]. The test bed consists of an airflow chamber (AMCA 210-99,
Airflow Measurement System), a heating block, a test section, a
seven-channel plate-fin heatsink (518-95AB, Wakefield), AFAs,
and devices for monitoring temperature and pressure difference.
A high-speed camera (Miro 310, Vision Research) is set to capture
the flapping motion of the AFAs to get a good understanding of
structure vibration. Air is drawn in by a variable speed fan and
passes through the test section of the airflow duct as shown in
Fig. 2(b). The customized aluminum heating block carrying two
resistor heaters (LPS 300, Vishay Americas) is wrapped by fiber-
glass thermal insulation and supported by a lab jack through a
3D-printed stage. Fourteen T-type thermocouples are inserted into
the heating block to help collect temperature gradient data and
monitor heat flux as shown in Fig. 2(c). A seven-channel plate-fin
heat sink is mounted on the heating block using eight screws.



Fig. 1. Schematic diagram of the experiment setup.

Fig. 2. Photo of the experimental setup: 1. airflow chamber; 2. pressure transducer; 3.7-channel heatsink and AFA; 4. tubes connected to pressure sensor; 5. high-speed
camera; 6. heating block wrapped by thermal insulation; 7. resistance heaters; 8. six T-type thermocouples for monitoring temperature of heatsink base; 9. eight T-type
thermocouples for monitoring heat flux; 10. computer and DAQ devices; 11. power supply.

Fig. 3. Airfoil-based self-agitator assembly composed of a beam, connector, airfoil,
shaft and a support.
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Thermal paste is added at the interface between the heat sink and
heating block to reduce contact thermal resistance. Heat is gener-
ated in the heating block by two resistor heaters. The data acquisi-
tion (DAQ) device is comprised of a 4-slot Ethernet chassis (NI
cDAQ-9184, National Instrument), a 16-differential voltage input
module (NI 9205, National Instrument), and a 16-channel thermo-
couple input module (NI 9213, National Instrument).

The black anodized seven-channel heat sink is made of alu-
minum, and each channel has a length, width, and height of
121.92 mm, 6.60 mm, and 21.84 mm, respectively. A high-
accuracy differential pressure transducer (220DD, MKS Instru-
ments) with a range of 0–20 torr is used to monitor pressure differ-
ence inside the airflow chamber in order to correlate the volume
flow rate with the system curve. Another differential pressure sen-
sor (698A11TRB, MKS Instruments) with a range of 0–10 torr is set
to collect the pressure drop through the heat sink channels. Six T-
type thermocouples are installed at the interface of the heating
block and the base of the heat sink to measure the bottom surface
temperature of the heat sink, one T-type thermocouple is installed
at the inlet of the duct to measure bulk inlet temperatures, and
eight T-type thermocouples are installed uniformly throughout
the heating block to monitor the heat flux through the heating
block. All T-type thermocouples were calibrated by a calibrator
(ThermCal400, Accurate Thermal Systems) with an accuracy of
±0.25 �C.
An AFA design is developed for heat transfer enhancement, as
shown in Fig. 3. The AFA assembly consists of a support, a beam,
a connector, a shaft, and an airfoil. The shaft, beam, and support
are fabricated using carbon steel for vibration stability. The airfoil
and connector are 3D printed. The beam is bonded to the support
structure by epoxy, and epoxy is also used between the connector
and the beam. The beam is 15 mm long and 0.5 mm thick. The
thickness and span of the airfoil profile (based on, but not identical



Fig. 4. (a) Rectangular airfoil based self-agitators (RAFAs) and (b) Delta airfoil based
self-agitators (DAFAs) in one-row double arrangement.
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to, NACA 0012) are 1 mm and 10 mm, respectively, and the chord
length is varied from 3 mm to 9 mm.

2.2. Experimental procedure

First, a thermal test for the clean channel was conducted to
obtain a baseline for heat transfer performance. The heat flux
was monitored through the aluminum heating block using the
eight thermocouples at assigned locations. The base temperature
(Tbase) of the heat sink was estimated using the six thermocouples
embedded directly underneath the heat sink. The air temperature
at the inlet (Tair;in) and outlet (Tair;out) of the heat sink were also
monitored. The temperature difference between the incoming air-
flow and the average temperature of the base of the heat sink was
maintained at 30 K. Tests were repeated for increasing airspeed
values from 2 m/s to 6 m/s.

