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A B S T R A C T

A novel airfoil-shaped self-agitator is developed for airside heat transfer enhancement within rectangular heatsink channels. Due to fluid-structure interaction, the
airfoil-shaped self-agitator oscillates and generates vortices that improve mixing within the channel and thus improve the heat transfer. The fluid-structure inter-
action is simulated with the fully coupled method of remeshing. Numerical results show that the self-agitator can generate out-of-phase heaving and rotating motions
to enhance heat transfer by 27% without additional power costs and the Nusselt number can be improved by 53% at the same Reynolds number. To investigate the
fundamental aspects of the convective heat transfer enhancement with vortex generation, modal analysis is performed for the vorticity and temperature fields with
dynamic modal decomposition. Instantaneous results can be constructed with steady mode and six dominant unsteady modes, while the steady mode results can be
used to predict the average thermal performance. A prototype of the self-agitator is fabricated and tested experimentally for concept demonstration and validation.
The experimental results show the self-agitator can improve the air-side thermal performance in the rectangular channel significantly without additional pumping
power.

1. Introduction

Air-side convective heat transfer plays an important role in many
industries such as power generation, HVAC, and electronic component
cooling. The two types of convective heat transfer are natural convec-
tion and forced convection, which are distinguished by the external
pumping power [1–4]. In this article, only forced convection is con-
sidered.

Many strategies exist to enhance air-side heat transfer, such as offset
strip fins, T-mixers, and Dean flow in curved pipes. Because these
strategies enhance heat transfer by modifying the flow channel to
generate vortices, implementation may involve the replacement of the
entire design of a heat exchanger. This additional cost could limit their
practicality. On the other hand, straight plate fins, without flow path
modification are widely used as air-side heat exchangers. The alter-
native strategy for enhancing heat transfer would be adding devices of
vortex generation to the current existing heat exchanger rather than
replacing it.

Active vortex generators have been employed to enhance heat
transfer in different applications [5–8]. These active vortex generators
can be retrofitted to existing heat exchangers, and their oscillating
frequencies directly affect the thermal performance. However, active
vortex generators require an additional power supply system to drive
the structural oscillation.

In recent years, fluid-structure interaction (FSI) has been of practical
interest in many engineering fields [9–15]. FSI is the coupling between
fluid dynamics and structural dynamics, usually leading to undesirable
consequences including divergence, control reversal, and flutter. In
aeroelasticity, flutter is a self-excited and potentially destructive oscil-
latory instability, in which aerodynamic forces on a flexible body
couple with its natural modes of vibration to produce oscillatory mo-
tions with increasing amplitude. Because of this feature, wings, airfoils,
and bridges under aerodynamic loadings must be carefully designed to
avoid flutter. However, it has also been shown that those self-excited
oscillatory motions are beneficial in energy harvesting [16,17], and
heat transfer enhancement [18–22]. Current research on FSI for heat
transfer enhancement predominantly employs elastic structures and the
Young's modulus effect to the thermal performance has been discussed
[23]. One unique FSI concept using a elastic beam with a rotatable rigid
structure has been developed for acoustic applications [24,25]. In this
article, we apply this unique design to develop a novel self-agitator for
heat transfer enhancement for the first time. Numerical and experi-
mental investigations are carried out and the results show that self-
agitator can improve performance of air-side heat exchangers.

Vortices can improve the internal convective heat transfer because
they can interrupt the thermal boundary layer [26,27]. However, the
fundamental relation between vortices and thermal performance has
not been addressed. In recent years, modal analysis has been introduced
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to understand the coherent structures in the fluid flow, as discussed in a
comprehensive review paper [28]. In this article, dynamic modal de-
composition [29–31] is performed with the transient numerical results
in vorticity and temperature fields to explore the fundamental under-
standing of the convective heat transfer.

