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In this paper, we demonstrate a heat transfer mechanism using ultrasonic standing waves.
The basic idea behind the proposed heat transfer mechanism is the acoustic relocation
phenomenon of inhomogeneous fluid due to acoustic body force. The acoustic body force
depends upon the density gradient and the speed of the sound gradient of the inhomoge-
neous fluid. Heating a fluid creates an inhomogeneity in the physical properties of the fluid
such as density, viscosity, and velocity of sound, etc. When this heated (inhomogeneous)
fluid is subjected to ultrasonic standing waves, acoustic body force induces a fluid motion
which is shown to be responsible for this heat transfer mechanism. Heat transfer enhance-
ment is observed when a standing acoustic wave is passed perpendicular to the direction
of heat transfer. Remarkably, it is found that acoustic forces can enhance heat transfer
up to 2.5 times compared to natural convection and up to 11.2 times compared to pure
conduction. Suppression of natural convection heat transfer is observed when the acoustic
waves are passed parallel to the direction of heat transfer. In this case, acoustic forces
could bring down the heat transfer by half or more than half from the natural convection.
To characterize the heat transfer mechanism in the enhancement case, a modified Rayleigh
number that can account for both acoustics and gravity effects is proposed. To this extent,
we provide a clear understanding of how acoustic fields influence the fluid flow and heat
transfer.
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I. INTRODUCTION

Since the advent of miniaturization, the removal of heat from a microsystem to keep the tempera-
ture in operating conditions has been an important challenge in the field of heat transfer. Researchers
have employed various thermal management techniques to address this problem, including heat
sinks, heat pipes, thermoelectric (Peltier) coolers, synthetic jet cooling, thermosyphons, phase
change materials, electro-osmotic pumping, microchannels, nanofluids, ferrofluids, and impinging
jets [1]. Although significant progress has been made, there is an increasing demand for innovative
cooling strategies due to emerging high heat flux electronic devices. Other important applications
such as cooling of microsystems in a microgravity environment (space) pose a unique challenge of
heat transport without natural convection or gravity [2].

There have been active studies on the effects of acoustic fields on convective heat transfer since
the 1960s [3]. To enhance the heat transport, researchers have employed many acoustic phenomena
such as acoustic streaming [4—6], acoustic cavitation [7], acoustic local agitation [8], and the
acoustic release of vapor bubbles (boiling heat transfer) [3]. Among them, the widely investigated
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acoustic phenomena to enhance heat transfer are acoustic streaming and acoustic cavitation. Acous-
tic streaming is a steady circular flow in the fluid domain subjected to high-intensity acoustic fields.
Acoustic cavitation refers to the formation, growth, and violent collapse of gas bubbles into the
liquid under the acoustic fields.

In light of recent experiments, it was discovered that the acoustic forces acting on inhomogeneous
fluids (nonuniform density and velocity of sound) exhibit an intriguing phenomenon called acoustic
relocation [9]. Using bulk acoustic standing waves, Deshmukh et al. demonstrated the acoustic
relocation phenomenon by relocating higher impedance (product of density and speed of the sound)
fluid from the wall to the center of the microchannel and also stabilized the concentration profiles
against hydrostatic pressure gradients due to gravitational forces [9]. Following the above exper-
iments, Karlsen et al. provided a theoretical explanation of this acoustic relocation phenomenon
using the theory of nonlinear acoustics [10]. They also derived a mathematical equation for
the second-order acoustic body force called acoustic force density which is responsible for the
relocation of inhomogeneous fluids. Furthermore, this acoustic body force is employed in several
applications such as cell handling through iso-acoustic focusing [11], acoustic impedance-based
circulating tumor cell isolation from blood [12], acoustic mixing of inhomogeneous fluids [13], and
separation of bacteria (submicron particles) from blood lysate through gradient acoustic focusing
[14]. Here, we aim to exploit this acoustic body force which is responsible for acoustic relocation
in the arena of heat transfer.

From the above experiments and theory, it is evident that acoustic forces can create bulk fluid
motion or relocation if the flow field has a density gradient or speed of sound gradient. It is also
a well-known fact that the physical properties such as density and velocity of sound depend on
temperature. Since all the heat transfer processes (convective) involve temperature gradients, it will
also have density and speed of sound gradients [15]. Thus, we hypothesize that when the heated
fluid domain (with temperature gradient) is subjected to a standing acoustic wave, acoustic body
forces can produce bulk fluid motion which can serve as a potential heat transfer mechanism.

The main goal of this paper is to demonstrate a heat transfer mechanism based on the acoustic
relocation phenomenon under acoustic fields. The effect of acoustic forces on the heat transfer
process is studied with and without the presence of gravity. Previous works on acoustic streaming
due to temperature variation only focused on the gases and the effect of density variation on heat
transfer alone is considered, the effect of speed of sound variation on the acoustic streaming is
neglected [6] whereas our theory applies to both gases and liquids. Also, the effect of both the
density variation and speed of sound variation on heat transfer is considered. The present paper
sheds light on the interplay among the temperature field, velocity field, and acoustic body force.