The temperature measurements given by the thermocouples
embedded in the heating block were used to find the conduction
heat rate, q, according to Fourier’s Law for 1-D heat conduction.

q ¼ k1As
DT
d

ð1Þ

In Eq. (1) k1 is thermal conductivity of the aluminum block, As is the
cross-sectional area of the block, d is the distance between thermo-
couples in the direction of heat conduction, and DT is the tempera-
ture difference between the thermocouples.

The Reynolds number of the airflow at the channel inlet is given
by

Re ¼ UinDh

v ð2Þ

where Uin is the inlet velocity, Dh is the hydraulic diameter of the
single channel, and v is the kinematic viscosity of air. The inlet
velocity, Uin, is given by

Uin ¼ _V=A2 ð3Þ
where A2 is the cross-sectional area of the plate-fin channel and _V is
volumetric flow rate. A fan system curve which reflects the relation-
ship between volume flow rate and pressure difference inside air-
flow chamber is used to estimate _V .

Pumping power, P, is determined by the pressure drop and flow
velocity, which can be expressed by

P ¼ UinDp ð4Þ
where Dp is the pressure drop through the plate-fin heat sink
channel.

The heat transfer over the heating surface is found using the
overall Nusselt number

Nu ¼ hDh

k2
ð5Þ

where k2 is the thermal conductivity of air and h is the average heat
transfer coefficient, which is obtained by

h ¼ Q
gDT lm

ð6Þ

where g is the fin efficiency, DT lm is the log mean temperature dif-
ference (LMTD), and Q is the actual rejected heat. Q is defined as the
average heat flux of the plate-fin heat sink, and is found by

Q ¼ Q1 � Q2 ð7Þ
where Q1 is rejected heat calculated from experimental data and Q2

(estimated in the following section) is the heat loss to the environ-
ment. Q1 is given by

Q1 ¼ q=A1 ð8Þ
where A1 is convection heat transfer area of plate-fin heat sink. DT lm

is obtained by

DT lm ¼ DTo � DTi

lnðDTo=DTiÞ ð9Þ

where DTi is the difference between the channel surface tempera-
ture and the mean air temperature at the inlet, and DTo is the differ-
ence between the channel surface temperature and the mean air
temperature at the outlet. DTi was maintained at 30 K, and DTo is
obtained by

DTo ¼ DTi � DTc ð10Þ
where DTc is temperature difference through the channel. DTc is
given by,

DTc ¼ q

qcp _V
ð11Þ

where q and cp are the density and specific heat of air, respectively.
Next, tests were carried out by placing RAFAs and DAFAs into

the plate-fin heatsink channel in a one-row double arrangement
to investigate the effect of AFA shape, as shown in Fig. 4. As shown
in Fig. 5, a double arrangement is when two AFAs are attached to
the same support structure. The chord length for each airfoil shape
was the same for this test. The experiments were then repeated
with RAFA chord lengths of 3 mm, 4 mm, 5 mm, 6 mm, 7 mm,
and 9 mm, and DAFA chord lengths of 5 mm, 7 mm, and 9 mm.
Fig. 5. Two airfoil-based self-agitators were placed in a double arrangement.
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Three different arrangements of DAFAs were compared: a one-
row single arrangement, a one-row double arrangement, and a
two-row single arrangement. All three of these arrangements are
depicted in Fig. 6.

Finally, tests were performed with multiple rows of DAFAs
installed in the plate-fin channel in order to maximize heat trans-
fer as shown in Fig. 7. As shown in Fig. 8, the spacing between
neighboring rows is 300 mm.

2.3. Uncertainty analysis and validation of experimental setup

Experimental results were compared with numerical simula-
tion results for the clean channel in order to validate this
Fig. 6. Delta airfoil based self-agitators (DAFAs) deployed in (a) one row double, (b)
two rows single and (c) one row single.

