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ABSTRACT

Recent studies have leveraged wall-mounted flexible reeds to augment heat transfer efficiency in channel flows. In this study, we demonstrate
that tuning the reed’s mass distribution can substantially elevate this heat transfer enhancement. Numerical simulations incorporating the
fluid–structure–thermal interaction are performed to investigate the impact of mass distribution on the reed dynamics and the associated
heat transfer augmentation. The results indicate that the mass distribution of the reed significantly affects its motion mode, which, in turn,
critically modulates the heat transfer characteristics. The maximum thermal efficiency factor is obtained when the reed’s mass is concentrated
at its distal end. Furthermore, the enhancement effect of tuning reed’s mass distribution on heat transfer efficiency is closely related to the
bending stiffness c. Within the range of bending stiffness considered in this study (0.02–0.14), the effect of tuning the reed’s mass distribution
on the thermal efficiency factor exhibits a trend of increase–decrease–increase as the bending stiffness increases. At high bending stiffness,
simply tuning the reed’s mass distribution can increase the channel heat flux and reduce energy loss, thereby achieving the goal of enhancing
the thermal efficiency factor. At c¼ 0.14, allocating the reed’s mass at its distal end resulted in a notable enhancement, with a thermal effi-
ciency factor surge of 11.1%.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191722

NOMENCLATURE

cs Lattice sound speed
D Cylinder diameter

Eloss Net energy loss
�E loss Time-averaged net energy loss
Ffluid Fluid force
Fwall Repulsive force from the wall
Fa External force
fa Density distribution function

f eqa Equilibrium distribution function
ga Temperature distribution function
geqa Equilibrium temperature distribution function
H Channel height
h Eulerian grid spacing
s Lagrangian coordinate
T Fluid temperature
Tf Reed temperature
Tw Wall temperature

T1 Far-field fluid temperature
t Time
U Reed velocity
u Velocity

uin Average inlet flow velocity
X Reed position

Xwall Wall position
x Fluid position

Nuh Local Nusselt number
L Reed length
p Pressure
Pr Prandtl number
Qa Lagrangian heat source

Qnet Net heat flux
�Qnet Time-averaged net heat flux

Greek symbols

c Bending stiffness
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q Fluid density
qf Reed’s linear density
l Dynamic fluid viscosity
g Thermal efficiency factor
q Eulerian heat source

Re Reynolds number

Subscript

0 Channel without vortex generators

I. INTRODUCTION

Heat transfer enhancement is a crucial research focus within vari-
ous engineering applications,1–6 aiming to improve the efficiency and
performance of heat exchange equipment. Currently, thermal manage-
ment in electronic devices relies on various methods, including natural
convection cooling, forced air cooling, liquid cooling, semiconductor
cooling, and heat pipe cooling. Thermal management techniques based
on natural convection heat transfer have gained widespread applica-
tion in the cooling of electronic circuitry due to their stable perfor-
mance, high safety, low noise, and relatively low manufacturing costs.

The thermal issues in electronic devices can be simplified as the
modeling of heat transfer within channels, where the placement of vor-
tex generators on the channel surfaces can effectively enhance heat
transfer. The utilization of rigid vortex generators, such as ribs, cavities,
and shaped fins,7–13 induces different structures of vortices in the
channel, promoting thorough mixing of the cold fluid at the channel
center with the hot flow near the wall. Thus, the overall heat transfer
efficiency in the flow channel is improved. However, the introduction
of vortex generators increases the resistance within the channel, lead-
ing to pressure drop and consequent energy losses. Therefore, in the
assessment of thermal efficiency, it is essential to comprehensively con-
sider both heat transfer rates and the mechanical energy loss due to the
pressure drop.

Compared to rigid vortex generators, flexible structures can more
effectively enhance the thermal efficiency within channels.14 Shoele
and Mittal15 studied the impact of reed flow-induced vibrations placed
at the channel center on convective heat transfer. The simulation
results indicated that vibrating reed significantly increased the average
heat flux in the channel. The study also explored the influence of reed
material properties on vibration dynamics and heat transfer. Material
variations resulted in various vibration characteristics, and it was found
that heat transfer efficiency is more closely related to the reed’s inertia
rather than its bending stiffness. Research involving various Reynolds
number (Re) and channel widths indicates that when there is an inter-
action between the reed and the channel wall, the boundary layer is
disrupted, leading to maximum heat transfer performance while at the
same time avoiding the generation of strong vortices. In the investiga-
tion conducted by Lee et al.,16 the immersed boundary method was
employed. They explored how vertically clamped flexible flags in a
heated channel impact heat transfer efficiency and its mechanism in
Poiseuille channel flow. The analysis revealed that, in the flapping
mode, vortices shed from the flexible flags merged into a single coher-
ent vortex structure, disrupting the thermal boundary layer and
enhancing heat exchange in the wake current. The study also exam-
ined different parameters such as bending stiffness, channel width, and

Reynolds number, providing the optimal parameter set for vertically
clamped flexible flags to enhance heat transfer.