II. PHYSICS OF THE PROBLEM

In this section, we outline the main idea or physics behind the proposed heat transfer mechanism
using acoustic standing waves. Before understanding the physics involved, it is important to gain
prior knowledge of the acoustic relocation phenomenon observed in the inhomogeneous fluids.
Recently, it was discovered that when an inhomogeneous fluid is subjected to an acoustic standing
wave, the inhomogeneous fluid is relocated/moved to a stable-field configuration. It was shown that
the acoustic body force which is responsible for this acoustic relocation phenomenon is a function
of density gradient and speed of sound gradient [10].

The acoustic relocation behavior of inhomogeneous fluids from the initial configuration to a
stable configuration is clearly illustrated in Fig. 1. An acoustic standing half wave of wavelength
A = 2w is applied along the X axis or width direction, where w is the width of the channel
in the X direction and % is the height of the channel in the Y direction. Due to the hard wall
boundary conditions, pressure nodes are formed at the center and pressure antinodes are formed
at the sidewalls as shown in Fig. 1. For the sake of understanding and to simplify the arguments,
in this section we shall assume that inhomogeneous fluid considered has only density gradient and
negligible speed of sound gradient. In the later sections, the effect of the speed of sound gradient
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FIG. 1. Acoustic relocation phenomenon in the inhomogeneous fluids of different configurations subjected
to acoustic standing half waves. (a) High-density fluid initially at sides (antinode). (b) High-density fluid
initially at the center (node) and (c) high-density fluid initially at the bottom. Green dotted lines indicate
standing half waves whereas the green arrow indicates the direction of standing half waves. The yellow long
dot-dashed line indicates node (center) and the yellow short dashed line indicates antinode (sidewalls).

shall be accounted for. Since the fluid has inhomogeneous density, the acoustic body force moves
high-density fluid to the pressure nodes (center) and low-density fluid to the pressure antinode
(walls). Hence the configuration of a high-density fluid at the node/center and low density at
the antinode/wall is called a stable configuration, as shown in Fig. 1(a). The fluid configurations
other than stable configurations are called unstable configurations. A few examples of unstable
configurations are high density at the sides/low density at the center and high density at the
bottom/low density at the top as shown in Figs. 1(a) and 1(c) at time r = fy. When the unstable
configurations are subjected to acoustic standing half wave, acoustic force relocates inhomogeneous
fluid to the stable configuration as illustrated in Figs. 1(a) and 1(c) at time ¢ = t,. Once the fluid is
relocated to a stable configuration, the fluid motion ceases to exist. If the initial configuration of the
fluid is already stable, then this stable configuration remains unchanged under the acoustic standing
half wave as shown in Fig. 1(b).

The proposed heat transfer mechanism is based on two facts: First, the thermophysical properties
are a function of temperature. Thus, heating the fluid (temperature gradient) creates inhomogeneity
in the physical properties of the fluid such as density gradient [16], the velocity of the sound gradient
[17], viscosity gradient [18], and thermal conductivity [19]. Second, acoustic forces can relocate
the fluid configuration if there exists a density gradient or velocity of the sound gradient in the
flow field as discussed in Fig. 1. The schematic representation of the heat transfer mechanism using
ultrasonic waves is shown in Fig. 2. The bottom wall is maintained at a higher temperature (7%)
compared to the top wall (7;) of the channel and the side walls are insulated. The presence of the
high-temperature wall at the bottom generates the fluid with the lowest density (dark blue circle)
and fluid with the highest density (dark red) is at the top of the channel due to the presence of the
low temperature at the top wall. When the channel is subjected to ultrasonic acoustic waves parallel
to the width direction, the acoustic body force acting on the fluid relocates the low-density fluid at
the bottom toward the side wall (antinodes) and high-density fluid at the top toward the center of
the channel. This causes fluid circulation as follows: bottom — side — top — center — bottom
as shown in Fig. 2. Since the fluid is continuously heated in the presence of the acoustic field, the
process of fluid circulation always exists, unlike the relocation shown in Fig. 1. This fluid circulation
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FIG. 2. Schematic representation of the proposed heat transfer mechanism based on acoustic relocation
phenomenon.

due to acoustic body force gives rise to convective heat transfer mechanism, which is different from
natural convection where the fluid motion is due to gravity. The above discussion clearly outlines
the main idea behind the proposed heat transfer mechanism.

III. THEORETICAL MODEL
A. Model setup

Though the acoustic relocation phenomenon (Fig. 1) was studied only in a microchannel
(400 pum) [10], the proposed heat transfer mechanism based on the acoustic relocation phe-
nomenon is demonstrated in a minichannel. The reason for using a minichannel over a microchannel
is convection effects due to body force such as gravity become uninmportant in a microchannel.
Thus, a simple two-dimensional (2D) minichannel enclosure of width (w) 8 mm and height (&)
4 mm is considered as shown in Figs. 3(a) and 3(b). Initially, the fluid domain is kept at rest. This
fluid domain or enclosure is maintained at a higher temperature at the bottom (7 (x, —%) = 320 K)
and at a lower temperature at the top (7 (x, +%) = 290 K). Thus, an inhomogeneity is caused in
density (p(x,y)) and the speed of sound (c(x, y)). Water and ethanol have been considered as the
working fluids in this study. The minichannel taken for this analysis is subjected to acoustics in two
different directions with respect to the direction of the heat transfer.