2. Simplified model

An air-side straight plate fin heat exchanger used for baseline per-
formance is shown in Fig. 1(a). The bottom boundary is a constant
temperature heat source, and the top boundary is an insulation plate.
Heat rejection is dependent on the air flow in the channel with con-
vective heat transfer.

As shown in Fig. 1(b), novel self-agitators are placed in the straight
plate fin heat exchanger to improve the thermal performance. These
agitators have three components: a support, a beam, and an airfoil-
shaped agitator. They oscillate in the channel due to fluid-structure
interaction.

The support and beam are simplified as a mass-spring system
[24,25], which is shown in Fig. 2. A two-dimensional laminar air flow
for an agitator between two parallel plates is simulated in this study.
The governing equations for the fluid flow and heat transfer can be
written as
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where u and v are velocities in the x- and y-directions, respectively. T
and p are the fluid temperature and pressure. k, ρ0, cp and μ are thermal
conductivity, density, specific heat, and viscosity determined by the
fluid properties, respectively.

The equations of motion for the agitator can be written as,

+ ∇∇⋅→ + ∇ → = →λ μ u μ u ρ u( ) ¨ ,s s s s s s
2 (6)

where motion displacement ⎯→⎯ =u u u[ , ]s
T

1 2 . The velocity and stress
fields on the fluid-solid boundaries must be continuous as

⎧
⎨
⎩

→ =
→

→⋅→ =
→

⋅→
v u

σ n Γ n

˙ ,s

(7)

where the stress in the solid is
→ = ∇→ + ∇→ + ∇→ + ∇→ →
σ μ u u u u I[( ) ] tr[( ) ]s s

T
s

λ
s

T
s2 and the stress in the

fluid is
→

= −
→

+ ∇→ + ∇→ − ∇⋅→
→

Γ p I μ v v μ v I[( ) ] ( )T 2
3 with → =v u v[ , ]T .

Eq. (7) describes the fluid-structural coupling effects in the numerical
simulations.

The force and torque induced by the deformations of the mass-
spring system to the self-agitator are directly related to the displace-
ment of the rotation center, u0, and rotation angle, θ of the airfoil as

= +F k u β u ,h h0 0
3 (8)

=M k θ,θ (9)

where khkh, βh and kθ are the linear spring constant, nonlinear spring
constant, and spring constant for torque determined by material and
size. The force and torque are applied along a voided circle at the ro-
tation center of the airfoil through a rigid connector boundary condi-
tion. It should be mentioned that a nonlinear spring constant βh is in-
troduced in Eq. (8) to achieve limit cycle oscillations, and to prevent the

Nomenclature

cp specific heat (J/K)
h local heat transfer coefficient (W/mK)
H 2-D channel height (m)
hs agitator displacement (m)
k thermal conductivity (W/m2K)
kh linear translational spring constant (N/m2)
kθ torsional spring constant (N)
L 2-D channel length (m)
Nu Nusselt number (-)
Re Reynolds number (-)
p pressure (Pa)

T temperature (K)
u velocity in x direction (m/s)
u0 rotation center displacement (m)
→us motion of agitator (m)
v velocity in y direction (m/s)
βh nonlinear translational spring constant (N/m4)
λ Lame's first parameter (Pa)
μs Lame's second parameter (Pa)
μ viscosity (Pa*s)
ρ0 air density (kg/m3)
ρs solid density (kg/m3)
θ rotation angle (-)

Fig. 1. Channels without and with self-agitator.
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contact of the airfoil and channel wall boundaries.

3. Validations of numerical method and experimental setups

In this article, both experimental and numerical investigations are
performed to study the self-agitator for convective heat transfer en-
hancement. The numerical method for the FSI simulation and experi-
mental setups for the convective heat transfer testing are validated in
this section.