Fig. 7. Delta airfoil based self-agitators (DAFAs) arrayed in (a)
experimental setup. A simulation was conducted to obtain the heat
loss, Q2, to the environment. Fig. 9 depicts the simplified model for
the numerical simulation, where only half of the test section is
considered because the test section is symmetric. Most of the
exposed area of the heating block is insulated with fiberglass mate-
rial, while a small portion is surrounded by the bottom wall of the
channel duct, which is made of 3D printed material. In the numer-
ical simulation conducted in ANSYS CFX, the computational
domain includes the heating block, thermal insulation, 3D printed
material support, and heatsink; the conjugate heat transfer is mod-
eled. Ambient temperature is prescribed at the outer surfaces of
the thermal insulation and supporting material. The heat flux is
tuned at the heating block base to maintain the average tempera-
ture of the heatsink base 30 �C higher than the inlet temperature in
both numerical and experimental investigations. A more detailed
numerical and experimental comparison of a clean channel can
be found in our recent work [24]. Rejected heat is a critical param-
eter in the evaluation of heat sink performance. Rejected heat from
the whole heat sink is lower than from the bottom of the heating
block because of heat loss to the environment. The fin surface tem-
perature is not constant, and it is lower than the heatsink base
temperature because of imperfect fin efficiency. Table 1 shows
the fin efficiency, g, and heat loss, Q2, for different inlet velocity
conditions. Heat loss for all velocities was about 300 W/m2. As
overall heat transfer improves, so does the heat transfer coefficient,
which decreases calculated fin efficiency and rejected heat
improvement. Therefore, we need to eliminate the fin efficiency
and heat loss effects in order to make a fair evaluation of the ther-
mal performance.

To calculate the constant fin temperature results based on the
experimental data, we need to calculate the heat transfer coeffi-
cient for the experiment without considering heat loss and fin effi-
ciency. This is accomplished according to the following steps: (1)
calculate the rejected heat from the heating block; (2) use the
rejected heat and inlet velocity to obtain the outlet temperature;
(3) estimate the LMTD by assuming the wall temperature is equal
to the heating block average base temperature; (4) divide the
rejected heat by LMTD to obtain the heat transfer coefficient. We
can then use the calculated heat transfer coefficient to estimate
fin efficiency [25]. Note that, although rejected heat in this calcula-
tion is found by assuming that no heat is lost to the environment,
this assumption results in less than 3% error for all experimental
results.
one row, (b) two rows, (c) three rows, and (d) four rows.



Fig. 8. Spacing between each row of delta airfoil based self-agitators (DAFAs).

Fig. 9. Simplified model for numerical simulation is comprised of a heatsink,
supporting part, insulation and heating block.

Table 1
Fin efficiency and heat loss for clean channel.

Uin (m/s) 2 3 4 5
Q2 (W/m2) 308.9 305.1 307.0 310.5
g (%) 98.2 97.6 97.4 97.3
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For the numerical results, the realistic rejected heat from the
heat sink, Q , is calculated using Eq. (7). Q is divided by the fin effi-
ciency, g, to estimate the rejected heat with constant wall temper-
ature. The constant fin temperature condition is also solved
numerically for different conditions.

Clean channel tests were repeated and averaged more than ten
times in order to obtain reliable data. The uncertainty for the pre-
sent experimental setup is estimated using the standard approach
proposed by Moffat et al. [26], and the analytic definition of stan-
dard uncertainty is

dR ¼
XN
i

dR
dXi

dXi

� �2
" #1=2

ð12Þ

Each term in Eq. (12) represents the contribution made by the
uncertainty in one variable, dXi, to the overall uncertainty in the
result, dR.

The uncertainty estimations range from 2.79% to 5.04% for the
rejected heat and 3.18% to 6.05% for the overall Nusselt number.
The highest uncertainties were associated with the lowest flow
velocity and Reynolds number, as shown in Fig. 10. These results
are also tabulated in Tables 2 and 3.

Fig. 11(a) shows the numerical and experimental rejected heat
comparison under the constant fin temperature condition. The two
results generally agree, with an average difference of 10.45%. In
addition to the rejected heat, pressure loss between the inlet and
outlet of the heatsink is another critical parameter in the evalua-
tion of thermal performance. Fig. 11(b) shows the numerical and
experimental results for pressure drop at different flow velocities,
and general agreement is observed between two sets of results.
Agreement between these numerical and experimental results
indicates that our experimental setup is reliable.

3. Results and discussion

This research was conducted in order to find an effective mech-
anism to enhance heat transfer using AFAs. First, experiments were



Table 2
Relative Uncertainty of Rejected Heat.

Uin (m/s) 2.02 2.65 3.15 3.81 4.39 4.81 5.51 5.79
Qun (%) 5.04 4.48 4.25 3.74 3.37 3.17 2.91 2.79

Table 3
Relative Uncertainty of Overall Nusselt Number.