The aforementioned studies focused on symmetrically placing
flexible flags on the upper and lower channel walls. Subsequently,
research17 delved into the study of non-symmetric flexible flags in the
channel. This study described a system composed of flexible flags in an
asymmetric configuration (FAC) with respect to the channel center-
line. The results showed that, compared to flags in symmetric configu-
rations (FSC), FAC produced a reverse Karman vortex street,
promoting heat exchange in the wake current to a greater extent.
Additionally, the smaller cross-sectional height of FAC’s flexible flags
compared to FSC reduced channel pressure drop, minimizing the
mechanical energy loss, and significantly improving heat transfer effi-
ciency. Chen et al.18 investigated the flapping behavior of multiple flex-
ible flags in the channel and their impact on heat transfer
performance. The study explored the influence of multiple flexible
flags, symmetrically and asymmetrically configured along the channel
center. Consistent with previous research, heat transfer was more
favorable in the case of asymmetric configurations. Then, Chen et al.19

explored the flapping dynamics of vertically clamped three-
dimensional flexible flags in an oncoming Poiseuille flow by using the
immersed boundary method. In the study by Jeong et al.,20 a heat
transfer system is proposed as a combination of two symmetrically
wall-mounted flexible flags and a confined cylinder positioned in an
upstream region of the flags. Their results showed that the optimal per-
formance of the present system is greater than the system with only
the two flags. Placing multiple flexible flags in the channel will increase
the overall quality of the device. In order to avoid the increase in
mechanical energy loss in the channel, Park et al.21 used a flexible flag
with an inclination angle to promote fluid mixing and increase heat
transfer. In recent years, many studies22–24 have focused on the posi-
tion, initial state, and number of flexible flags. Goza25 tried to change
the flexible flag’s properties to enhance heat transfer, they studied
flow-induced flapping of an inverted flag with non-uniform stiffness
distribution. They investigate the effect of structural nonuniformity in
altering the FSI dynamics compared with the uniform-stiffness sce-
nario that have been thoroughly characterized and demonstrate that
the FSI dynamics mirror those of a uniform-stiffness flag with an
appropriately defined effective stiffness.

Building upon previous research, and Inspired by the research of
Goza,25 this study employs the immersed boundary-lattice Boltzmann
method (IB-LBM) to tune the mass distribution of flexible reeds. The
research investigates the vibrational characteristics of flexible reeds and
their impact on heat transfer efficiency under different mass distribu-
tions. The results indicate that when the mass is concentrated at the
distal end of the reed, the heat transfer efficiency reaches its maximum.
Subsequently, a comparison is made between the scenario of uniform
mass distribution and the case where the mass is concentrated at the
distal end of the reed. The analysis covers reed oscillation, channel
heat flux, energy loss, and heat transfer efficiency. The study further
explores the influence of changing mass distribution on heat transfer
efficiency under various bending rigidities within the range of 0.02
to 0.14.

II. PROBLEM DESCRIPTION

The computational domain and boundary conditions considered
in this study are illustrated in Fig. 1(a). The length of reeds is defined
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by L, and the channel dimensions are 4L� 32L. The inlet temperature
is set to 0, while the temperatures of the walls and reed are set to 1.

The Re of the flow field is defined as

Re ¼ quinL
l

; (1)

where uin is the average velocity of the channel inlet and q and l are
the density and viscosity of the flow field. In the simulations of this
paper, we set Re of the flow field to 400. The basal end of the reed is
fixed at 1/4 of the channel length from the inlet, and the distal end is
free to move. A parabolic profile is specified at the channel inlet, the
no-slip condition is imposed at the channel walls. A fully-developed
boundary condition is set for the velocity and temperature at the outlet
boundary. The primary objective of this paper is to investigate the influ-
ence of reed’s mass distribution on channel heat transfer. To achieve
this, the reed’s mass is strategically tuned using the following four
schemes, as depicted in Fig. 1(b): Case 1 represents a uniform distribu-
tion of reed mass with a linear density of 1 at each point; case 2 repre-
sents a uniform increase in reed density from the basal end to the distal
end; case 3 represents a uniform decrease in reed density from the basal
end to the distal end; and case 4 represents maximum density at the
center of the reed, uniformly decreasing toward both ends. The above
four cases always keep the average linear density of the reed constant.

The nondimensionalization of the parameters used in this paper
(time t, the linear density of the reed qf , the bending stiffness of the
reed kb, temperature T, position x and y) is given as follows:

t� ¼ tuin
L

; qf
� ¼ qf

qL
; c ¼ kb

quin2L3
;

T� ¼ T
Tw � T1

; x� ¼ x
L
; y� ¼ y

L
;

(2)

where the fluid density q is set to 1, the wall temperature Tw is set to 1,
and the temperature T1 at infinity is set to 0.