3.1. Numerical method for fluid structure interaction

To simulate the FSI process with large deformation, numerical tools
exist including remeshing and the immersed boundary method [32],
[33]. In the remeshing method, the fluid region and solid region are
given independent meshes. Remeshing occurs when the mesh quality is
lower than the chosen criteria. For the immersed boundary method, the
whole region is first treated as a fluid, with a fluid mesh, and the solid
region has an additional mesh overlapping the fluid mesh. In this ar-
ticle, the remeshing method in the commercial software COMSOL
Multiphysics is employed to simulate the FSI process with large de-
formation. To verify the numerical method, flow-induced vibration of
an elastic beam behind a cylinder (shown in Fig. 3) is calculated and the
results are compared with available references [34], [35]. An elastic
beam is attached to a stationary rigid cylinder, and the geometric

parameters are shown in Fig. 3. The top and bottom boundaries are
defined with a non-slip condition, while the inlet has a parabolic ve-
locity profile. The average inlet velocity isU0, which is used to calculate
the Reynolds number (Re). Two cases are in consideration for valida-
tion: (1) Re=100 while the ratio between structure and fluid densities
is ρ ρ/s f = 10; (2) Re=200 and ρ ρ/s f =1. The non-dimensionalized

Fig. 2. Physical model.

Fig. 3. Flow-induced vibration of an elastic beam behind a cylinder.

Fig. 4. Grid setting for an elastic beam behind a cylinder.

Fig. 5. Structure displacements compared with reference results.

Table 1
Results comparison in flow-induced vibration of the beam attached to a cy-
linder.

Am/D St CD

Re= 100 ρs/ρf = 10 Turek and Hron (2006) 0.83 0.190 4.13
Tian et al. (2014) 0.78 0.190 4.11
Present results 0.81 0.183 4.05

Re= 200 ρs/ρf = 1 Turek and Hron (2006) 0.32 0.29 2.16
Tian et al. (2014) 0.36 0.26 2.30
Present results 0.32 0.25 2.20
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Young's Modulus is defined as = =∗E E ρ U/ 1400f 0
2 . After conducting a

grid independent study, the grid shown in Fig. 4 is selected.
Fig. 5 shows the horizontal and vertical displacements for the

Re=100 condition for the chosen point A (marked in Fig. 3) which
agree very well with previous works [34], [35]. The amplitude of the
free end in y-direction denoted by Am, the Strouhal number defined as

=St fD U/ 0 ( f is the oscillation frequency), and the average drag coef-
ficient =C F ρ U D/(0.5 )D x f 0

2 are compared with reference results as
shown in Table 1 for the two conditions. Very good agreements are
obtained for all these three parameters and therefore, the numerical
method is valid for solving the FSI with large deformations.

3.2. Airflow bench test for convective heat transfer

Fig. 6 shows a model of the experimental setup of the airflow bench
test for convective heat transfer measurement. An airflow bench with a
standard flow ranging from 3 to 150 CFM (150 CFM Chamber, Airflow
Measurement Systems) is used to provide quantitative cooling air into
the flow channel, which is composed of a 3D printed base material and
side walls with a transparent top. Heat sink performance enhancement
with self-agitators is quantified in terms of increased rejected heat over
a range of flow rates compared to the baseline flow in the absence of the
self-agitators. Heat from the heating block is removed through the heat
sink with convective heat transfer. The heat sink to be tested is made of
aluminum alloy with thermal conductivity of 167W/mK. It has seven
channels with a gap spacing of 6.6 mm, 21.8mm height and 121.9 mm
length, while the fin thickness is 1.5mm. The heating block is made of
aluminum with a thermal conductivity of 120W/mK while two re-
sistive heaters are powered by a power supply providing heat flux
through the aluminum block to the bottom of the heat sinks. Fiberglass
is used for insulation and thermocouples are used to measure the

temperature distribution at each height. This was averaged into one
representative temperature for each height. Fourier's law of heat con-
duction is used to find the heat flow through the substrate, and thus the
heat supplied to the heat sink. It is necessary to point out that heat loss
still exists even though insulation is used in the system.