Re 1310 1717 2043 2463 2742 3114 3568 3745
Nuun (%) 6.05 5.25 4.90 4.30 3.87 3.63 3.31 3.18
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conducted to optimize AFA shape and chord length. With the opti-
mal shape and desired chord length decided, the effect of AFA
arrangement was studied to find an efficient way to install AFAs
in a certain length of the plate-fin channel. The experimental
results on heat transfer performance in a heat sink channel
equipped with AFAs are presented in the form of an overall Nusselt
number and rejected heat.
3.1. Shape comparison of AFA

Thermal tests were conducted for RAFAs and DAFAs in a one-
row double arrangement with a chord length of 5 mm to compare
heat transfer enhancement performance. As shown in Fig. 12(a), for
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Fig. 11. Validation results between numerical and experiment for (a) rejected heat
and (b) pressure drop.
the same flow velocity, channels with DAFAs exhibited about 50%
more rejected heat than clean channels, and channels with RAFAs
exhibited about 25% more rejected heat than clean channels. As
shown in Fig. 12(d), under the same conditions, the overall Nusselt
number when using DAFAs is significantly higher than when using
RAFAs. For DAFAs, the overall heat transfer enhancement is around
70%, while the heat transfer enhancement is around 33% for RAFAs.
This difference in heat transfer enhancement is because the strong
longitudinal vortex generated by a delta airfoil results in better
fluid mixing than the transverse vortex produced by a rectangular
airfoil [27]. Longitudinal vortices have their axes parallel to the
main flow direction and transverse vortices have their axes per-
pendicular to the main flow direction. Moreover, the longitudinal
vortex exhibits less damping along the channel length. The com-
parison of pressure drop is shown in Fig. 12(c). DAFAs result in less
pressure loss than RAFAs. Therefore DAFAs result in better heat
transfer performance at the same pumping power. This result is
shown in Fig. 12(b). These experiments were repeated with a
9 mm chord length. As shown in Fig. 12(a), the heat transfer
enhancement for DAFAs is higher than RAFAs with the 9 mm chord
length, but this difference is much less pronounced than with the
5 mm chord length. As shown in Fig. 12(c), the pressure drop for
RAFAs is higher than DAFAs. The pressure drop for both DAFAs
and RAFAs is higher with a 9 mm chord length than with a 5 mm
chord length, possibly because the longer chord allows for more
motion of the airfoil, resulting in more blockage in the channel.
These experiments indicate that using DAFAs results in better heat
transfer performance over RAFAs at a lower pressure loss penalty.

The oscillating motion of the airfoil was captured by a high-
speed camera for a RAFA and a DAFA with a chord length and a
span of 5 mm and 6 mm, respectively. Different shaped AFAs have
different oscillating modes, and the oscillating mode of a single
AFA depends on flow velocity. The vibration of an AFA is mainly
heave and pitch. Heave motion is a linear vertical motion, in which
the AFA moves up and down without any rotation. Pitch motion is
a rotation motion, wherein the AFA rotates around its rotation axis.
At lower flow velocity ranges, the force applied on the AFA is
mostly from the coming airflow. The AFA vibrates in both heave
and pitch motion due to the fluid-solid coupling force, while the
AFA mainly exhibits heave motion at higher flow rates. At higher
flow rates, the trailing edge of the airfoil touches the side wall,
which applies force on AFA perpendicular to the flow direction,
suppressing the pitch of the AFA. However, the noise generated
is very limited because of the low frequency of vibration, about
37 Hz.

The Fig. 13 shows a typical snapshot of oscillating motion for a
RAFA. Motion I was captured at flow velocity 3.1 m/s (the lowest
velocity at which stable vibration is observed). The heave motion
and pitch motion can be seen very clearly. The angle of attack, h,
varies periodically between �60� and 60�. The RAFA reaches max-
imum deformation when h reaches its maximum, and in this posi-
tion the RAFA blocks the most cross-sectional area of the channel
and make the instantaneous pressure drop reach its maximum.
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Fig. 12. Heat transfer and pressure drop characteristics of different shapes.