III. MATHEMATICAL MODEL
A. Reed motion

This study employs the filament model to model the motion of
the flexible reed. The model is first introduced by Peskin and
McQueen26 for simulating the flapping motion of massless filament
(such as neutrally buoyant heart valve) and then improved by other
scholars by considering the effect of the boundary mass. This model is
different from the classic or generalized nonlinear Euler–Bernoulli
models. One of the distinguishing features of this model is the intro-
duction of geometric nonlinearity through inhomogeneous tension.
This allows for the effective handling of elastic moving boundaries,
particularly in scenarios involving large deformations. The model’s
robustness and versatility have led to its extensive application in the
realm of fluid–flexible–structure interactions,27–30 and fluid–structure–
thermal interaction problems similar to ours.16,18,31 Therefore, this
study chooses this model to simulate the motion of a flexible reed in a
two-dimensional channel. When the bending stiffness of the reed is
small, large deflections may be caused, and the reed may collide with
the wall. To avoid penetration, a short-range repulsive force Fwall is
introduced in our model to handle the collision between the reed and
wall. In this case, the equation of motion of the reed is given by32,33

qf
@2X
@t2

¼ @

@s
T sð Þ @X

@s

� �
� kb

@4X
@s4

þ Ffluid þ Fwall; (3)

where the left-hand side of Eq. (3) represents the inertial force acting

on the reed nodes, kb @4X
@s4 on the right side of the equation is the bend-

ing force on the reed node, Ffluid is the fluid force applied to the reed
node, @

@s ½T sð Þ @X@s � is the tensile force on the reed node, Fwall is the force
exerted by the wall on the reed to prevent the reed from penetrating
the wall, X represents the position vector of the reed, and s is the
Lagrange coordinate along its length. Here, qf is the reed’s linear den-
sity, and kb is the bending stiffness.

FIG. 1. (a) Schematic diagram of the computational domain. (b) Schematic diagram of the four tuning schemes.
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The tension T(s) is given by

T sð Þ ¼ ks
@X
@s

� @X
@s

� �1
2

� 1

" #
; (4)

where ks is the stretch coefficient.
The reed is discretized by Nþ 1 equally spaced Lagrange nodes

Xðsi; tÞ, where i¼ 0, 1, …., N. The right-hand side of Eq. (3) can be
discretized in space using central differencing:

qf
@2X
@t2

¼
Tiþ1

2

@X
@s

� �
iþ1

2

� Ti�1
2

@X
@s

� �
i�1

2

Ds

� kb
Xiþ2 � 4Xiþ1 þ 6Xi � 4Xi�1 þ Xi�2

Ds
þ Ffluid þ Fwall;

(5)

where @X
@s is the tangent vector, and the subscript i denotes the ith reed

node:

@X
@s

� �
iþ1

2

¼ Xiþ1 � Xi

Ds
: (6)

The tension of the reed is approximated as

Tiþ1
2
¼ ks

Xiþ1 � Xi

Ds

����
����� 1

 !
: (7)

The repulsive force from the wall to the reed is evaluated by27

Fwall ¼
X
X

rh x � Xð Þ X � Xwall

X � Xwallj j dX; (8)

where Xwall is the wall position, dX is represents the Lagrangian grid
spacing, and the Dirac delta function rh is defined as

rh x � Xð Þ ¼ 1
h2

1
x � X
h

� �
1

y � Y
h

� �
: (9)

The expression for1ðrÞ, proposed by Peskin,34 is given by

1 rð Þ ¼
1
4

1þ cos
p rj j
2

� �� �
; rj j � 2

0; else
:

8><
>: (10)

B. Flow field and temperature field solver

The incompressible fluid flow was governed by the continuity
equation and the Navier–Stokes (NS) equations,

r�u ¼ 0; (11)

@u
@t

þ u�r�u ¼ �rpþ 1
Re

r2uþ f : (12)

The temperature described on the Eulerian coordinates was gov-
erned by the thermal energy equation,

@T
@t

þ u�r�T ¼ 1
Re�Prr

2T þ q: (13)

In this study, Eqs. (11)–(13) are solved by the lattice Boltzmann
method (LBM). To solve both the flow and temperature fields, the

two-distribution-function approach by Guo et al.35 is utilized. This
approach solves two independent LBGK equations to obtain the veloc-
ity and temperature fields, which are then coupled into a unified sys-
tem. To enhance numerical stability, the flow field utilizes the multi-
relaxation time (MRT) collision model. The D2Q9 lattice model was
adopted to solve the flow dynamics and temperature field.

The evolution equation of LBM with an external force term is
given by36

fa x þ eadt; t þ dtð Þ ¼ fa x; tð Þ þM�1S M eq
a x; tð Þ �Ma x; tð Þ� �

þ 1� S
2

� �
Fa x; tð Þ; (14)

where the external force term Fa is defined as

Fa ¼ 1� S
2

� �
ea � uð Þf x; tð Þ

q c2s
f eqa x; tð Þ; (15)

where fa represents the density distribution function, q is the density
of the fluid, cs denotes the lattice speed of sound,M is the transforma-
tion matrix, and S is the relaxation matrix.