Fig. 7 shows the experimental lab setup and it has been used to test
different air-side convective heat transfer conditions [36–38]. Experi-
mental and numerical results are compare for the clean channel con-
dition to validate this experimental setup. Fig. 8 shows the simplified
model for numerical simulation and only half of the test section is
considered because of the symmetry condition. Fiberglass insulation
covers most of the side area of the heating block to lower the heat loss.
The rest of heating block sides are attached to the flow channel made of
3D printed material. The heating block keeps the heat sink base average
temperature 30 °C higher than the inlet temperature in both numerical
and experimental investigations.

Rejected heat, which is defined as the average heat flux of the heat
sink, is the critical parameter for the performance to reflect the amount
of heat that can be rejected from heat sink. Fig. 9(a) shows the nu-
merical and experimental rejected heat comparison for different velo-
cities where good agreements are achieved. Rejected heat from heat
sink is lower than that from the heating block bottom because of the
heat loss from the sides. The fin surface temperature is not constant and
is lower than the heat sinks base temperature with regards to the fin
efficiency. Table 2 shows the fin efficiency and heat loss for different
inlet velocity conditions. The heat loss for different velocities are all
around 300W/m2. With an improved convective heat transfer, the heat
transfer coefficient will be higher. Consequently, the fin efficiency will
be lower, which will decrease the rejected heat improvement. There-
fore, we need to eliminate the fin efficiency and heat loss effects to

Fig. 6. Model for the experimental setup.

Fig. 7. In lab airflow bench setup for convective heat transfer test.

Fig. 8. Simplified model for numerical study to verify the experimental setup.
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make a fair evaluation of the thermal performance.
To achieve the constant fin temperature results based on the current

experimental results, we need to calculate the heat transfer coefficient
(HTC) in the experiment first without considering heat loss and fin

efficiency. It is calculated by the following steps: (1) Calculate the re-
jected heat in the heating block (Heat 1); (2) Use the rejected heat and
inlet velocity to obtain the outlet temperature; (3) Estimate the
Logarithmic mean temperature difference (LMTD) by assuming the wall
temperature is the heating block average base temperature; (4) Divide
the rejected heat by LMTD to obtain HTC. After this, we can use the
calculated HTC to estimate fin efficiency (Wang & Chi, 2000). It is
necessary to point out that the HTC in this step differs from the realistic
one, because the rejected heat in the calculation process includes the
heat loss component which would cause error in the fin efficiency
calculation. However, this error is acceptable because it is less than 3%
for all experimental results. Referring to the numerical results, the
realistic rejected heat from heat sink (Heat 2) can be calculated by Heat
1 minus 300W/m2. Lastly, Heat 2 is divided by fin efficiency to esti-
mate the rejected heat with constant wall temperature (Heat 3). On the
other hand, the constant fin temperature condition is solved numeri-
cally for different conditions. Fig. 9(b) shows the numerical and ex-
perimental rejected heat comparison for the constant fin temperature
condition, where good agreements are achieved. Besides the rejected
heat, the total pressure loss between the inlet and outlet of the heat sink
is another critical parameter to evaluate the thermal performance.
Fig. 9(c) indicates that the numerical and experimental results are quite
close to each other for different velocities. Therefore, the experimental
setup for convective heat transfer testing is reliable regarding the re-
jected heat and total pressure loss comparisons between numerical and
experimental results.

The uncertainty for the present experiment setup is estimated using
the standard approach proposed by Moffat et al. [39]. The uncertainty
estimations range from 2.79% to 5.04% for the rejected heat and
3.18%–6.05% for the overall Nusselt number. The highest uncertainties
were associated with the lowest flow velocity and Reynolds number.
These results are tabulated in Table 3 and Table 4.

4. Numerical results and discussions

In the simplified 2D model, the channel height, H, and channel
length, L, are 5mm and 100mm, respectively. The agitator is 4 mm in
length with a NACA0012 airfoil shape, and the spring connection to the
agitator is 0.8 mm to the leading edge. The wall temperature is

Fig. 9. Numerical and experimental results comparison for clean channel.