Fig. 13. One cycle motion for DAFAs, h is the angle of attack of the RAFA; motion I is captured at flow velocity 3.1 m/s and motion II is captured at flow velocity 4.2 m/s.
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Fig. 14. One cycle motion for DAFAs, h is the angle of attack of the RAFA; motion III is captured at flow velocity 3.3 m/s and motion IV is captured at flow velocity 4.5 m/s.
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Fig. 15. Heat transfer and pressure drop characteristics of different chord length of RAFA.
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Oscillating motion II can be observed for a flow velocity of 4.2 m/s,
as shown in Fig. 13. In motion II, the heave becomes stronger and
the pitch becomes weaker, and hence the maximum of h reduces to
30�, which results in less channel blockage and lower pressure
drop.

Fig. 14 shows a typical snapshot of oscillating motion for a
DAFA. Motion III is observed at a flow velocity 3.3 m/s (the lowest
velocity at which stable vibration is observed). The heave and pitch
motions are quite similar to those of motion I for a RAFA, and h also
ranges from �60� to 60�. However, when the DAFA reaches its
position of maximum deformation, and angle of attack, h, reaches
its maximum, airflow blockage is much lower than with a RAFA.
As the flow velocity is increased to 4.5 m/s, the DAFA oscillates
with motion IV, also shown in Fig. 14. The heave becomes the dom-
inant motion as the pitch motion becomes weaker, and hence the
maximum in h reduces to 15�. When the DAFA oscillates with
motion IV, flow blockage and pressure drop are significantly
reduced.

3.2. Effects of the chord length of double RAFA

Fig. 15(d) shows the overall Nusselt numbers for RAFAs with
different chord lengths compared with the clean channel test.
The channel with RAFAs achieves the highest heat transfer
enhancement at around 40% with a 7 mm chord length, compared
with the clean channel. For a given flow velocity, the overall Nus-
selt number increases with increasing chord length up to a chord
length of 7 mm. As shown in Fig. 15(a), a similar trend is observed
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Fig. 16. Heat transfer and pressure drop charac
for rejected heat. This can be explained by the stronger transverse
vortex generated by a larger oscillating amplitude due to the
longer chord. With chord lengths greater than 7 mm, the motion
of the oscillating RAFA starts to change due to the width confine-
ment of the channel and contact with the wall. When the trailing
edge of the airfoil touches the side wall of the channel, the ampli-
tude of the agitator’s vibration can no longer increase. At the same
time, the force applied on the RAFA from the wall perpendicular to
the flow direction suppresses the pitch motion of RAFA, leaving the
heave mode as the dominant motion of the self-agitator. As shown
in Fig. 15(c), the flapping-induced pressure drop for longer chords
is no higher than for shorter chords because the dominant heave
motion allows for less blockage of the flow.

RAFAs with short chord lengths need high flow velocity in order
to vibrate, so they do not provide higher heat transfer performance
at low flow velocities. For example, the RAFA with 3 mm chord
length cannot vibrate at low flow velocity, which results in low
pressure drop. This result is depicted in Fig. 15(c). Because of its
better heat transfer performance and lower pressure loss, the RAFA
with a 7 mm chord length results in the best rejected heat perfor-
mance at the same pumping power, as shown in Fig. 15(b).

3.3. Effects of the chord length of double DAFA

Heat transfer performance of one-row double DAFAs was exam-
ined with 5 mm, 7 mm, and 9 mm chord lengths. As shown in
Fig. 16(a), (b), (d), chord length has little effect on Nusselt number,
rejected heat, or pressure drop. A heat transfer enhancement of
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around 40% was obtained for all three of these cases. The heat
transfer enhancement can be attributed to the longitudinal vortex
generated by delta airfoil at the tip of the trailing edge, which effi-
ciently carries cool fluid from the center of the channel to the chan-
nel wall. The longitudinal vortex produced by the DAFA enhances
heat transfer more effectively than the transverse vortex produced
by the RAFA. As shown in Fig. 16(c), the pressure drop for the agi-
tator with a 5 mm chord length is slightly higher than the pressure
drop for the agitator with 7 mm and 9 mm chord lengths. This is
because the heave motion becomes dominant and hence the flow
blockage is reduced for oscillating agitators with a long chord
length. The results discussed above reveal that a DAFA with a
5 mm chord length has similar heat transfer enhancement and a
minor difference in pressure drop but can significantly reduce
the materials cost compared with DAFAs with 7 mm and 9 mm
chord length. Therefore, a DAFA with a 5 mm chord length is an
optimal choice for a delta-shaped agitator.