The equilibrium distribution function f eqa is chosen as

f eq
a x; tð Þ ¼ xaq 1þ ea�u

c2s
þ ea�uð Þ2

2c4s
� u2

2c2s

" #
: (16)

The macro quantities in LBM can be conveniently calculated as
follows:

q ¼
X
a

fa; (17)

u ¼ 1
q

X
a

faea þ 1
2
f dt

 !
: (18)

The main concept of the MRT-LBM is to decouple the relation-
ship between velocity and density by introducing a collision matrix,
enabling the simulation of multiscale phenomena. The stability and
accuracy of MRT-LBM surpass traditional LBM due to the ability to
tailor the dynamic characteristics, such as viscosity and velocity
response, through appropriate selection of collision matrix values,
depending on the fluid and problem type.

In the two-distribution-function approach, the temperature evo-
lution equation with heat source is given by37

ga x þ eadt; t þ dtð Þ ¼ ga x; tð Þ � xg ga x; tð Þ � geqa x; tð Þ� �þ Qadt;

(19)

where the heat source termQa is given by

Qa ¼ 1� xg

2

� �
xaq: (20)

The equilibrium distribution function geqa x; tð Þ is calculated as

geqa x; tð Þ ¼ xaT 1þ ea�u
c2s

þ ea�uð Þ2
2c4s

� u2

2c2s

" #
: (21)

The temperature T is computed through the new distribution
function ga, with T ¼Pa ga þ 1

2 qdt. The heat flux q at the Eulerian
point is determined by the Lagrange point heat flux Q,
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q xð Þ ¼
X
X

Q Xð ÞD x � Xð ÞdX; (22)

Q Xð Þ ¼ 2 Tf � T Xð Þð Þ dx
dt

; (23)

where Tf represents the specified reed temperature.

C. Fluid–structure–thermal interaction

In this study, the coupled fluid–structure interaction of reeds and
the flow field is addressed using the momentum exchange-based
immersed boundary method.38 In this approach, the distribution func-
tion f at each boundary node of the reeds is obtained by interpolating
through a smooth Dirac function denoted as rh,

fa X; tð Þ ¼
X
x

fa x; tð Þrh x � Xð Þdx; (24)

where
P

x represents the sum over all Eulerian grid points and dx
denotes the Eulerian grid spacing.

The reed boundaries are set with a no-slip condition, and the dis-
tribution function at the reed boundaries is computed using a bounce-
back scheme,

f�a X; t þ dtð Þ ¼ fa X; tð Þ � 2xaq
eaU X; tð Þ

c2s
; (25)

where �a represents the opposite direction of a and U ðX; tÞ denotes
the velocity of the reed nodes. The force exerted by the fluid on the
reeds is calculated using the momentum exchange method,

Ffluid X; tð Þ ¼ ea
X
a

f�a X; t þ dtð Þ � fa X; tð Þ	 

: (26)

The force exerted by the reeds on the fluid is determined similarly
through interpolation,

f x; tð Þ ¼ ea
X
X

Ffluid X; tð Þdh x � Xð ÞdX; (27)

where dX represents the Lagrange grid spacing and
P

X denotes the
sum over all Lagrange grid points.

IV. VALIDATIONS

The code utilized in this study to simulate the fluid–structure
interaction problem between reed and fluid has been rigorously vali-
dated in our previous research.39–41 Therefore, in this section, the
recently incorporated heat transfer and thermal boundary components
are validated through the simulation of thermal disturbance around a
cylindrical obstacle. The geometric model and boundary conditions
for this case are illustrated in Fig. 2, where the cylinder has a diameter
D, the grid spacing is dx¼ dy¼ 1, the time step is dt¼ dx, the inlet
velocity is U, the temperature is T¼ 0, and the boundary temperature
of the cylinder is Tw ¼ 1. The simulation is conducted for three
Reynolds numbers (Re: 10, 20, and 40), and the Nusselt numbers Nu
are calculated and compared with literature values.42

Figure 3 illustrates the temperature distribution of turbulent flow
around a heated cylindrical body at different Reynolds numbers, con-
currently comparing the calculated Nusselt number with values from
the referenced literature. In Figs. 3(a)–3(c), the temperature distribu-
tion under various Reynolds numbers (Re) is depicted. It is observed

that with an increase in Reynolds number, the heat transfer rate also
increases, and simultaneously, the thermal boundary layer gradually
diminishes. This aligns with the expected physical behavior, as higher
Reynolds numbers typically signify more intense turbulent motion,
leading to more efficient heat transfer. Figure 3(d) showcases the local
Nusselt number Nuh evaluated at the cylinder surface, computed as

Nuh ¼ � D
Tw � T1

@T s; tð Þ
@n

jh; (28)

where h represents the angle between the line connecting a point on
the surface of the cylinder to the center of the circle and the negative x-
axis.

The results indicate a substantial agreement between the calcu-
lated Nuh and values from the literature, affirming the program’s com-
mendable accuracy and reliability in simulating turbulent heat flow
around a cylindrical body.

