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This paper presents a two-dimensional numerical study of a novel flapping vortex generator mounted on
a heatsink fin for airside heat transfer enhancement. The proposed vortex generator is made with a thin
elastic sheet bonded to the inner wall of the heatsink channel with an inclined angle. Our investigations
are focused on the effects of the Young’s Modulus of the vortex generator on the oscillations of the elastic
sheet, vorticity fields, and heat transfer performances. The results are compared with the heat transfer
performances of conventional rigid agitators at two different flow velocities (Reynolds nunbers). Our
numerical results demonstrate that the vortex generator with a Young’s Modulus of 1 MPa has the best
performance among the other three choices and can enhance the rejected heat by 140% at the same veloc-
ity and 87% at the same total pumping power. The developed flapping vortex generator can improve the
average Nusselt number by 200% compared with a clean channel with the same Reynolds number. Modal
analysis is performed with transient temperature and vorticity results using dynamic modal decomposi-
tion where it is found that a steady modal behavior directly influences the thermal performance of the
system. Furthermore, creating more discrete patterns near the boundaries of the steady mode in the vor-
ticity field can enhance the internal convective heat transfer rate. The numerical results presented can
help to guide the design of the flapping vortex generators in future high-performance airside fins.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Thermoelectric power generation plays an import role in the
U.S., and during 20 th century, its huge water consumption was
acceptable. However, in recent years, several regions within the
U.S. have experienced limited fresh water because of the fast grow-
ing population, industry, farming, aquaculture and drought. Saving
fresh water has become more important than at any previous time.
Much research has been devoted to capturing the fresh water [1].
Current thermoelectric water consumption is approximately 139
billion gallons per day BGD), or 41% of all fresh water withdrawal,
making it the largest single use of fresh water in the U.S. [2]. Of the
fresh water withdrawn for the thermoelectric sector, 4.3 BGD is
dissipated to the atmosphere by cooling towers and spray ponds
(wet cooling). Approximately 1% of thermoelectric power plants
in the U.S. use air-cooled condensers (dry cooling). Increasing the
dry cooling ratio could save a significant amount of fresh water.
The airside convective heat transfer coefficient (10–100 W/
m2K) is roughly two orders of magnitude lower than that for water
(1000–10,000 W/m2K), depending on the operating regime. To
reject the same amount of heat as wet cooling, dry cooling requires
a much higher heat exchanger surface and pumping power. It is of
critical importance to improve the airside heat transfer coefficient
to make dry cooling more widespread. To achieve this, it is critical
to improve the airside heat transfer coefficient.

Airside convective heat transfer includes natural convection
and forced convection, distinguished by the driven power [3–6].
Considering the application of dry cooling in power plants, only
forced convection is considered in this article. Many strategies
exist to enhance airside heat transfer, such as offset strip fins, T-
mixers, Dean flow in curved pipes and vortex generators. In gen-
eral, modifying the flow channel and adding vortex generators
are the two main categories. It is necessary to replace the current
heat exchanger to improve the thermal performance by modifying
the flow channel. The cost of replacing the current heat exchangers
is too high, however, retrofitting vortex generators is feasible. The
aim of this work is to improve the air side heat transfer in thermo-
electric power plants.
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Fig. 2. Flow-induced vibration of an elastic beam behind a cylinder.

Nomenclature

Am amplitude of the free end in y direction (m)
cD average drag coefficient (–)
cp specific heat (J/K)
D diameter of the rigid cylinder (m)
Dh Hydraulic diameter (m)
E Young’s modulus (Pa)
E� nondimensional Young’s modulus (–)
h local heat transfer coefficient (W/mK)
have local heat transfer coefficient (W/mK)
H 2-D channel height (m)
k thermal conductivity (W/m2K)
L 2-D channel length (m)
Nuave average Nusselt number (–)

p pressure (Pa)
St Strouhal number (–)
T temperature (K)
u velocity in x direction (m/s)
u!s motion of vortex generator (m)
v velocity in y direction (m/s)
V velocity magnitude (m/s)
k Lame’s first parameter (Pa)
ms Lame’s second parameter (Pa)
m viscosity (Pa s)
q0 air density (kg/m3)
qf fluid density (kg/m3)
qs solid density (kg/m3)
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Many types of vortex generators for heat transfer enhancement
have been investigated. In general, stationary vortex generators
and flapping vortex generators are the two main categories. For
various stationary designs, transverse or longitudinal vortices can
be generated for heat transfer enhancement [7–18]. Numerical
and experimental results have demonstrated stationary agitators
can enhance the convective heat transfer. Most stationary vortex
generators are fabricated by modifying the channel surface and
multiple stationary agitators are needed to reach desired thermal
performance. Therefore there are not retrofitted.