3.4. Arrangement effect for DAFA

First, single anddouble arrangements of DAFAs in a channelwere
investigated. Both cases were examined in one-row installations,
and relative position in the channel is shown in Fig. 6(a) and (c).
As shown in Fig. 17(a) and (d), the double arrangement has better
thermal performance, with 40% heat transfer enhancement
obtained for double configuration and only 31% for the single
arrangement. This may be because the vortices produced in a chan-
nel with a double agitator interact more strongly with the heated
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Fig. 17. Heat transfer and pressure characte
wall boundary layer than the vortices produced by a single agitator,
resulting in better flow mixing. Motion captured by a high-speed
camera shows that out of phase vibration for a double arrangement
is an effective way to reduce the flow blockage. As shown in Fig. 17
(c), the pressure drop for single deployment ismuch lower than for a
double design due to less flow blockage. The pressure drop is almost
the same as the baseline test at high velocity because the heave
motion of the small agitator results in very little flow blockage.
Because the double DAFA design has better heat transfer perfor-
mancewith lower pressure loss, it has the best rejected heat perfor-
mance at the same pumping power, as shown in Fig. 17(b). This
indicates that the double design is the most effective method to
enhance heat transfer in a heat exchanger.

To investigate the details of a double arrangement of 14 DAFAs
oscillation in the channel, we used a high-speed camera to capture
one cycle, as shown in Fig. 18. The motion is shown at a flow veloc-
ity of 3.5 m/s. The angle of attack becomes small, but both heave
and pitch motions can be clearly observed. The vibrations of the
upper and lower DAFAs are out of phase, which minimizes pres-
sure drop in the channel. When the DAFAs reach their position of
maximum deformation, the angle u between the upper and lower
DAFAs becomes 90�, which increases flow mixing in the channel.

Studies for the one-row double and two-row single designs
were also carried out with the same total of 14 agitators. The heat
transfer performance and pressure drop trends are nearly identical
for both arrangements. These results indicate that the double
arrangement achieves the best heat transfer enhancement per
agitator.
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Fig. 18. One cycle motion for double DAFAs: u is the inclined angle between upper and lower DAFA and motion is captured at flow velocity 3.5 m/s.
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3.5. Heat transfer enhancement of multiple rows double AFAs

Multiple rows of double DAFAs were installed in the channel as
shown in Fig. 7. Only four rows were installed due to space limita-
tions. Because of the results of the previous studies, all DAFAs in
this experiment had a span and chord length of 10 mm and
5 mm, respectively. Oscillating frequency was recorded by the
high-speed camera, and the videos show that disturbances in the
flow field caused by upstream agitators have little effect on the
vibrational frequency of downstream agitators. The recorded
vibration frequency for all agitators was around 37 Hz. As shown
in Fig. 19(d), heat transfer enhancement increases with the number
of rows of DAFAs for any Reynolds number and a maximum
enhancement of around 80% is obtained with a four-row design.
However, when we consider rejected heat and pumping power,
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Fig. 19. Heat transfer and pressure drop c
as shown in Fig. 19(b), we see similar heat transfer enhancement
for agitators in two, three, and four rows. This is because pressure
loss increases proportionally with heat transfer as the number of
rows increases. These results are shown in Fig. 19(c) and (a). The
results of this study indicate that no more than two rows of DAFAs
per channel are needed if pressure drop is a concern. Additional
investigation is necessary to determine the optimal arrangement
and spacing of multiple rows of AFAs.
4. Conclusion

In this study, we first validated our experimental setup with a
numerical simulation. We then investigated the thermal and pres-
sure drop characteristics of a plate-fin heat sink using both RAFAs
0 50 100 150 200
0

200

400

600

800

1000

1200

1400

0 500 1000 1500 2000 2500 3000 3500 4000
0

5

10

15

20

25

(b)

R
ej

ec
te

d 
H

ea
t (

W
/m

2 )

PumpingPower (W/m2)

 Clean Channel
 One Row
 Two Rows
 Three Rows
 Four Rows

(d)

 Clean Channel
 One Row
 Two Rows
 Three Rows
 Four Rows

N
u

Re

haracteristics of multiple row DAFA.



K. Li et al. / International Journal of Heat and Mass Transfer 128 (2019) 715–727 727
and DAFAs with different spacing and row arrangements. We drew
the following conclusions based on our results:

1. The delta-shaped AFA generates strong longitudinal vortices,
thus enhancing heat transfer more than a rectangular shaped
AFA and also resulting in a lower pressure drop.