In order to ensure that the grid spacing used in our simulations is
sufficient for simulating this problem, a grid independence study has
been conducted which covers four sets of grid resolutions. The accu-
racy of the simulation was determined by comparing the channel ther-
mal efficiency factor g of different grid spacings,

g ¼
�Qnet
�Q0;net

�
�E0;loss

�E loss

� �1
3

; (29)

where �Qnet is the average net heat flux of the channel and �E loss is the
average energy loss and the subscript 0 indicates that the value is mea-
sured without additional devices placed in the channel. The net heat
flux Qnet and energy loss Eloss of the channel can be calculated by the
following formula:

Qnet ¼
ðH
0
½ uTð Þout � uTð Þin� dy; (30)

Eloss ¼
ðH
0
½ upð Þin � upð Þout� dy; (31)

where the subscripts in and out indicate channel inlet and outlet.
�Qnet; �E loss; and g are evaluated a constant time step when the

reed experience at least 30 flapping cycles. The simulation results are
shown in Table I. The thermal efficiency factor of the channel can

FIG. 2. Schematic diagram of the thermal cylindrical flow calculation domain.
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basically be accurately obtained when the grid spacing is 1/75, so this
grid spacing is chosen for the subsequent numerical simulations.

V. RESULTS AND DISCUSSION
A. Tuning the mass distribution of the reed

To investigate the impact of the four mentioned mass distribution
patterns of flexible reeds on their motion characteristics and heat
transfer efficiency, simulations were conducted under the condition of
c¼ 0.06. The study explored the motion of flexible reeds under four
different mass distribution scenarios and the variations in the flow field
and temperature field within the channel. The results revealed signifi-
cant differences in the motion of the reeds under the four conditions,

each exerting distinct influences on the temperature field. In Fig. 4, the
changes in the range of reed motion and the y-axis coordinates at the
distal end are illustrated. Notably, concentrating mass at the distal end
visibly expanded the range of motion, transforming the motion pattern
from regular oscillation to irregular oscillation. Conversely, in the other
two mass distribution cases, the reed’s mass is concentrated in the mid-
dle of the basal end. The mass concentration point is closer to the
channel boundary layer, with sections with smaller mass in the region
of higher flow velocity at the center. Thus, the reed could not resist the
effects of the flow field. As the flow field evolved, the motion pattern of
the reeds gradually transformed into the fully deflective mode.

Distinct motion patterns also led to variations in temperature dis-
tribution within the channel. Figure 5 illustrates the temperature distri-
bution within the channel under the four scenarios. It is evident from
the figures that tuning the mass distribution affected the shedding of
vortices, consequently altering the temperature distribution within the
channel. When the mass of the reed is concentrated at the basal end or
in the middle, the temperature distribution closely resembles that of a
rigid body placed on the wall due to its fully deflective motion pattern,
which is unfavorable to enhancing heat transfer efficiency. In this case,
only the temperature around the reed is affected, and the effect on the
channel outlet is extremely weak. Specifically, when the mass is

FIG. 3. (a)–(c) Contours of temperature for the flow past a heated rigid cylinder with the isothermal boundary condition. (d) The local Nusselt number along the rigid circular cyl-
inder for the isothermal boundary condition.

TABLE I. Grid independence verification.

Grid spacing dh Thermal efficiency factor g Relative error (%)

1/25 1.68 762 28.7
1/50 1.32 191 0.88
1/75 1.31 186 0.11
1/100 1.31 037 …
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concentrated in the middle as in case 4, only the temperature near the
wall is affected, and the cold flow in the middle of the channel is
completely unaffected. When the mass is concentrated at the basal
end, such as in case 3, the vortices generated at the tail of the reed dissi-
pate after merging. The temperature diagram illustrates that the dissi-
pation of vortices promotes the mixing of the hot flow along the wall
and the cold flow in the center of the channel, significantly impacting
the center of the channel compared to Case 1. It can also be seen from
the velocity vector diagram that case 3 has the greatest influence on the
channel center. However, its low vortex shedding frequency limits its
ability to continuously enhance heat transfer.

To accurately assess the impact of various mass distributions on
heat transfer efficiency, we calculated the channel-averaged net heat
flux (�Qnet), average mechanical energy loss (�E loss), and thermal effi-
ciency factor (g). The specific data are presented in Table II. Under the
condition of c¼ 0.06, optimal heat transfer efficiency was attained
when the mass of the reed was concentrated at the distal end.
Although this scenario does not increase the channel heat flux, it can
result in an increase in the amplitude of the reed’s oscillation and a
reduction in the baseline of the vibration. Consequently, the energy
loss decreased from 0.35 to 0.32, leading to an enhancement in the
heat transfer efficiency. At this bending stiffness, heat transfer

FIG. 4. (a)–(d) The range of motion of the
reed under four different mass distribu-
tions, and (e) the y coordinates of the
reed’s distal end.

FIG. 5. Temperature field and velocity vector for the four cases (c¼ 0.06).
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efficiency increases by 2%. In contrast, cases 3 and 4, as described
earlier, have a negative impact on heat transfer in the channel.

B. The influence of bending stiffness

In the previous section, we investigated the influence of different
mass distributions on channel heat transfer efficiency when subjected
to identical bending stiffness. Our findings revealed that concentrating
mass at the distal end of the reed significantly enhances heat transfer
efficiency. However, at c¼ 0.06, the improvement in heat transfer
effectiveness is relatively weak. To further explore the general applica-
bility of this method under varying bending stiffness and to ascertain if
superior results can be achieved, we selected seven bending stiffness
values ranging from 0.02 to 0.14. Detailed calculations and analyses
were performed for both concentrated mass at the distal end of the
reed and uniform mass distribution.