Table 2
Fin efficiency and heat loss for clean channel.

Velocity (m/s) 2 3 4 5
Heat loss (W/m2) 308.9 305.1 307.0 310.5
Fin efficiency (%) 98.2 97.6 97.4 97.3

Table 3
Relative uncertainty of rejected heat.

Inlet velocity (m/s) 2.02 2.65 3.15 3.81 4.39 4.81 5.51 5.79
Rejected heat uncertainty

(%)
5.04 4.48 4.25 3.74 3.37 3.17 2.91 2.79

Table 4
Relative uncertainty of overall Nusselt number.

Re 1310 1717 2043 2463 2742 3114 3568 3745
Nu uncertainty (%) 6.05 5.25 4.90 4.30 3.87 3.63 3.31 3.18

Fig. 10. Grid setting for self-agitator.
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308.15 K and the inlet temperature is 298.15 K. Two test cases with
inlet velocities of 3.136m/s and 3.763m/s are solved. The corre-
sponding Reynolds numbers of 2000 and 2400, respectively, are treated
in the laminar region.

4.1. Test case 1 results

The self-agitator motions have two parts: heave and rotation around
the connector to the spring system. In test case 1 the inlet velocity is
3.136m/s, while khkh, βh and kθ are 67.1 N/m2, 3.69× 108 N/m4 and
5×10−5 N, respectively. The self-agitator oscillates in the channel
without touching the boundary. This case is solved with the remeshing
method, which is validated in section 3.1. After the grid independent
study, the total number of elements is 98.640×103, which is shown in
Fig. 10. Structured meshes are employed for the boundary layer while
the rest of the region uses unstructured meshes. During the remeshing
process, the total number of elements only changes slightly. This re-
meshing method with similar grid settings has been employed to solve

the FSI process with elastic self-agitator, and more details about grid
independent study can be found in our pervious article [23].

Fig. 11 shows the heave and rotation motions for test case 1.
Clockwise rotation around the rotation center results in a negative
angle. With increasing time, the rotation center heave motion ranges
from −1.1mm to 1.1 mm, while rotation motion is from −0.6 rad to
0.6 rad. These two motions are out-of-phase because the maximum

Fig. 11. Self-agitator motion in test case 1.

Fig. 12. Fourier analysis results in test case 1.

Fig. 13. Vorticity field in test case 1.

Fig. 14. Gauge pressure field in test case 1.
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heave motion and minimum rotation angle take place at the same time.
Fourier analysis in Fig. 12 shows the results are periodic at 200 Hz.

To investigate the principle of self-agitation for heat transfer en-
hancement, the vorticity field, pressure field, and temperature field for
one period are included in Figs. 13–15. Because heave and rotation
motions are out-of-phase, the leading edge is closest to the boundary
when the heave motion reaches extreme values. For the vorticity field
shown in Fig. 13, one counterclockwise vortex begins to form at the
leading edge and another clockwise vortex forms at the channel bottom,
when the leading edge is closest to the channel bottom. Then the vor-
tices grow larger with time until the self-agitator reaches the middle of
the channel; after that, the generated vortices begin to shed to the
downstream direction. When the leading edge is closest to the top
boundary, new vortices begin to form at the leading edge and at the
boundary. Then, the vortices grow and shed to the downstream direc-
tion when the self-agitator reaches the bottom.

Fig. 14 shows the gauge pressure fields in one period for test case 1.
When the leading edge is closest to the channel bottom, a negative
gauge pressure region appears during the vortex generating process.

Fig. 15. Temperature field in test case 1.

Fig. 16. Local thermal performance comparison in test case 1.

Fig. 17. Self-agitator motion in test case 2.
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The self-agitator block ratio to the channel also reaches its extreme.
Meanwhile, the pressure loss through the whole channel is at its
highest. With the vortex growth and shedding process, the pressure loss

decreases. Therefore, the main pressure loss increase is from the vortex
generating process. When the leading edge is closest to the top
boundary, the newly generated vortex causes the greatest pressure loss.