2. The optimal chord length for a RAFA is 7 mm. This chord length
maximizes heat transfer.

3. Increasing the chord length to pursue higher heat transfer per-
formance for DAFA comes with diminishing returns. A DAFA
with 5 mm chord length is optimal, enhancing heat transfer sig-
nificantly but costing fewer materials than one with higher
chord length.

4. The double arrangement for DAFAs has the best heat transfer
performance with the lowest pressure penalty, so out of the
arrangements examined in this study, it is the best design for
heat transfer enhancement in a heat exchanger.

5. Heat transfer continues to improve with more than two rows of
DAFAs, but at the cost of additional pressure drop. No more
than two rows of agitators are necessary if pressure loss is a
concern.

Conflict of interest

The authors declare that there is no conflict of interest regard-
ing the publication of this paper.

Acknowledgements

This work was supported by ARPA-E (United States) under
Grant No. DE-AR0000582. The authors would also like to acknowl-
edge Thomas McClure and Alex Chen for their constructive
comments.

References

[1] M. Khoshvaght-Aliabadi, S. Zangouei, F. Hormozi, Performance of a plate-fin
heat exchanger with vortex-generator channels: 3D-CFD simulation and
experimental validation, Int. J. Therm. Sci. 88 (2015) 180–192.

[2] S. Wang, J. Shi, H.-H. Chen, S.R. Schafer, M. Munir, G. Stecker, W. Pan, J.-J. Lee,
C.-L. Chen, Cooling design and evaluation for photovoltaic cells within
constrained space in a CPV/CSP hybrid solar system, Appl. Therm. Eng. 110
(2017) 369–381.

[3] H. Xu, H.-H. Chen, S. Wang, Z. Li, K. Li, G. Stecker, W. Pan, J.-J. Lee, C.-L. Chen,
Coupled natural convection and radiation heat transfer of hybrid solar energy
conversion system, Int. J. Heat Mass Transf. 107 (2017) 468–483.

[4] H.E. Ahmed, H.A. Mohammed, M.Z. Yusoff, An overview on heat transfer
augmentation using vortex generators and nanofluids: approaches and
applications, Renew. Sustain. Energy Rev. 16 (8) (2012) 5951–5993.
[5] M. Sheikholeslami, M. Gorji-Bandpy, D.D. Ganji, Review of heat transfer
enhancement methods: Focus on passive methods using swirl flow devices,
Renew. Sustain. Energy Rev. 49 (2015) 444–469.

[6] Y. Yu, T. Simon, T. Cui, A parametric study of heat transfer in an air-cooled heat
sink enhanced by actuated plates, Int. J. Heat Mass Transf. 64 (2013) 792–801.

[7] K. Shoele, R. Mittal, Computational study of flow-induced vibration of a reed in
a channel and effect on convective heat transfer, Phys. Fluids 26 (12) (2014).

[8] S.G. Park, B. Kim, C.B. Chang, J. Ryu, H.J. Sung, Enhancement of heat transfer by
a self-oscillating inverted flag in a Poiseuille channel flow, Int. J. Heat Mass
Transf. 96 (2016) 362–370.

[9] K. Khanafer, A. Alamiri, I. Pop, Fluid-structure interaction analysis of flow and
heat transfer characteristics around a flexible microcantilever in a fluidic cell,
Int. J. Heat Mass Transf. 53 (9–10) (2010) 1646–1653.

[10] J. Shi, J. Hu, S.R. Schafer, C.L. Chen, Numerical study of heat transfer
enhancement of channel via vortex-induced vibration, Appl. Therm. Eng. 70
(1) (2014) 838–845.

[11] A.K. Soti, R. Bhardwaj, J. Sheridan, Flow-induced deformation of a flexible thin
structure as manifestation of heat transfer enhancement, Int. J. Heat Mass
Transf. 84 (2015) 1070–1081.

[12] R.K.B. Gallegos, R.N. Sharma, Dynamic behaviour of a flexible plate behind a
circular cylinder: Numerical study on the effects of blockage and cylinder size,
in: 20th Australas. Fluid Mech. Conf., no. December, 2016.

[13] S. Ali, C. Habchi, S. Menanteau, T. Lemenand, J.L. Harion, Heat transfer and
mixing enhancement by free elastic flaps oscillation, Int. J. Heat Mass Transf.
85 (2015) 250–264.