(1) An acoustic standing half wave of wavelength A = 2w is applied along the X axis or width
direction as shown in Fig. 3(a). Here the pressure nodes are formed at the center(parallel to the Y
axis) and pressure antinodes are formed at sidewalls.

(2) An acoustic standing half wave of wavelength A = 24 is applied along the Y axis or height
direction as shown in Fig. 3(b). Here the pressure nodes are formed at the center (parallel to the X
axis) and pressure antinodes are formed at the top and bottom walls.

Both these configurations are tested at without gravity (g = 0) and with gravity (g = 9.81 m/s?)
conditions, _v)vhere the acceleration due to gravity is considered only in the Y axis is taken

asgy,=—gJ.

B. Governing equations

The unsteady laminar natural convection problem is governed by continuity, momentum equa-
tion, and energy equation [20]. In this problem, temperature change induces fluid flow through the
buoyancy (gravity) and acoustic forces. Then the flow field in turn affects the temperature field
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FIG. 3. Schematic of the 2D minichannel of width 8 mm along x direction and height of 4 mm in the
y direction. (a) Acoustic standing half wave applied along X axis or perpendicular to the direction of heat
transfer. (b) Acoustic standing half-wave applied along Y axis or parallel to the direction of heat transfer.

through heat transfer. So, the continuity equation, Navier Stokes equations, and energy equation are
coupled and have to be solved simultaneously. The continuity equation and Navier Stokes equations
are employed in the model as follows:

dp
ot

2
p(%) +ow-Vu=V- <—P+ n(Vu+ (Vu)") — g,U«(V . M)I> + fo + fac 2

+ V- (pu) =0, (D

where u is the fluid velocity, p is the fluid pressure, p is the fluid density, u is the fluid viscosity, [ is
the identity matrix, f, = pg, is the body force due to gravity, g, is the acceleration due to gravity,
and f,. is the acoustic body force acting on the fluid due to the acoustic field. The above equations
have to be solved with the following energy equation:

T
pCpar + pCpt - VT =V - (kVT), ®

where T is temperature field, C, is the specific heat capacity of the fluid, and & is the thermal
conductivity of the fluid. The above energy equation is a special case in which there is no
internal heat generation, negligible viscous dissipation, and negligible compressibility effect [21].
It is important to note that in this model, all thermophysical and acoustic properties [11,15] are
allowed to vary with respect to temperature. At the wall, the velocity of the fluid is taken as
zero because of the no-slip condition [12]. This problem is assumed to be laminar because the
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modified Rayleigh number used in this study is < 10°, which is less than the critical Reynolds
number for turbulence [22]. For an unsteady heat flux over space and time, we use spatiotemporal
average heat flux where the spatial average heat flux is defined as average local heat flux at

y= :l:% over the width w, ¢q,, = i f_?% q,— ﬁEgdx and the spatiotemporal average heat flux g, are

both the time and the spatial average of local heat flux at y= :I:g over the width w and time

At, g, = (trtl] o ft :2 fiﬂu/} 32 qy—o dxdt. The nondimensional numbers governing the physics of the
problem are the Nusselt number (Nu) and Rayleigh number (Ra). The spatiotemporal average
hwh

Nusselt number Nu,, is taken as «=. The spatiotemporal average heat transfer coefficient hy is

taken as %, where AT is T (x, —g) — T(x, +§).

C. Modeling of acoustic body force

Earlier, the relocation of miscible [9] and immiscible [23] inhomogeneous fluids to the specific
stable configuration by the acoustic fields in the microchannel was demonstrated. This phenomenon
was explained using the time-averaged second-order acoustic force density which stems from the
theory of nonlinear acoustics. The time-averaged second-order acoustic force density can be defined
as the divergence of time-averaged acoustic momentum flux density tensor [24]:

Jae ==V - (IT). “4)

The time-averaged acoustic momentum flux density tensor is defined by the first-order acoustic
fields (IT) = (p2)I + (povv1), where p, is second-order mean Eulerian pressure defined by first-
order acoustic fields and is given as p, = jTK0| - }t polv1|%. ko is the compressibility and py is
the density of the fluid domain. Compressibility «( is defined as m. p1 and v are first-order
acoustic pressure and velocity fields. Using the above equations, the acoustic energy density acting
on the inhomogeneous fluid can be derived in terms of the density and compressibility gradient [25],

1 2 1 2
Jac = —Z|P1| Vio — Z|v1| Vpo. )