Fig. 15 shows the temperature fields for test case 1. Considering
vortex generation and shedding processes, the temperature fields are
directly related to the vorticity field. Temperature gradients near the
boundaries increase at the vortices' location. Correspondingly, heat
transfer in the channel is enhanced.

To investigate the effects on thermal performance, the local rejected
heat and heat transfer coefficient are compared with clean channel
results for t=0.09696 s. Fig. 16(a) shows the local heat transfer coef-
ficient comparison which is defined as

=
−

h
q

T T
,

wall average (10)

where q is the local heat flux and Taverage is the average temperature for
the local cross section. The heat transfer coefficients are highest at the
inlet due to entrance effects. In comparison with the clean channel, the
local heat transfer coefficients are not affected until near the location of
self-agitator. Several peaks exist on both the top and bottom boundaries
behind the self-agitator. These peaks have the same location as the
highlighted vortices. Fig. 16(b) shows the local rejected heat compar-
ison which has roughly the same profile as the heat transfer coefficient.
The local average temperature in the channel with the self-agitator is
higher than the clean channel because of the enhanced convection due
to the vertical flow motion. Therefore, enhancement of the local heat
transfer coefficient is higher than the enhancement of the local rejected
heat.

4.2. Test case 2 results

In test case 2, the velocity is increased to 3.763m/s while khkh, βh
and kθ are 96.6 N/m2, 5.31×108 N/m4 and 5×10−5 N, respectively.
Then the self-agitator oscillates in the channel without touching the
boundary. Fig. 17 shows the rotation center heave motion and rotation
motion. The heave motion oscillates between −1.1mm and 1.1mm,
while the rotation motion oscillates between −0.6 rad and 0.6 rad.
Comparing the time to reach the extreme values, the heave and rotation
motions are out-of-phase, which is the same as in case 1. Fig. 18 shows
the Fourier analysis results for heave and rotation motions. These two
motions' frequencies are both 220 Hz. The motions in test case 1 and 2
are also quite close with the main difference being that test case 2 has a
higher frequency.

Figs. 19–21 show the vorticity field, gauge pressure field, and
temperature field for test case 2. From the vorticity field results in

Fig. 18. Fourier analysis results in test case 2.

Fig. 19. Vorticity field in test case 2.

Fig. 20. Gauge pressure field in test case 2.

Fig. 21. Temperature field in test case 2.

Z. Li et al. International Journal of Thermal Sciences 133 (2018) 284–298

291



Fig. 19, generation of a counterclockwise vortex and clockwise vortex
begin when the distance between the leading edge and the bottom
boundary reaches its lowest value. The vortices grow and start shedding
when the self-agitator begins moving towards the top boundary. Then,
this process starts again when the distance between the leading edge
and the top boundary reaches its lowest value. This phenomenon agrees
well with the results from test case 1. The vortices generated in test case
2 are stronger compared with those in test case 1. Fig. 20 shows the
pressure field in test case 2 where the vortex generation process causes
most of the pressure loss through the channel. The pressure loss is also
higher than in test case 1 because of the formation of stronger vortices.
Fig. 21 shows the temperature field for test case 2 where it is apparent
that the mixing in the channel is also better, resulting in a higher
temperature gradient at the top and bottom boundaries.

Fig. 22 shows the local thermal comparison between a channel with
a self-agitator and a clean channel for t=0.10236 s. As shown in
Fig. 22(a), the results for a channel with a self-agitator and those for a
clean channel are in good agreement for the channel section to the left
of the agitator. Several peaks exist in the channel with the self-agitator
and correspond to the vortices' positions as highlighted. Vortices decay
in the downstream direction, resulting in declining enhancement in the
heat transfer coefficient. Fig. 22(b) shows the rejected heat comparison,
which has the same tendency as that of the heat transfer coefficient. It is
clear that, to enhance the heat transfer, we need to generate strong
vortices.