[14] J.B. Lee, S.G. Park, B. Kim, J. Ryu, H.J. Sung, Heat transfer enhancement by
flexible flags clamped vertically in a Poiseuille channel flow, Int. J. Heat Mass
Transf. 107 (2017) 391–402.

[15] J.B. Lee, S.G. Park, H.J. Sung, Heat transfer enhancement by asymmetrically
clamped flexible flags in a channel flow, Int. J. Heat Mass Transf. 116 (2018)
1003–1015.

[16] R.K.B. Gallegos, R.N. Sharma, Flags as vortex generators for heat transfer
enhancement: gaps and challenges, Renew. Sustain. Energy Rev. 76 (December
2016) (2017) 950–962.

[17] F. Herrault, P.A. Hidalgo, C.H. Ji, A. Glezer, M.G. Allen, Cooling performance of
micromachined self-oscillating reed actuators in heat transfer channels with
integrated diagnostics, in: Proc. IEEE Int. Conf. Micro Electro Mech. Syst., no.
February, 2012, pp. 1217–1220.

[18] P. Hidalgo, S. Jha, A. Glezer, Enhanced heat transfer in air cooled heat sinks
using aeroelastically fluttering reeds, in: THERMINIC 2015 – 21st Int. Work.
Therm. Investig. ICs Syst., vol. 2015, no. October, 2015.

[19] P. Hidalgo, A. Glezer, Direct actuation of small-scale motions for enhanced heat
transfer in heated channels, in: Annu. IEEE Semicond. Therm. Meas. Manag.
Symp., 2014, pp. 17–23.

[20] B. Wendt, B. Reichert, The modelling of symmetric airfoil vortex generators, in:
34th Aerosp. Sci. Meet. Exhib., 1996.

[21] Z. Li, X. Xu, K. Li, Y. Chen, G. Huang, C. Chen, C.-H. Chen, A flapping vortex
generator for heat transfer enhancement in a rectangular airside fin, Int. J. Heat
Mass Transf. 118 (2018) 1340–1356.

[22] H. Chen, C. Chen, HT2017-4976, 2018, pp. 8–12.
[23] H. Chen, C. Chen, C. Chen, HT2017-4971, 2018, pp. 1–5.
[24] Z. Li, X. Xu, K. Li, Y. Chen, G. Huang, C.-L. Chen, C.-H. Chen, Airfoil-shaped self-

agitator for convective heat transfer enhancement, Int. J. Therm. Sci. 133
(January) (2018) 284–298.

[25] C.-C. Wang, K.-Y. Chi, C.-J. Chang, Heat transfer and friction characteristics of
plain fin-and-tube heat exchangers, part I: new experimental data, Int. J. Heat
Mass Transf. 43 (August 2000) (2000) 2693–2700.

[26] R.J. Moffat, Describing the uncertainties in experimental results, Exp. Therm.
Fluid Sci. 1 (1) (1988) 3–17.

[27] M. Fiebig, Vortices, generators and heat transfer, Chem. Eng. Res. Des. 76 (2)
(1998) 108–123.

http://refhub.elsevier.com/S0017-9310(18)30509-X/h0005
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0005
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0005
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0010
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0010
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0010
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0010
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0015
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0015
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0015
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0020
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0020
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0020
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0025
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0025
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0025
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0030
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0030
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0035
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0035
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0040
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0040
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0040
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0045
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0045
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0045
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0050
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0050
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0050
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0055
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0055
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0055
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0065
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0065
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0065
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0070
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0070
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0070
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0075
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0075
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0075
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0080
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0080
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0080
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0105
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0105
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0105
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0120
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0120
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0120
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0125
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0125
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0125
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0130
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0130
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0135
http://refhub.elsevier.com/S0017-9310(18)30509-X/h0135

	Air-side heat transfer enhancement in plate-fin channel with an �airfoil-based self-agitator
	1 Introduction
	2 Experimental description
	2.1 Experimental apparatus and instrumentation
	2.2 Experimental procedure
	2.3 Uncertainty analysis and validation of experimental setup

	3 Results and discussion
	3.1 Shape comparison of AFA
	3.2 Effects of the chord length of double RAFA
	3.3 Effects of the chord length of double DAFA
	3.4 Arrangement effect for DAFA
	3.5 Heat transfer enhancement of multiple rows double AFAs

	4 Conclusion
	Conflict of interest
	Acknowledgements
	References