The first-order pressure field and velocity field in a weakly inhomogeneous fluid due to acoustic
standing half of pressure amplitude p, applied in the x direction take the form p; = p, sin(k;x)
and v| = (%)cos(k)\x), where k;, = 27” is the wave number and A is the wavelength of the wave.
Since a half wave is employed in this simulation, X is taken as 2w. After substituting p;, v;, and g
in Eq. (5), we arrive at the final equation for acoustic force density f,. in terms of density and the
speed of sound gradient [10],

Jac = —Eac(cos(2kx)V p + (14-cos (2k,x))V ), (6)

where E,. = 45% is the acoustic energy density inside the channel. p and ¢ are defined as p"—"

0 ave

and . p,y, and c,y, are the average density and average velocity of sound of the fluid domain

ave

calculated from mean temperature (7 + 71)/2. The gradient in density V p and speed of sound V¢

in this heat transfer study is only due to temperature gradient, so Eq. (6) can be written in terms of
temperature gradient and it takes the form

19 19
facz—EaCVT(cos(Zkkx) 2P0 4 (14-cos(2k,x)) ﬁ) (7)

Pavg Cavg oT

The above equation is used as a body force term in Navier-Stokes Eq. (2). The magnitude of stream-
ing velocity can be written as vy, ~ % where v, is the amplitude of the first-order velocity v; and
co is the speed of the sound [26]. For a channel filled with water at E,. = p"T”g: E,. =50 J/m?,
0o A~ 1000 kg/m?, and ¢y ~ 1500 m/s, we get v, ~ 0.316 m/s. The resulting streaming velocity

is in the order of &~ 25 um/s, which is two orders of magnitude less compared to the velocity
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FIG. 4. Grid independence test for heat flux in ethanol. (a) Acoustic wave perpendicular to the direction of
heat transfer. (b) Acoustic wave parallel to the direction of heat transfer. The red dot indicates the number of
grids chosen, resulting in a fine computational mesh for above dependent variables to reach convergence.

due to acoustic body force &~ 1 cm/s obtained in simulations. Hence the boundary-driven acoustic
streaming phenomenon is neglected in this paper.

D. Numerical implementation

The system of governing equations Eqs. (1)—(3) is solved numerically using a finite difference
scheme, and acoustic force density Eq. (7) is substituted as a body force term in the Navier
Stokes equation. All the time-dependent heat transfer studies presented in this paper are carried
out in a finite element method-based solver COMSOL MULTIPHYSICS 5.4. The heat transfer in the
minichannel using acoustic body force is studied and solved by coupling a predefined laminar flow
module and heat transfer module. The evolution of velocity field, temperature field, and heat flux are
captured by employing a backward differential formulation with an adaptive time-stepping scheme
based on local error estimates. Mesh convergence analysis was performed as shown in Fig. 4 to
determine the number of grids large enough for all dependent variables to converge, ensuring
a mesh-independent result. Among the two fluids taken for the analysis, ethanol experiences
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FIG. 5. Velocity profile due to acoustic forces at zero gravity condition. Standing acoustic wave is applied
perpendicular to the direction of heat transfer. (a) Ethanol and (b) water. The green arrow indicates the direction
of the standing acoustic wave.

maximum velocity for any given acoustic energy density. Hence, the grid independence test is done
for ethanol at E,. = 50 J/m® with gravity. The number of triangular grids used for heat transfer
enhancement is 198 910 (maximum element mesh size of about 0.02 mm) and suppression is
22 324 (maximum element mesh size of about 0.06 mm) beyond which the flow field and heat
flux are unaffected by the increase in the number of grids. The consistent stabilization method is
employed in COMSOL to reduce the Peclet number under unity by adding additional diffusive
terms. Hence, the stability and accuracy of the problem are guaranteed by the robust stabilization
methods (streamline diffusion and crosswind diffusion) in COMSOL.

IV. RESULTS AND DISCUSSION

In this section, we present the results demonstrating the proposed heat transfer mechanism in
a minichannel using acoustic waves. The heat transfer enhancement is achieved when the applied
acoustic wave is perpendicular to the direction of heat transfer. A modified Rayleigh number is
proposed to take both acoustic and gravity force into account and the correlation is established for
the heat transfer enhancement. Conversely, the acoustic force suppresses the heat transfer due to
natural convection when the applied acoustic wave and direction of heat transfer are parallel to each
other.