Instead of modifying the channel surface, flapping vortex gener-
ator made of elastic material can be placed in the existing channel
directly. Flapping vortex generators oscillate in the channel to
create vortices for heat transfer enhancement. Two ways exist to
fulfill the flapping vortex generators; the active method with
external power and the passive method with fluid-structure inter-
action. Active flapping vortex generators have been employed to
enhance heat transfer in different applications [19–22]. These
active vortex generators can be applied to the current heat
exchangers where their oscillating frequencies directly affect the
thermal performance. However, active vortex generators require
an additional power supply system to drive structure oscillation,
limiting their application range. In recent years, fluid-structure
interaction FSI) has been a topic of interest in many engineering
fields [23–29].

Researchers have made great efforts to use passive flapping vor-
tex generators for heat transfer enhancement [30–34]. In these
investigations, the elastic structures are placed between the heat
exchanger fins for heat transfer enhancement. Vibrating microfin
array located on the fin has been discussed for heat transfer
enhancement in laminar region and 10% heat transfer rate
enhancement is reached at the same velocity [35]. The elastic
structure mounted on the heat exchanger fins can enhance the
heat transfer significantly and mounting multiple elastic structures
on the fin have been discussed by others [36–37]. Stiffness has a
significant impact on the FSI process [38]. However, thermal
performance related to the material properties has not been
Fig. 1. Physic
studied for this type of flapping vortex generator. To fill this gap,
three flapping vortex generators with different Stiffness are com-
pared for heat transfer enhancement.

Internal convective heat transfer can be enhanced by the vor-
tices, which can reduce the thermal boundary layer. However,
the quantitative relation between vortices and temperature field
is still lacking, which can be the fundamental key to internal con-
vective heat transfer. In recent years, modal analysis has been
introduced to understand the coherent structures in the fluid flow,
as discussed in a comprehensive review paper [39]. In this article,
modal analysis is conducted to explore the fundamental of internal
convective heat transfer related with vorticity field.
2. Physical model

Straight plate fins are widely used as an air-side heat exchanger.
When the ratio between the fin height and fin gap is over 10, the 2-
D assumption is valid, which is the condition in this article. The
physical model is shown in Fig. 1 where the top and bottom
boundaries represent the fins in the heat exchanger. The channel
height, H, and length, L, with nonslip top and bottom boundaries
with a constant temperature Twall. The inlet has a constant
al model.
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temperature, Tin, constant velocity, uin, and the outlet assumes
ambient pressure. One elastic agitator is mounted on the bottom
of the channel at an inclined angle a, and can vibrate due to the
fluid structure interaction process acting as a flapping vortex gen-
erator. Correspondingly, vortices are generated and transferred in
the channel for heat transfer enhancement. If laminar air flow is
considered [40–41], the governing equations for the fluid flow
and heat transfer are
Fig. 3. Selected grid after independence study.

(a) Horizontal displacement

(b) Vertical displacement  

Fig. 4. Structure displacements compared with reference results.
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Table 1
Results comparison in flow-induced vibration of the beam attached to a cylinder.

Am/D St CD

Turek and Hron [43] 0.83 0.190 4.13
Tian et al. [42] 0.78 0.190 4.11
Present results 0.81 0.183 4.05

(a) Rejected heat comparison with different grids

(b) Selected grid near the vortex generator

Fig. 5. The comparison of different grids results.



(a) Young’s modulus 0.4MPa

(b) Young’s modulus 1MPa

(c) Young’s modulus 4MPa

Fig. 6. Elastic agitator motion in test case1.
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where u and v are velocities in x and y-direction, respectively. T and
p are the fluid temperature and pressure. k, q0, cp and m are thermal
conductivity, density, specific heat and viscosity determined by the
fluid properties, respectively.