Figure 6 illustrates the relationship between the mass distribution
and the average heat flux, average energy loss, and heat transfer effi-
ciency with seven bending stiffness values. We observed that, under
both mass distributions, the impact on heat transfer with changing
bending stiffness can be roughly categorized into four stages: (1)
increase in average heat flux and average energy loss, (2) decrease in
average heat flux and increase in average energy loss, (3) decrease in
average heat flux and decrease in average energy loss, and (4) increase
in average heat flux and decrease in average energy loss. This trend
demonstrates that concentrating mass at the distal end of the reed,
compared to uniform distribution, exhibits an increase-decrease-
increase pattern in heat transfer efficiency as bending stiffness increases,
as depicted in Fig. 7. Optimal effectiveness is achieved at a lower bend-
ing stiffness, c¼ 0.04, while negative impacts emerge in the bending
stiffness range of 0.05–0.10. Beyond c> 0.10, the enhancement in heat
transfer efficiency continues to increase.

To analyze the cause of this trend, we initially extracted data
regarding the displacement of the reed and assessed its dynamic prop-
erties. We examined the oscillation of the reed and the displacement of
the reed’s distal end along the y-axis, as shown in Fig. 8, as the bending
stiffness gradually increased and the mass distribution altered.
Comparing the cases of mass concentration at the distal end and uni-
form mass distribution, we found a clear correlation between the
expansion of the motion range and the bending stiffness. For high reed
flexibility (e.g., c¼ 0.02), changes in the mass distribution have a rela-
tively minor impact on its motion characteristics. As the bending stiff-
ness gradually increases, the reed with uniform mass distribution
begins to exhibit a reduced range of motion. At this point, the advan-
tage of concentrating mass at the distal end of the reed becomes evi-
dent, leading to an increase in amplitude, as depicted in Fig. 9. For
various bending stiffness values, concentrating mass at the distal end
of the reed leads to a decrease in the oscillation frequency while an
increase in the amplitude. However, when the bending stiffness ranges
from 0.04 to 0.06, the influence of mass distribution on amplitude
increase diminishes significantly. This is attributed to increased resis-
tance from the flow field as the bending stiffness increases, which sup-
presses the reed’s oscillation. Additionally, as the bending stiffness
surpasses 0.06, the distal end of the reed progressively moves away
from the boundary layer, intensifying the flow field’s impact.

TABLE II. Simulated results for four mass distributions (c¼ 0.06).

Case �Qnet
�E loss g

Case 1 0.42 0.35 0.89
Case 2 0.42 0.32 0.91
Case 3 0.35 0.36 0.74
Case 4 0.38 0.34 0.81

FIG. 6. (a) Mean heat flux, (b) mechanical energy loss, and (c) thermal efficiency factor at case 1 and case 2 (Re¼ 400 and H/L¼ 4.0).

FIG. 7. The difference in heat transfer efficiency between case 1 and case 2 varies
with bending stiffness (0.02–0.14).
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Consequently, concentrating mass at the distal end of the reed results
in a significant expansion of the motion range. Notably, when the
bending stiffness exceeds 0.12, the reed with uniform mass distribution
almost ceases to oscillate, as shown in Fig. 9, the frequency and ampli-
tude tend to be 0, while the reed with mass concentrated at the distal
end still has a much obvious amplitude.

From Fig. 6(b), we observed that when the bending stiffness is
less than 0.05, changing the mass distribution increased the energy loss
of the channel. As shown in Fig. 8, altering the mass distribution
increased the amplitude of the reed, which typically leads to an
increase in the energy loss of the channel. However, when the bending
stiffness is between 0.05 and 0.08, a phenomenon of reduced energy
loss after changing the mass distribution emerges. Despite similar
increases in the reed’s amplitude, different effects on energy loss were
observed. To investigate the cause of this phenomenon, we compared
the variations in the y-axis coordinates at the distal end of the reed
under several bending stiffness conditions, as illustrated in Fig. 10. It
was found that although the amplitude of the reed increased under dif-
ferent bending stiffness conditions, the patterns of increase differed.
When c¼ 0.04, both the peak and valley of the oscillation were altered,
resulting in an increase in the peak and a decrease in the valley, leading
to an overall increase in the reed’s amplitude, its vibration baseline has
not changed. Another pattern emerged when c¼ 0.07, where only the
valley of the oscillation was affected, with the peak remaining
unchanged and the valley decreased, indicating that the oscillation
range of the reed moved closer to the wall. This effectively lowered the
baseline of the vibration, which we believe is the reason for the reduced
energy loss in the channel. Furthermore, we speculate that this differ-
ence is caused by the combined effect of the reed’s bending force and
the fluid force. With the continuous increase in bending stiffness, the
deflection position of the reed moves closer to the center of the chan-
nel, where the fluid velocity increases from the wall to the channel cen-
ter. Consequently, the force exerted by the fluid on the distal end of
the reed becomes greater. When the bending force of the reed itself
cannot counteract the force exerted by the fluid, concentrating the
mass at the distal end will lead to an increase in the amplitude of the
reed’s vibration, while the peak value of the vibration remains
unchanged, lowering the baseline of the vibration.