A. Standing wave applied perpendicular to the heat transfer direction: Heat transfer enhancement

Here, the ultrasonic standing wave is applied perpendicular to the direction of heat transfer as
shown in Figs. 3(a) and 5(a-ii). Ethanol and water are employed as working fluids for the heat
transfer analysis. The fluid flow and heat transfer behavior of both fluids are studied under two
conditions. First, under the influence of only acoustic body force (without gravity) and then in the
presence of both acoustic body force and buoyancy force due to gravity.
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The velocity profile for ethanol and water in the presence of only acoustic body force for different
acoustic energy densities can be seen in Figs. 5(a) and 5(b). The absence of acoustic force fails to
create any fluid motion as shown in Figs. 5(a-i) and 5(b-i). In the cases of E,. > 0J/ m? and when the
acoustic standing wave is applied perpendicular to the direction of heat transfer (heated bottom plate
and cooled top plate) as shown in Figs. 5(a-ii), 5(a-iii), 5(b-ii), and 5(b-iii), the whole fluid domain
is in an acoustically unstable configuration. Thus, acoustic force creates a steady fluid circulation in
the entire domain which allows hot fluid from the bottom to reach the cold plate at the top to enhance
the heat transfer. The magnitude of the acoustic body force is varied by varying the acoustic energy
density E,. and more energy density means more acoustic body force. Since the acoustic force is
proportional to the temperature gradient and the temperature gradient [Eq. (7)] is more near the
top and bottom walls, acoustic force produces a higher magnitude of velocities in those areas as
shown in Figs. 5(a-ii), S(a-iii), 5(b-ii), and 5(b-iii). It also must be noted that an increase in acoustic
energy density results in higher fluid velocities. The velocity magnitude in ethanol is a bit higher
compared to water, owing to the stronger acoustic force in ethanol compared to the water for the
given energy density. Generally, acoustic streaming velocity is linearly proportional to acoustic body
force, which is again linearly proportional to the energy density. Therefore, one would expect the
acoustic streaming velocity to increase 5 times as we increase E,. from 10 J/m? to 50 J/m? as
shown in Fig. 5. However, from Fig. 5, it is clear that acoustic streaming velocity is not linearly
proportional to acoustic force density. This nonlinear behavior can be easily explained once we take
temperature profile coupling into consideration. Acoustic body force is linearly proportional to both
E,. and VT. Once E, is increased, acoustic body force tries to increase the velocity, the increase
in velocity reduces the temperature gradient near the top and bottom walls due to more convection
transport. The increase in E,. is always accompanied by the reduction of VT'; this means acoustic
body force will not be increased in a linear proportional manner. Hence, streaming velocity is not
linearly proportional to the energy density in our problem.

The interesting observation in Fig. 5 is the direction of flow circulation for ethanol and water
under the presence of acoustic forces. For ethanol, the fluid moves from the bottom to the nearest
sidewall, sidewall to top, top to the center, and center to the bottom as shown in Figs. 5(a-ii)
and 5(a-iii). This type of fluid flow circulation is referred to as BSTCB (bottom — sidewall —
top — center — bottom) configuration and it continues to exist as long as the acoustic force
is applied. Since the acoustic force is symmetric about the nodes, the BSTCB flow configuration
observed in ethanol is also symmetric about the nodal line or Y-axis line passing through the center
whereas for water, the fluid moves from bottom to center, center to top, top to the sidewall, and
sidewall to the bottom as shown in Figs. 5(b-ii) and 5(b-iii). This type of fluid flow circulation is
referred to as a BCTSB (bottom — center — top — sidewall — bottom) configuration and this
BCTSB configuration is also symmetric about the nodal line. The main reason for the ethanol and
water to exhibit different flow patterns is the speed of sound property variation with respect to the
temperature. In ethanol, the speed of the sound decreases with increase in temperature [27], and in
water [17] the speed of the sound increases with increase in temperature in the working temperature
limits as shown in Fig. 6. The flow pattern in ethanol and water are explained in detail in the next
paragraph.

The difference in the flow patterns of ethanol (BSTCB) and water (BCTSB) can be explained by
understanding the nature of acoustic force and its dependence on the speed of the sound and density
of the fluid. The sign and relative magnitude of the terms pa%g‘?# i ‘% in the acoustic body
force decide the type of fluid circulation. If the sign of both terms is the same (support each other)
then the acoustic force moves the high density as well as the high speed of sound fluid portion to
the center (node) or low density as well as low speed of sound fluid portion to sidewalls (antinode).
If the sign of both terms is different (oppose each other), then the acoustic force moves either the
higher density fluid or the higher speed of the sound fluid to the center based on whichever term
dominates. More precisely, if the magnitude of the density term is higher than the speed of the sound
term, then the higher density fluid will be pushed to the center (node) or lesser density fluid to the
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FIG. 6. Acoustic properties of ethanol and water at different temperatures. (a) Density of water and ethanol
at different temperatures and (b) velocity of sound in water and ethanol at different temperatures.

sidewalls (antinode). Similarly, if the magnitude of the speed of the sound term is higher than the
density term, then the higher speed of the sound fluid portion will be moved to the center (node) or
the lower speed of the sound fluid portion will be moved to the walls (antinode). Here, the gradients
in speed of sound and density with respect to temperature for both fluids are calculated using the
curve fit equation obtained from the data points shown in Fig. 6.