To describe the oscillation of the two-dimensional elastic flap-
ping vortex generator under the air flow, the equations of motion
can be written as,

ðkþ lsÞrr � u!s þ lsr2 u!s ¼ qs
€u!s ð6Þ

where displacement us
! ¼ ½u1; u2�T . The continuous boundary condi-

tions of the velocity and stress fields on the surfaces of the elastic
sheet must satisfy

v!¼ _u
!

s

r!� n!¼ C
!� n!

(
ð7Þ

where the stress in the solid is r!¼ ls½ðr u!sÞT þr u!s� þ
k
2 tr½ðr u!sÞT þr u!s� I! and the stress in the fluid is

C
!¼ �p I

!þ l½ðrv!ÞT þrv!� � 2
3lðr � v!Þ I! with v!¼ ½u; v�T .

Eq. (7) can be used to describe the fluid-structural interactions in
the numerical simulations.

3. Validation of numerical method

The commercial software COMSOL Multiphysics is employed to
simulate the FSI process. To verify the numerical method, flow-
induced vibration of an elastic beam behind a cylinder (shown in
Fig. 2) is calculated and the results are compared with available
Refs. [42–43]. An elastic beam is attached to a stationary rigid
cylinder, and the geometric parameters are shown in Fig. 2. The
top and bottom boundaries are defined with a non-slip condition,
while the inlet has a parabolic velocity profile. The average inlet
velocity is U0, which is used to calculate the Reynolds number
(Re). In the validation, Re = 100 while the ratio between structure
and fluid densities is qs=qf = 10. The non-dimensionalized Young’s

Modulus is defined as E� ¼ E=qf U
2
0 ¼ 1400. After conducting a grid

independent study, the grids shown in Fig. 3 is selected.
Fig. 4 shows the horizontal and vertical displacements for the

chosen point A (marked in Fig. 2) which agree very well with the
previous work by [42–43]. The amplitude of the free end in y-
direction denoted by Am, the Strouhal number defined as
St ¼ fD=U0 (f is the oscillation frequency), and the average drag
coefficient CD ¼ Fx=ð0:5qf U

2
0DÞ are compared with reference

results as shown in Table 1. Very good agreements are obtained
for all these three parameters and therefore, the numerical method
is valid to solve FSI with large deformations.
4. Results and discussion

The verified numerical method is employed to solve the FSI cou-
pled with heat transfer problem shown in Fig. 1. In the simplified
2-D model, the channel height, H, and channel length, L, are 6.6
mm and 120 mm respectively. The distance between the elastic
agitator and the inlet, Le, the elastic agitator’s material properties,
angle of inclination and the elastic agitator geometry have direct
effects in the FSI process. To evaluate the elastic agitator’s stiffness
effect on the thermal performance, all other parameters are kept
constants. Le is 20 mm and a = 45�, while Twall and Tin are 35 �C



(a) Young’s modulus 4e5 Pa

(b) Young’s modulus 1e6Pa

(c) Young’s modulus 4e6 Pa

Fig. 7. Maximum displacement in test case 1.
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(a) Young’s modulus 0.4MPa

(b) Young’s modulus 1MPa

(c) Young’s modulus 4M Pa

(d) Rigid agitator

Fig. 8. Vorticity field in test case 1.
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and 25 �C, respectively. The elastic agitator height and thickness
are 5.7 mm and 0.2 mm. Three elastic agitators with different
Young’s Moduli (E) and one rigid agitator with the same geometry
are compared for two inlet velocities: 3 m/s and 4 m/s (test case 1
and test case 2). Young’s moduli in consideration are 0.4 MPa, 1.0
MPa and 4.0 MPa. A 0.2 mm thick agitator with E from 0.4 to 4.0
MPa is equivalent to a 0.025 mm thick one with E 0.2 to 2.0 GPa,
which can be materials, such as polyethylene film and Kapton film.
The equivalent relation is shown in S1.

The Reynolds number is the non-dimensional parameter used
to determine laminar or turbulent flow which is given as

Re ¼ uinDhq0

l
ð8Þ

where Dh is the hydraulic diameter equal to 2H in the 2-D case.
Hence, Re in the two test cases is obtained as 2524 and 3365. In a
2-D very clean channel, turbulence begins for Re equal to 10,000
with the constant velocity inlet boundary condition [40–41]. In this
article, we assume the two test cases are still laminar in the channel
with the elastic agitators.