Fig. 22. Local thermal performance comparison in test case 2.

Fig. 23. Thermal performance comparison between the channel with the self-
agitator and the clean channel.
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Fig. 24. Non-dimensional performance of self-agitator.

Fig. 25. Modal analysis for vorticity field.

Fig. 26. Modal analysis for temperature field.

Fig. 27. Local performance from simulation and modal analysis.
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4.3. Thermal performance

Fig. 23 shows thermal performance comparison between the
channel with the self-agitator and the clean channel control. As shown
in Fig. 23(a), the self-agitator can enhance the heat transfer by 42% at
the same velocity. The addition of a self-agitator also increases the
pressure loss in the channel, so pumping power is employed to make a
reasonable comparison, and is given as

= ×Pumping power pressure loss velocity. (11)

As shown in Fig. 23(b), at the same pumping power the self-agitator
can enhance heat transfer by 27%. Therefore, the self-agitator can en-
hance heat transfer in existing clean channel heat exchangers without
additional power costs.

The self-agitator design is not limited to this specific channel. Non-
dimensional performance of the self-agitator can be achieved based on
the two test case results. The average Nusselt number is the non-di-
mensional parameter used to evaluate the convective heat transfer
capability, which is defined as

=Nu h D
k

,ave
ave h

(12)

where the average heat transfer coefficient, have, is calculated as the
rejected heat divided by the logarithmic mean temperature difference.

Fig. 24 shows the results of channels with self-agitators compared with
the clean channel. With the same Reynolds number, the self-agitator
can improve the Nusselt number by 52%.

4.4. Modal analysis for temperature and vorticity fields

As previously discussed, a self-agitator can oscillate due to the fluid-
structure interaction in the channel to increase mixing for heat transfer
enhancement. However, the fundamental relation between the con-
vective heat transfer enhancement and vorticity field is still lacking. To
explore this, dynamic modal decomposition (DMD) [29]– [31] is per-
formed with the transient numerical results in vorticity and tempera-
ture fields for test case 2. The computational region in DMD needs to be
fixed, therefore, we choose the vorticity and temperature fields down-
stream of the self-agitator in the modal analysis. Steady and unsteady
modes with fixed frequencies are achieved in the modal analysis for the
temperature and vorticity fields. Fig. 25 shows the DMD results for the
vorticity field; results reconstructed from the steady mode and first six
dominant unsteady modes can provide a good prediction for the in-
stantaneous simulation results. Fig. 26 shows the corresponding DMD
results for the temperature field and instantaneous simulation results
can also be reconstructed from the steady mode and first six dominant
unsteady modes.

Fig. 27 shows the local performance obtained from the

Fig. 28. Dominant unsteady modes in vorticity field.
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instantaneous simulation and modal analysis. As discussed in Figs. 16
and 22, rejected heat peaks appear at the vortices locations and their
locations change as the vortices move in the channel. The reconstructed
results from the steady mode and first six dominant unsteady modes
agree well with those from the instantaneous simulation while the
steady mode cannot reflect the peaks. The average rejected heats from
the instantaneous simulation, steady mode and reconstruction results
are 326W/m2, 325W/m2 and 326W/m2, respectively, and are in close
agreement. Therefore, the average rejected can be predicted by the
steady mode.

Figs. 28 and 29 show the first six unsteady modes and corre-
sponding frequencies for vorticity and temperature fields. Each un-
steady mode of temperature corresponds to one unsteady mode of
vorticity and their frequencies are very close. As discussed in section
4.2, the self-agitator oscillates at 220 Hz from the Fourier analysis re-
sults while the frequencies of the first unsteady modes in vorticity and
temperature fields are both ∼220 Hz. Therefore, the first unsteady
mode is introduced by the self-agitator oscillation directly while the
other dominant modes are introduced by the self-agitator oscillation
and geometric channel effects.