The variation of density and speed of sound at different temperatures for ethanol and water is
shown in Figs. 6(a) and 6(b). First, the flow pattern in ethanol is explained. For ethanol, it can be
observed that as temperature increases, both the density and the speed of sound in ethanol decreases
[27,28] as shown in Figs. 6(a) and 6(b). Hence the sign of both the density term (‘;ﬂ) and the speed

T
of sound term (%LT") in ethanol are negative and they support (same sign) each other. Consequently,
the high-temperature ethanol at the bottom wall, which has a lower density and lower speed of the
sound, moves to the sidewall (antinode), whereas the low-temperature ethanol at the top wall which
has a higher density and higher speed of the sound moves to the center (node) of the channel as
shown in Fig. 7(a). This creates the BSTCB circulation in ethanol when subjected to an acoustic

standing wave as shown in Figs. 5(a-ii) and 5(a-iii).
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wave is applied perpendicular to the direction of heat transfer. (a) Ethanol and (b) water.

Unlike ethanol, in water, the temperature rise corresponds to a rise in the speed of the sound
[17] and a decrease in density [29] as shown in Figs. 6(a) and 6(b). Here the sign of the density
term (2 o7 S8 is negative and the sign of the speed of sound, the term (3‘0) is p0s1t1ve and so they

1 3
e 0T

(—0.0003 K~!). Due to the dominant speed of the sound term, the high-temperature water at the
bottom wall which has a lower density and higher speed of the sound moves to the center (node) of
the channel whereas the low-temperature water at the top wall which has higher density and lower
speed of the sound moves to the sidewall (antinode), as shown in Fig. 7(b). This creates the BCTSB
circulation in water when subjected to an acoustic standing wave as shown in Figs. 5(b-ii) and
5(b-iii). This discussion provides a clear understanding for the different types of fluid circulation
observed in ethanol (BSTCB) and water (BCTSB) under the influence of acoustic body force.

The velocity profile for ethanol and water in the presence of both acoustic body force and
buoyancy force can be seen in Fig. 8. As we already discussed, when the acoustic standing wave
is applied perpendicular to the direction of heat transfer, acoustic force moves hot fluid from the
bottom to the top. Similar to acoustic force, the buoyance force also moves hot fluid from bottom
to top due to gravity. Thus, the acoustic and buoyance forces support each other when the wave
direction is perpendicular to the direction of heat transfer. Figures 8(a—i) and 8(b—i) show the
velocity profile due to gravity (natural convection) without acoustic force (E,. = 0, g = 9.81 m/s?)
in ethanol and water, respectively. It must be noted that in the case of natural convection, the velocity
field is unsteady [Figs. 8(a—i) and 8(b—i)]. Figures 8(a—ii), 8(a-iii), 8(b—ii), and 8(b—iii) show the
flow pattern under the presence of both acoustic force and gravity (E,. > 0 J/m?, g =9.81 m/s?)
in ethanol and water, respectively. In the presence of both acoustic force and gravity, steady ﬂow
behavior is emerged similar to the case of acoustic force without gravity, because at E,. = 10 J/m?
and 50 J/m? the acoustic force dominates gravity.

The effect of energy density on spatiotemporal average heat flux for ethanol and water when the
standing wave is applied perpendicular to heat transfer direction is shown in Figs. 9(a) and 9(b).
The graph also compares the effects of acoustic body force without gravity and acoustic body force

oppose each other. For water, the magnitude of the term Cl 9% (0.0015 K~') dominates =
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FIG. 8. Velocity profile due to the presence of both acoustics and gravity when the standing acoustic wave
is applied perpendicular to the direction of heat transfer (a) ethanol and (b) water. The green arrow indicates
the direction of the standing acoustic wave.

with gravity on heat transfer enhancement. In the case of acoustic force without gravity, the heat
flux increases from conduction heat flux and keeps on increasing as we increase the acoustic energy
density. If the acoustic force is applied along with gravity, then heat flux starts to increase from
natural convection heat flux.

In the absence of both acoustic force and gravity, the conduction heat flux for ethanol is
1294.5 W/m?. When only acoustic force is applied, the net heat flux for ethanol rises up to
14521.5 W/mz, which is 11.2 times more than that of conduction heat transfer. When both acoustic
force and gravity force are present, the net heat flux in ethanol rises up to 15024 W/m? as compared
to natural convection heat flux 5998.91 W/m?. It must also be noted that, comparing to natural
convection, though the velocity of the fluid is less at E,. = 10 J/m?, the heat flux is more (Fig. 9).
This is because, unlike buoyancy force, the acoustic body force induces fluid flow at a region of the
channel where the temperature gradient is high (bottom wall) and so the heat transfer is effective.
Acoustics along with gravity improves heat flux in ethanol up to 2.5 times compared to natural
convection

For water, the conduction heat flux for the given domain is 4620.47 W/m?. When only acoustic
force is applied, the net heat flux rises up to 35726.23 W/m?, which is 7.7 times more than that of
conduction heat transfer. When both acoustic force and gravity force are present, the net heat flux
rises up to 36982.04 W/m? as compared to natural convection heat flux 16789.08 W/m?. Acoustics
along with gravity improves heat flux up to 2.2 times compared to natural convection. From
Figs. 9(a) and 9(b), it is clearly shown that when the acoustic force dominates the gravity the heat
flux due to only acoustic force approaches the heat flux due to combined acoustic force and gravity
atinfinity [(E,. — 00) = (Gy)c = (@ )ac,gl-