4.1. Grid independent study

A grid independent study is performed before discussing the
structure stiffness effects. Four different grids are employed to
solve the same problem and they all use structured mesh for the
boundary layer and unstructured mesh for the rest region. Differ-
ent element size results in various grid numbers from 20,000 to
210,000. The inlet velocity, elastic agitator density and E are
defined as 3 m/s, 125 kg/m3 and 0.40 MPa, respectively. Because
the thermal performance of the elastic agitator is the main concern
in this article, the average rejected heat, which is average heat flux,
on the top and bottom is used to evaluate different grid results.
Fig. 5(a) shows the results comparison for the different grids. Grid
3 and grid 4 reach good agreement in the amount of rejected heat.
Grid 3 is chosen in this article to save computational resources
while maintaining good accuracy. The grid settings near the elastic
agitator are showing in Fig. 5(b).
4.2. Test case 1 (Re = 2524)

For test case 1, the inlet velocity is 3 m/s and three different
materials with E = 0.40 MPa, 1 MPa and 4 MPa are considered with
the same density of 125 kg/m3. Fig. 6 shows the structure motions
for the three materials from 0.19 s to 0.20 s. For the case with E =
0.40 MPa, the elastic agitator vibrates significantly while the max-
imum displacement is around 4.0 mm. In the case with E = 1 MPa,
the elastic agitator vibrations are lower than the previous condi-
tion and the maximum displacement is around 2.8 mm. Increasing
E to 4 MPa, the vibration in the elastic agitator is very limited and
the maximum displacement is 0.4 mm. The maximum displace-
ment is always at the tip of the elastic agitator.

Fig. 7 shows the maximum displacements and corresponding
Fourier analysis results for the different E. For E = 0.40 MPa, the
maximum displacement oscillates around 4.0 mm and the fluctua-
tion is within 0.5 mm. In the Fourier analysis results, two clear
peaks appear at 200 Hz and 500 Hz. This indicates that the motion
of the elastic agitator is a combination of two periodical results.
Increasing E to 1 MPa, the maximum displacement oscillates
around 2.8 mm and the fluctuation is within 0.2 mm. From the
Fourier analysis, we can see several peaks between 100 Hz and
300 Hz with the dominant peak at 180 Hz. For the E = 4 MPa, the
oscillations occur around the maximum displacement of 0.4 mm
and the fluctuation is very limited. Fourier analysis shows two
peaks at 180 Hz and 200 Hz, indicating the motion of elastic agita-
tors is a combination of two periodical results. Therefore, the
motions in these three conditions are quite different from one
another.



(a) Young’s modulus 0.4MPa

(b) Young’s modulus 1MPa

(c) Young’s modulus 4MPa

(d) Rigid agitator

Fig. 9. Vorticity tendency in test case 1.

1346 Z. Li et al. / International Journal of Heat and Mass Transfer 118 (2018) 1340–1356



(a) Heat transfer coefficient

(b) Rejected heat

Fig. 10. Local thermal performance in test case 1.

Fig. 11. Reject heat comparison in test case 1.
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Different motions cause various vortex generating processes.
Vortices location and strength can be evaluated with the vorticity
field. Fig. 8 shows the vorticity fields from 0.19 s to 0.20 s in differ-
ent elastic agitator cases. The rigid agitator results are also
included for comparison. In all of the conditions, a counterclock-
wise vortex continuously generates at the tip of agitator while a
clockwise vortex generates between it and the bottom boundary.
Then, this pair of vortices transfers to the downstream direction.
With the same contour legend range, we can find vortices in the
conditions with E = 0.40 MPa and 1 MPa are stronger than the
other two cases.

To quantify the difference, vorticity tendencies at a chosen
point B (40 mm, 1.65 mm) are compared for the three elastic agita-
tors and rigid agitator as shown in Fig. 9. Vorticity fluctuation for E
= 1 MPa is the highest and the rigid case is the lowest while the
case with E = 0.40 MPa has stronger vorticity fluctuation than for
the E = 4 MPa. In the Fourier analysis results, many frequency
peaks appear in all four conditions, indicating results composed
with several periodical modes.