5. Experimental results

In section 4, a self-agitator was numerically shown to provide heat
transfer enhancement. To further demonstrate the heat transfer

enhancement capability of the self-agitator, a prototype is fabricated for
experimental testing in this section. Fig. 30(a) shows each self-agitator
is composed with a support section, beam, connector, tube, shaft and
airfoil. The support, connector and airfoil are made of 3D printed ma-
terial while the rest parts are carbon steel with a thickness of 0.025mm.
The beam acts as a spring to control the airfoil movement. After that,
the self-agitator is embedded in a support, which is part of the channel
top as shown in Fig. 30(b). One self-agitator prototype is shown in
Fig. 31 and it is tested in the experimental setup validated in section
3.2.

Besides the thermal performance test, the motion of one self-agi-
tator in one period is captured with a high-speed camera with 3m/s
inlet velocity. Out-of-phase heave and rotations can be found in Fig. 32,
which agree with the results presented in the previous numerical in-
vestigation. The oscillation frequency is 30 Hz, which is much lower
than the one obtained numerically. This is because the spring constants
in the numerical and experimental analyses are different. The lower
frequency is preferred in the experimental test with regards to the fa-
tigue life, which is discussed in the supporting material 1.

Fig. 33 shows the thermal performance of channel with a self-agi-
tator compared with the clean channel case. The self-agitator can im-
prove the rejected heat by 26% at same velocity as shown in Fig. 33(a).
The pressure loss also increases after the self-agitator installation.
Fig. 33(b) shows that the self-agitator can enhance the heat transfer by
15% at same pumping power. With nondimensional analysis, the self-

Fig. 29. Dominant unsteady modes in temperature field.
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agitator can improve Nusselt number by 34% at same Reynolds
number.

The heat transfer enhancement ratio in our experimental test is
lower than that in the 2-D numerical investigation. This could be caused
by the lower oscillation frequency of the self-agitator. As discussed in
the modal analysis in section 4.4, the average rejected heat is directly
related to the steady mode and some unsteady mode has the same
frequency as the one in structure vibration. However, the oscillation
frequencies in experimental and numerical investigations are distinct.
Therefore, the numerical and experimental unsteady modes are not
same. As a result, the difference of thermal performance between the
numerical and experimental results implies that adjusting the unsteady
modes can influence the steady mode and affect performance.

6. Conclusions

A novel self-agitator is developed for heat transfer enhancement and
it is demonstrated with numerical and experimental investigations.
From the numerical results, the self-agitator can improve heat transfer
by 42% at the same velocity and 27% at same pumping power, while
the Nusselt number can be improved by 52% at the same Reynolds
number, compared with a clean channel. Modal analysis is performed
with numerical transient vorticity and temperature fields to explore the
fundamental relation between the convective heat transfer enhance-
ment and vorticity field. Instantaneous simulation results can be re-
constructed with the steady mode and first six dominant unsteady
modes, while the average rejected heat can be calculated from the
steady mode directly. Moreover, the first dominant unsteady mode
frequency is very close to that of the self-agitator oscillation. Therefore,
the first unsteady mode is introduced by the self-agitator oscillation
directly while the other dominant unsteady modes are introduced by
the self-agitator oscillation and geometric channel effects.

A prototype of the self-agitator was fabricated and tested experi-
mentally. Out-of-phase heave and rotation motions can be found from
the motions captured with a high-speed camera, which agree with the
results obtained in the numerical investigation. To achieve the desired
fatigue life, the experimentally observed self-agitator frequency is lower
than our numerical results. From the experimental results, the self-
agitator can improve heat transfer by 26% at the same velocity and 15%
at the same pumping power, while the Nusselt number can be improved
by 34% at the same Reynolds number, compared to the clean channel
case. The difference between the numerical and experimental results
demonstrate that adjusting the unsteady modes could influence the
steady mode to achieve different performance.
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