Another issue resides in the fact that, as shown in Fig. 6(a), the
alteration of the mass distribution of the reed between bending stiff-
ness values of 0.06 and 0.10 results in a reduction of heat flux within
the channel. Previous findings indicate that concentrating the mass of
the reed at the distal end led to varying degrees of increased amplitude
and decreased oscillation frequency. Both of these phenomena impact
the heat flux within the channel. On one hand, an increase in the reed’s
amplitude leads to an elevation in heat flux; on the other hand, the
reduction in oscillation frequency decreases the shedding frequency of
vortices, resulting in fewer generated eddies and a subsequent reduc-
tion in heat transfer within the channel, leading to a decrease in heat
flux. Moreover, our previous analysis revealed that after increasing the
bending stiffness, the peak of the reed’s oscillation cannot reach higher
levels, thus diminishing its effectiveness in increasing heat flux. Based
on Fig. 9, we found that under two bending stiffness conditions,
c¼ 0.02 and c¼ 0.04, the impact of altered mass distribution on the
reed’s oscillation amplitude becomes more pronounced. For instance,
at c¼ 0.02, the effect on oscillation frequency is almost negligible,
while the amplitude increases, leading to the observed increase in heat
flux in Fig. 6(a). As the bending stiffness increases, concentrating the
mass of the reed at the distal end has an increasingly significant impact
on the oscillation frequency, while its influence on the amplitude
diminishes. The variation in oscillation frequency has thus become the
primary factor affecting heat transfer, as the decrease in oscillation fre-
quency leads to the reduction in heat flux observed at c¼ 0.06 to

FIG. 8. The range of motion and the temporal evolution of distal end y-axis coordi-
nate of reed under different bending stiffness.
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c¼ 0.10 in Fig. 6(a). When c> 0.10, a uniformly distributed reed
exhibits minimal oscillation frequency and amplitude within the chan-
nel. However, concentrating its mass at the distal end results in a sig-
nificant amplitude without a decrease in oscillation frequency, leading
to a notable enhancement in heat flux. Subsequently, we will analyze
the influence of altering the mass distribution of the reed under differ-
ent bending stiffness conditions on the temperature field within the
channel.

The amplification of reed oscillations under other conditions
being constant usually results in a higher average heat flux in the chan-
nel. As previously observed for bending stiffness values of 0.04 and
0.14, concentrating mass at the distal end of the reed yielded optimal
heat transfer efficiency. Hence, at a specified time point, t� ¼ 180,
temperature distribution maps within the channel were generated for
these two bending stiffness values (0.04 and 0.14). Additionally, veloc-
ity vectors were observed at selected points within the channel, as illus-
trated in Fig. 11. The figures indicate that the reasons behind the
enhanced heat transfer efficiency differ for these two bending stiffness
values. For c¼ 0.04, vortices that originally detached unevenly along
the wall surface transformed into uniformly detached vortices after
concentrating the reed mass at the distal end. These vortices more effi-
ciently conveyed wall heat into the channel, thereby enhancing the
heat dissipation capability. Conversely, for c¼ 0.14, the reed, with a
uniformly distributed mass, exhibited minimal oscillation due to its
lower flexibility, resulting in poor heat transfer with only a few vortices

shedding along the wall. Concentrating the reed mass at the distal end
proved advantageous in both cases. With c¼ 0.04, the increased bend-
ing stiffness facilitated oscillation, allowing the reed to oscillate closer
to the channel center, diverting the trailing vortices away from the wall
and toward the channel center. This effectively mixed the wall’s heat
flow with the cooler flow at the channel center, thereby enhancing heat
transfer. In the case of c¼ 0.14, the substantial bending stiffness
became an advantage for heat transfer. It enabled the reed to oscillate
closer to the channel center, redirecting the trailing vortices away from
the wall and toward the channel center, effectively enhancing heat
transfer by mixing the wall’s heat flow with the cooler flow at the chan-
nel center. To study the influence of the time-averaged reed mass dis-
tribution on channel temperature distribution, dynamic mode
decomposition was performed on temperature fields over 100 time-
steps ranging from t� ¼ 150 to 200, as depicted in Fig. 12. It is evident
that concentrating the reed mass at the distal end, in the case of
c¼ 0.04, according to the 3rd mode of temperature field in case 2,
compared with case 1, heat can be better transferred to the channel
center, but it still cannot affect the channel center. For c¼ 0.14, the
influence of case 1 on the temperature distribution in the channel is
localized, whereas case 2 can considerably alter the temperature distri-
bution across the channel, particularly leading to a substantial increase
in the temperature at the channel center, thus significantly enhancing
the heat transfer. When c¼ 0.04 and c¼ 0.14, the continuity of heat
transfer in the channel is improved, the range of change in net heat

FIG. 9. (a) Frequency and (b) amplitude of the reed’s distal end at various bending stiffness.