The vortices generated during FSI have been discussed above.
The main concern in this article is the thermal performance of
the elastic agitators. Taking the E = 0.40 MPa as an example, the
local thermal performance of the elastic agitator related to vortic-
ity field at 0.02 s is shown in Fig. 10. The local heat transfer coeffi-
cient is defined as:

h ¼ q
Twall � Taverage

ð9Þ

where q is the local heat flux and Taverage is the average temperature
for the local cross section. As shown in Fig. 10(a), the heat transfer
coefficients are highest at the inlet due to entrance effects. As high-
lighted in the figure, many peaks exist on both the top and bottom
of the channel. The heat transfer coefficient is enhanced locally at
the vortex location. The heat transfer coefficient is enhanced locally
up to 900% for x = 0.03 m, and all the peaks have more than 300%
enhancement. Fig. 10(b) shows the local rejected heat of elastic agi-
tator compared with the clean channel case. Similar to the heat
transfer coefficient, the local rejected heat is also enhanced at the
vortices locations. The rejected heat enhancement ratio is lower
than that of the heat transfer coefficient because of Taverage increas-
ing in the downstream direction.

Rejected heat comparisons among different agitators and the
clean channel are shown in Fig. 11. All the agitators can enhance
heat transfer significantly compared with the clean channel. All
elastic agitators reject more heat than the rigid case. The FSI pro-
cess can enhance the heat transfer when compared with the rigid
agitator. Young’s modulus of 1 MPa condition has the highest
rejected heat while the E = 0.40 MPa condition is better than E =
4 MPa condition. These trends agree well with the vorticity results.
Generating strong vortices is the key for the heat transfer
enhancement.

4.3. Test case 2 (Re = 3565)

Test case 2 is simulated with an inlet velocity of 4 m/s, while the
properties of elastic agitators are the same as those in test case 1.
Fig. 12 shows the motions for three elastic agitators from 0.19 s to
0.20 s. Similar to test case 1, E = 0.40 MPa condition has the highest
vibration amplitude, and E = 4 MPa condition has the lowest vibra-
tion amplitude. The vibration in test 2 is stronger than that in test
case 1 for all three materials. The tip of elastic agitator has the
maximum displacement. Fig. 13 shows the maximum displace-
ment tendency for test case 2. In E = 0.40 MPa condition, the oscil-
lations occur around the maximum displacement of 4.5 mm and
the fluctuation is within 1.0 mm. Fourier analysis results show
two peaks at 270 Hz and 520 Hz, indicating the motion is



(a) Young’s modulus 0.4MPa

(b) Young’s modulus 1MPa

(c) Young’s modulus 4MPa

Fig. 12. Elastic agitator motion in test case 2.
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composed with two periodical motions. In E = 1 MPa condition,
the maximum displacement oscillates around 3.8 mm and the
fluctuation is less than 0.5 mm. One clear peak is shown in
the Fourier analysis results, showing the motion is periodical with
300 Hz frequency. In E = 4 MPa condition, the maximum
displacement oscillates around 1.0 mm and the fluctuation is less
than 0.1 mm. Two peaks can be found in the Fourier analysis
results at 200 Hz and 320 Hz, showing the motion is a combination
of two periodical motions.

The motions in test case 2 are different from those in test case 1
for all the elastic agitators. The maximum displacements and fre-
quencies are stronger in test case 2. Different motions excite vari-
ous vorticity fields and the rigid agitator is also used for evaluating
the performance of elastic agitators. Fig. 14 shows the vorticity
field for four agitators from 0.19 s to 0.20 s. One pair of vortices
is generated after the agitator and transferred downstream. The
generated vortex strength for elastic agitators is clearly stronger
than that of the rigid agitator.

Fig. 15 shows the vorticity tendency at (40 mm, 1.65 mm) and
corresponding Fourier analysis results. Many frequency peaks exist
for all the four agitators, indicating the vorticity is composed of
several periodical motions. The elastic agitator with E = 1 MPa
shows the highest vorticity fluctuation and the rigid agitator shows
the lowest. Different from test case 1, the case with E = 4 MPa has
stronger vorticity fluctuation than E = 0.40 MPa condition in test
case 2.
Taking E = 0.40 MPa case as an example, Fig. 16 includes the
local thermal performance related to the vorticity field at 0.2 s.
As found in test case 1, the heat transfer coefficient and rejected
heat are enhanced at the vortex location. The rejected heat
enhancement ratio over the clean channel is lower than that of
the heat transfer coefficient because of Taverage increasing in the
downstream direction.

Fig. 17 shows the rejected heat comparison among different agi-
tators and the clean channel. All of the agitators can enhance the
rejected heat significantly compared with the clean channel, and
the elastic agitators have higher performance than the rigid agita-
tor. The E = 1 MPa condition has the highest rejected heat, and E 4
MPa condition has higher performance than the E = 0.40 MPa.
These trends agree well with vorticity field shown in Fig. 15.