B. Characterization of heat transfer enhancement

If the force acting on the fluid domain is only gravity, then the conventional Rayleigh number
Ra, is sufficient to characterize the heat transfer due to natural convection. Here, apart from gravity,
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FIG. 9. Heat flux (spatiotemporal average) at different acoustic energy densities when the acoustic wave is
applied perpendicular to the direction of heat transfer (a) ethanol and (b) water.

we have acoustic body force as well. So, we define a modified Rayleigh number Ra,, to take both
the acoustic body force and buoyancy force into account. The Rayleigh number due to gravity Ra,
is given as [20]

_ Apogh®  gBATH

Ra,
pa Vo

(®)

where Appg is the body force due to gravity. Acoustic body force, which is symmetric about the
nodal line, is given in Eq. (7) and can be scaled as “Eﬁ(% + AC—E"). So, the Rayleigh number for
acoustic body force Ra,. can be written as
2E,ch* (2A 2Ac¢ 4E. 1P AT
Rae = = ( e 0) = ——"(y + B). ©

wpo

wpPo wco
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FIG. 10. Variation of Nusselt number (spatiotemporal average) for different modified Rayleigh numbers
when the acoustic standing wave is perpendicular to the direction of heat transfer.

Here A—‘;“ = —BAT, similarly AC—Z“ = —y AT, where B is thermal expansion coefficient and y is
the coefficient of the speed of sound.

The B and y in the equation control the dynamics of heat transfer in the minichannel. Since
the acoustic force and buoyancy force due to gravity support each other in the heat transfer
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FIG. 11. Velocity profile due to acoustic forces at zero gravity condition. Standing acoustic wave is applied
parallel to the direction of heat transfer. (a) Ethanol and (b) water. The green arrow indicates the direction of
the standing acoustic wave.
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FIG. 12. Density, speed of sound, and temperature profile of ethanol and water at 50 J/m’ when the

acoustic wave is applied parallel to the direction of heat transfer. (a) Ethanol and (b) water.

enhancement, we define the modified Rayleigh number as Ra,, = |Ra,c| + |[Rag|, which is

ATH < 4By + ﬁ)‘
pPow

Ra,, =
Vo

+ Igﬁl), (10)

The modified Rayleigh number Ra,, used in the simulation ranges from 1.9x10* to 2.5x10°.
Figure 10 shows the variation of the Nusselt number (spatiotemporal average) with respect to the
modified Rayleigh number and the resulting power-law correlation is

Nu,, = 0.21Ra,,"?"2. (11)

The above correlation can be helpful in predicting the Nusselt number from the given parameters
due to standing acoustic waves, when applied perpendicular to the direction of heat transfer.

C. Standing wave applied parallel to the direction of heat transfer: Suppression of natural convection

This section demonstrates the effect of acoustic body force on the heat transfer when the acoustic
standing wave is applied parallel to the direction of heat transfer. In this case, the nodes are formed
at the center (parallel to X axis) and antinodes are formed at the top and bottom walls as shown
in Figs. 3(b) and 11. The temperature boundary conditions are the same as discussed in Sec. IIT A.
The velocity profiles for ethanol and water in the presence of only acoustic body force are shown in
Figs. 11(a) and 11(b). In this case, it must be noted that the fluid motion is only present in certain
parts of the domain and absent in the remaining part. So, the fluid convection is not complete and
not effective as shown in Fig. 11 when compared to the standing wave applied perpendicular to
the heat transfer direction (Fig. 5). This incomplete convection is due to the interplay between
temperature field and acoustic force which creates an acoustically stable configuration in one region
of the domain and acoustic unstable configuration in the remaining region. Another interesting result
from Fig. 11 is, in ethanol, the fluid flow is absent at the bottom portion, and whereas in water, fluid
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FIG. 13. Velocity profile due to the presence of both acoustics and gravity. Standing acoustic wave is
applied parallel to the direction of heat transfer. (a) Ethanol and (b) water. The green arrow indicates the
direction of the standing acoustic wave.

flow is absent at the top portion. The flow behavior of the ethanol and water shown in Figs. 11 and
12 is explained in detail in the next paragraph.

As discussed earlier (Fig. 6), for ethanol, the speed of sound term (%) and density term (‘?ﬁ
has the same negative sign. Hence the lower temperature ethanol has a higher speed of sound and
higher density. An acoustically unstable configuration is created at the top portion, because lower
temperature ethanol which has higher density and higher speed of the sound is present at the top
plate or antinode [Fig. 12(a)]. Thus, this acoustically unstable region relocates or moves the fluid
from the top region to the center or nodal line as shown in Fig. 12(a) whereas a stable configuration
is created at the bottom region since the higher temperature ethanol has low density, and the low
speed of the sound ethanol is present at the antinode or bottom plate. So, this acoustically stable
configuration in the bottom region inhibits the fluid flow from the bottom to the channel center
[Fig. 12(a)]. Thus, in ethanol, fluid motion is present only in the top portion and absent in the
bottom portion.