FIG. 10. Time evolution of the y-axis coordinate at the distal end of reed under different bending stiffness (0.04, 0.05, 0.06, 0.07).
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FIG. 12. Dynamic modal decomposition diagram of temperature (a) c¼ 0.04 and (b) c¼ 0.14.

FIG. 11. Temperature field and velocity vector for the two cases under different bending stiffness (a) c¼ 0.04 and (b) c¼ 0.14.
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flux decreases, and the average heat flux increases, as depicted in
Fig. 13. The temperature field and velocity vector of the two cases with
the remaining bending stiffness are depicted in Fig. 14. In the case of
c¼ 0.02 with minimal bending stiffness, the temperature field of Case
2 closely resembles that of case 1. For c¼ 0.08 and c¼ 0.10, they repre-
sent intermediate transition states. During this phase, case 2 exhibits a
detrimental effect compared to case 1. The shedding vortex is closer to
the wall, the vortex shedding frequency decreases, and a large area of
cold flow occurs in the channel. When c¼ 0.12, case 2 concentrates its
mass at the distal end of the reed under the large bending stiffness as
analyzed above, and the shed vortices start tending to move toward the
center of the channel, contributing to the mixing of the hot flow near
the wall and the cold flow in the center of the channel.

VI. CONCLUSIONS

In this study, we conducted a numerical analysis of the impact of
four mass distributions of a reed on channel heat transfer efficiency.FIG. 13. Heat flux net (a) c¼ 0.04 and (b) c¼ 0.14.

FIG. 14. Temperature field and velocity vector for the two cases under different bending stiffness (a) c¼ 0.02, (b) c¼ 0.08, (c) c¼ 0.10, and (d) c¼ 0.12.
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Our findings indicate that the optimal heat transfer efficiency is
achieved when mass is concentrated at the distal end of the reed. In
the other two cases, a decrease in mass at the distal end leads to a tran-
sition in the reed’s motion pattern from regular oscillation mode to
fully-deflected mode when subjected to flow-induced forces at the dis-
tal end. In such instances, heat transfer performance is comparable to
that of a rigid body placed on the wall, resulting in a significant
decrease in heat transfer efficiency. Therefore, it is recommended to
avoid such scenarios in design to enhance heat transfer efficiency.

To delve deeper into the effects of reed mass concentration at the
distal end and uniform distribution on channel heat transfer efficiency
under varying bending stiffness, simulations were performed for seven
bending stiffness values ranging from 0.02 to 0.14. The study analyzed
the differences in reed oscillation and their impact on heat transfer effi-
ciency, leading to the following conclusions:

(1) Tuning the mass distribution of the reed to make its mass con-
centrated at the distal end cannot always enhance heat transfer
efficiency across all bending stiffness values; its enhancement
effect is closely related to bending stiffness. The impact of reed
mass distribution on the heat transfer efficiency exhibits an
increasing-decreasing-increasing trend with increasing reed’s
bending stiffness. At low bending stiffness, concentrating mass
at the distal end increases amplitude and generates higher heat
flux. However, the increased amplitude results in a higher ratio
of reed cross-sectional length to channel width, leading to
increased energy losses. In contrast, at high bending stiffness, a
uniformly distributed mass prevents reed oscillation.
Concentrating mass at the distal end causes the average position
of the reed’s oscillation to be closer to the wall compared to the
reed with uniform mass distribution. This reduces the ratio of
reed cross-sectional length to channel width, achieving superior
heat transfer performance by simultaneously increasing heat
flux and reducing energy losses.

(2) Within the examined bending stiffness range, particularly at
c¼ 0.04 and c¼ 0.14, concentrating the reed’s mass at the distal
end demonstrates the most significant enhancement in heat
transfer compared to uniform mass distribution. At c¼ 0.04,
increasing amplitude increases vortex shedding frequency, sig-
nificantly raising heat flux, albeit with increased energy losses.
At c¼ 0.14, when concentrating the reed’s mass at the distal
end, the oscillation range is entirely below the stable position of
the reed with uniform mass distribution, reducing energy losses.
Additionally, reed oscillation closer to the channel center results
in enhanced heat flux, leading to a substantial increase in heat
transfer efficiency.

In conclusion, a comprehensive consideration indicates that
when the bending stiffness c reaches 0.04 or exceeds 0.12, concentrat-
ing reed’s mass at the distal end can improve channel heat transfer effi-
ciency without increasing the overall mass of the cooling system,
achieving superior cooling effectiveness.

Considering the complexity of fluid–structure–thermal coupling
problems and the computational demands of direct numerical simula-
tions, this study only evaluated a very limited number of linear mass
distribution forms. In the future, we hope to use machine learning
methods such as physics-informed neural networks (PINNs) to rapidly
predict the heat transfer characteristics and reed dynamics of such

problems. This approach could enable us to determine more effective
mass distribution forms (possibly nonlinear) for the reed to enhance
heat transfer.
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