4.4. Thermal performance comparison

Fig. 18 shows the thermal performance of the various agitators
and clean channel. At the same velocity, rejected heat can be
enhanced by 140% using an elastic agitator with E = 1 MPa, as
shown in Fig. 18(a). The results above focus on the heat rejection
for different agitators. Pressure loss, which is total pressure differ-
ence between inlet and outlet of the channel, also increases
because of the FSI process. To evaluate the thermal performance
of the elastic agitator, pressure loss and rejected heat need to be
considered. Pumping power is employed to make fair comparisons.



(a) Young’s modulus 0.4MPa

(b) Young’s modulus 1MPa

(c) Young’s modulus 4MPa

Fig. 13. Maximum displacement in test case 2.
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(a) Young’s modulus 0.4MPa

(b) Young’s modulus 1MPa

(c) Young’s modulus 4MPa

(d) Rigid agitator

Fig. 14. Vorticity field in test case 2.
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Pumping power ¼ pressure loss� velocity ð10Þ
Taking the total pressure loss between the inlet and outlet of

the channel, the thermal performance comparison is shown in
Fig. 18(b). Due to the pressure loss increase caused by agitators,
the heat transfer enhancement ratio at same pumping power is
lower than that at some velocity. The elastic agitator with E =
0.40 MPa has the highest enhancement ratio of 48% at the same
pumping power. In a realistic engineering application, channel
entrance and channel exit both cause pressure loss, we can use

0:5 q0V
2

2 and q0V
2

2 to estimate these effects [44]. Fig. 18(c) shows
the thermal performance comparison regarding the total pumping
power. All agitators have similar heat transfer enhancement ratios,
around 80%, and the E = 1 MPa condition has the highest one, 87%.
Based on these results, the elastic agitator with E = 1 MPa is
preferred.

The average Nusselt number is the non-dimensional parameter
used to evaluate the convective heat transfer capability, which is
defined as
Nuave ¼ haveDh

k
; ð11Þ
where average heat transfer coefficient, have, is calculated as the
rejected heat divided by the logarithmic mean temperature differ-
ence. Fig. 19 shows the results of channels with different agitators
compared with the clean channel. With same Re, channels with agi-
tators have much higher Nu compared with a clean one while elas-
tic agitators have better performance than the rigid one. The elastic
agitator with E = 1 MPa has the best performance and can improved
the average Nusselt number in the channel by 200% compared with
the clean one.

4.5. Dynamics modal decomposition for FSI

Different vortex generators can achieve various vorticity fields.
Local heat transfer coefficients and rejected heat rates are
enhanced at the vortex location based on Figs. 10 and 16. Thermal
performance is maximized when large modulations are created at
the boundary layer of the channel, while at the same time avoiding
the creation of strong vortices in the other regions of the channel
[45]. However, the quantitative relation between vortices and tem-
perature field remains deficient, which is fundamental to the inter-
nal convective heat transfer performance.

To address this, this work uses the vorticity fluctuation at the
chosen point B to evaluate the thermal performance for the first
time. As shown in Figs. 8 and 14, the distances between the centers
of transient vortices and channel boundaries are close to each
other for different vortex generators. Vorticity fluctuation at the
chosen point B can indicate the vorticies impacts to the thermal
boundary layer. Therefore, heat transfer is further improved with
a higher vorticity fluctuation.

Transient results are obtained for different vortex generators
and the time average data is used to evaluate the thermal perfor-
mance. To explore the quantitative relation between vortices and
thermal performance, modal analysis is carried out. Dynamic
modal decomposition [46–48] is performed in this work with the
transient results for different vortex generators at 4 m/s. As dis-
cussed in Section 4.4, the E = 1 MPa condition has the highest
rejected heat, and the E = 4 MPa condition has higher performance



(a) Young’s modulus 0.4MPa

(b) Young’s modulus 1MPa

(c) Young’s modulus 4MPa

(d) Rigid agitator

Fig. 15. Vorticity tendency in test case 2.
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(a) Local heat transfer coefficient

(b) Local rejected heat

Fig. 16. Local thermal performance in test case 2.

Fig. 17. Reject heat comparison in test case 2.