In the case of water, the speed of sound term (%0) is positive and the density term (%) is
negative. Thus, the lower temperature ethanol has a lower speed of sound and higher density. As the

speed of sound term (cL %0) has a higher magnitude than the density term (pL %LT" ), the dominating
avg avg

parameter is the speed of the sound. Hence, the higher speed of sound present at the node and lower
speed of sound at the antinode is an acoustically stable configuration. At the bottom region, an
unstable configuration is created due to the presence of high-temperature water, which has a higher
speed of sound at the bottom plate or antinode [Fig. 12(b)]. An acoustically stable configuration is
created at the top region due to the presence of low-temperature water which has a lower speed of
sound at the top plate or antinode [Fig. 12(b)]. Thus, unlike ethanol, in water, fluid motion is present
only in the bottom portion and absent in the top portion.

Due to this phenomenon of obtaining both stable and unstable configurations inside a channel,
the heat transfer enhancement is not as effective as in the case where an acoustic wave is applied
perpendicular to the direction of heat transfer. Acoustic forces (without gravity) rises heat flux up to
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FIG. 14. Heat flux (spatiotemporal average) for different acoustic energy densities. Acoustic wave is
applied parallel to the direction of heat transfer. (a) Ethanol and (b) water.

2328.8 W/m? in ethanol and 8392.42 W/m? in water. Thus, achieving an improvement of heat flux
only by 1.8 times compared to the previous case (perpendicular).

In the presence of only gravity, buoyancy force sets fluid motion in the entire fluid domain as
shown in Figs. 13(a-i) and 13(b-i), which results in natural convection heat flux 6124.5 W/m? and
16816.6 W/m? for ethanol and water, respectively, as shown in Figs. 14(a) and 14(b). When a
standing acoustic half wave is applied parallel to the direction of heat transfer, the acoustic force
opposes the buoyancy force in a certain part of the domain and supports in the other remaining
part. Since the acoustic forces are stronger than buoyancy forces, the movement of the fluid in
the corresponding half of the zone is arrested as shown in Figs. 13(a—ii), 13(a-iii), 13(b-ii), and
13(b—iii). In the presence of both acoustic force (parallel to the direction of heat transfer) and
buoyancy force, the heat flux drops to 2362.12 W/m? for ethanol [Fig. 14(a)] and 8561.1 W/m?
for water [Fig. 14(b)] at E,. = 30 J/m>. Thus, the acoustic force when applied parallel to the heat
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TABLE I. Summary of results showing effect of standing acoustic wave on heat transfer.

Case
No

Direction of applied
acoustic force

Condition

Result

1

[ 3]

Perpendicular to the
direction of heat transfer

Acoustics
without gravity

Enhancement of
heat transfer by
7.7 times in
water and 11.2
times in ethanol
compared to that
of conduction
heat transfer.

Acoustics with
gravity

Enhancement of
heat transfer by
2.2 times for
water and 2.5
times for ethanol
compared to the
natural
convection.

Parallel to the direction
of heat transfer

Acoustics
without gravity

Enhancement of
conduction heat
flux by 1.8 times
for both the
fluids.

Acoustics with
gravity

Suppression of
natural
convection heat
transfer by more
than half for
ethanol and by
half for water.

transfer direction shows much less improvement in heat transfer at zero gravity conditions and
effective in suppressing the natural convection heat transfer due to gravity.

The effect of the standing acoustic half wave on heat transfer in a minichannel is summarized in
Table I. The standing wave applied perpendicular to the heat transfer direction is very effective in
heat transfer enhancement with or without the presence of gravity. Table I proves our hypothesis that
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the acoustic relocation phenomenon can be employed as an effective heat transfer mechanism. Most
importantly, this technique can serve as a potential cooling strategy of electronics in outer space
under microgravity conditions where the natural convection heat transfer is not possible. In addition
to these results, we have clearly explained the reason or logic behind it for a better understanding.

V. CONCLUSION

In this paper, a heat transfer mechanism based on the acoustic relocation phenomenon under the
standing acoustic fields has been presented. The interplay among acoustic body force, velocity field,
temperature field, and resulting heat transfer are clearly explained. The direction of the acoustic
standing wave with respect to heat transfer direction is shown to play a major role in the heat
transfer process. It is shown that heat transfer enhancement is effective when the acoustic wave is
applied perpendicular to the heat transfer direction. Acoustic forces (without gravity) enhanced
heat transfer remarkably up to 11 times compared to the heat transfer due to only conduction.
Along with the gravity, acoustic force enhanced heat transfer up to 2.5 times compared to the
natural convection. These results clearly show that the proposed heat transfer method using acoustic
fields has great potential in the field of heat transfer. More specifically, in outer space under
microgravity conditions where natural convection is absent, this proposed mechanism can be an
excellent thermal management tool in cooling electronic devices. Interestingly, when the acoustic
wave is applied parallel to the heat transfer direction, heat transfer enhancement is less effective
in zero gravity conditions, whereas under the presence of gravity, the acoustic forces suppress the
natural convection heat transfer by half.
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