(a) Results comparison based on velocity

(b) Results comparison based on channel pumping power

(c) Results comparison based on total pumping power

Fig. 18. Thermal performance comparison.
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Fig. 19. Average Nu comparison for different vortex generators.
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than the E = 0.40 MPa case, while all of the elastic agitators show
advantages over a rigid one. The selected computational region is
behind agitator from 40 mm to 120 mm.

In the modal analysis, steady and oscillating modes are
achieved for different agitators. Fig. 20 shows the steady modes
of temperature field for different vortex generators which will
not change with time and they are quite different from each other.
We can see the better performance condition have higher temper-
ature in the channel. It is because working fluid temperature
increases faster in better performance condition.

Fig. 21 shows the local rejected heat comparison between
instantaneous simulation result and corresponding steady mode
for different vortex generators. Several peaks exist in the instanta-
neous simulation results where the vortices locate. These peaks
will change locations as the vortices transfer to downstream
Fig. 20. Steady modes of temperature fi
direction. On the other hand, the local rejected heat will not change
with time in the steady mode. Table 2 shows the average rejected
heat comparison between simulation and corresponding steady
mode for different vortex generators. We can find that the results
from steady mode are very close to the average rejected heat cal-
culated from simulation directly. In the meantime, better perfor-
mance case has higher rejected heat in steady mode. It is
necessary to point out the results from steady mode are all lower
those from instantaneous simulation results. It is because the
selected computational region is behind agitator from 40 mm to
120 m in modal analysis and the inlet high performance effect does
not contribute to the steady mode results. Therefore, thermal per-
formance is strongly related with the steady mode of temperature
field.

Fig. 22 shows the steady mode of vorticity and it relates to the
steady mode of temperature directly. We can see very continuous
contour near the boundaries in the rigid agitator condition while
the contour near boundaries for the E = 1 MPa condition has most
discrete patterns compared with the other conditions. More dis-
crete vorticity patterns in steady mode near the boundaries have
stronger impact at breaking the boundary layer, which can lead
to better performance. Therefore, creating more discrete patterns
near the boundaries of the steady mode in the vorticity field can
enhance the internal convective heat transfer.
5. Conclusion

In this article, flapping vortex generators are investigated
numerically for heat transfer enhancement. Elastic agitators are
mounted on the fin to form the flapping vortex generator and dif-
ferent E are compared to study the effects of agitator stiffness.
Three E considered result in various elastic agitator motions due
to the fluid-structure interactions. Correspondingly, the vortices
generated and transfer processes are also different for the three
conditions, which leads to the different thermal performance.
Three elastic agitators and one rigid agitator are analyzed under
two velocities, while the results are compared with those of
the clean channel. Numerical results show that the elastic
agitator can enhance the channel heat transfer significantly, and
eld for different vortex generators.



(a) Rigid agitator

(b) Young’s modulus 0.4MPa

(c) Young’s modulus 1.0MPa

(d) Young’s modulus 4.0MPa

Fig. 21. Local rejected heat comparison between instantaneous simulation result and corresponding steady mode for different vortex generators.

Table 2
Average rejected heat comparison between simulation and corresponding steady
mode for different vortex generators.

Average rejected
heat from steady
mode (W/m2)

Average rejected
heat from
simulation (W/m2)

Rigid agitator 558 581
Young’s modulus 0.4 MPa 588 618
Young’s modulus 1.0 MPa 660 676
Young’s modulus 4.0 MPa 641 651
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E = 1 MPa condition has the best performance, capable of enhanc-
ing the rejected heat by 140% at the same velocity and 87% at
the same total pumping power. The average Nusselt number can
be improved up to 200% with the same Reynold number.

The distances between centers of transient vortices and channel
boundaries are close to each other for different vortex generators.
Vorticity fluctuation at the chosen point B can indicate the vorticies
impacts to the thermal boundary layer. Therefore, heat transfer is
further improved with a higher vorticity fluctuation. Modal analy-
sis is performed with transient temperature and vorticity results
using dynamic modal decomposition. It can be shown that steady
modal behavior directly relates to the thermal performance of the
system. Furthermore, creating more discrete patterns near the
boundaries of the steady mode in the vorticity field can enhance
the internal convective heat transfer.
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Fig. 22. Steady modes of vorticity field for different vortex generators.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ijheatmasstransfer.
2017.11.067.
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