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Abstract: In this numerical study, surface
acoustic waves (SAWs) are evaluated as a
potential  disruptive flow technology for
enhancing heat transfer in microchannels. Using
COMSOL, the physics governing acoustics,
single-phase-fluid flow and heat transfer are
coupled. First, the harmonic time behavior of the
acoustic motion of the fluid resulting from the
surface acoustic wave (SAW) is solved. Next,
using results from the acoustic solution, source
terms are added to the continuity and momentum
equations. The results show that acoustic
streaming can disrupt the bulk fluid flow,
creating  rotating  vortices  within  the
microchannel and enhancing heat transfer. Under
the right flow conditions, the resulting
circulating flow disrupts the thermal boundary
layer, increasing heat flux across the
microchannel. As the flow rate increases in the
microchannel, advection dominates the flow,
overwhelming the ability for vortices to be
generated by acoustic streaming. The results
show that when the bulk microchannel stream
velocity is less than the acoustic streaming
velocity, there is an enhancement in heat transfer
from SAW.
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1. Introduction

As the trend in electronics continues towards
higher integration density and higher power
devices, current remote cooling technology will
not be able to handle the predicted levels of heat
removal necessary. A new paradigm for
embedded cooling is required [1]. Microfluidic
cooling holds potential promise for these thermal
management challenges. To date, there has been
a large amount of research and technology
development in microfluidic cooling, both in
single-phase and two-phase flow [2-4]. However,
a potential limitation, especially for single-phase
flow for thermal management of

microelectronics, is the high flow rates and the
high pressures often required to generate the
desired increases in convective heat transfer in
microchannels. The limiting factor in convective
heat transfer is that a thermal boundary layer
forms at the fluid/wall interface. The heat flux
across this layer is limited to the conduction of
the fluid. Therefore, effective methods for
disrupting the thermal boundary layer may help
to reduce the pumping requirements for
microfluidic cooling.

In this paper SAWs are evaluated as a
disruptive flow technology for increasing heat
transfer in microchannels. SAWs are ultrasonic
waves that propagate along an elastic surface.
When these waves come in contact with a fluid
medium, they can couple with the fluid, driving
fluid flow. This effect is known as acoustic
streaming  [5]. Details  describing this
phenomenon can be found in [5-7] and the
references within. Several applications of SAWs
in  microfluidics include mixing [8] and
acoustophoresis for particle and cell sorting [9,
10].

To evaluate the effectiveness of acoustic
streaming on heat transfer in microchannel
flows, 2D numerical simulations were
performed. SAWs were coupled with single-
phase, laminar flow in order to drive circulating
and chaotic flow in a microchannel. The average
heat flux across the microchannel was
determined for various SAWSs, flow rates, and
channel parameters.

2. Use of COMSOL Multiphysics

To simulate the acoustic streaming and the
effects on heat transfer, COMSOL Multiphysics
4.3b was implemented. The modeling approach
used in this study was similar to the approach
used in [11].

The numerical simulation challenge is that
SAWs operate in the MHz range and behave
with harmonic time dependence, but viscous
effects in the fluid happen on a time scale of
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msec or slower, requiring a time-averaged
response of the acoustic oscillations. To model
the SAW/viscous flow interaction, perturbation
theory is one approach often used [6]. The theory
behind this method can be found in [6, 8§, 11]. In
this approach, acoustic motion to the first-order
is solved and then using first-order results,
second-order values are solved in the
conservation equations for fluid flow and heat
transfer.

2.1 First-order equations

To more accurately capture the acoustic
behavior, the full thermoviscous first-order
equations were solved using the
Thermoacoustics Physics interface in COMSOL.
To the first-order, the acoustic field from SAW
can be described by the thermodynamic heat
transfer equation for temperature T, eqn. (1a), the
kinematic continuity equation in terms of
pressure p; eqn. (1b), and the momentum
equation for the velocity field u; eqn. (lc),
respectively,
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where D is the thermal diffusivity, Tq is the wall
temperature, p, is the mass density, « is the
thermal expansion coefficient, y is the specific
heat capacity ratio, « 1is the isentropic
compressibility and pg and [ are the bulk and
shear dynamic viscosities respectively. It is
assumed that all the first-order fields have a
harmonic time dependence gt resulting from
the ultrasound field. This reduces the derivatives
in eqn. (1) to factors of -iw. A full derivation of
these equations, assuming harmonic time
dependence, can be found in [11].

The non-linear interaction of the first-order
fields in the fluid occurs in a thin thermoviscous
boundary near the surface. One of the numerical
challenges is resolving the thermoviscous
boundary layers. The thermal and viscous
boundary layers, oy and J, respectively, in a fluid

resulting from an ultrasound wave can be
estimated from,
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The values of these boundary layers are typically
1000 times smaller than the microchannel
dimensions. This requires a very fine mesh near
all boundaries, adding to the computation cost.
Viscous interactions with this boundary layer
drive the acoustic streaming in the bulk fluid.

2.2 Second-order equations

Coupling between the first-order equations
and second-order equations will be done through
the velocity, U, and pressure, p,. Since thermal
effects in the first-order are small [11], no
coupling of the temperature field T, and first-
order equations are done. Because viscous
effects happen on a larger time-scale than the
ultrasound time-scale, the dependent variables
need to be time-averaged over a period of
excitation. The second-order, time-averaged
continuity equation eqn. (3a), momentum
equation eqn. (3b) and energy equation eqn. (3¢)
are,

PV Uy) ==V {pUp), (3a)
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where <x> denotes the time average quantity X
over a full oscillation time period. As can be
seen, the products of the first-order results act as
source terms (right-hand side of eqn. (3a) and
(3b)) for the second-order equations. These
equations were solved using the Conjugate Heat
Transfer interface for laminar flow, modified to
include the first-order source terms.

2.3 Source terms

The source terms associated with momentum
equation (right-hand side of eqn. (3b)) are
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directly implemented in COMSOL as a volume
force. The source term for the continuity
equation (right-hand side of eqn. (3a)) requires
the constitutive equation in COMSOL to be
altered. This is done by defining a “weak
contribution” that is applied to the element test
function.

The source terms from the first-order results
are complex-valued fields of the form A(t) and
B(t) with harmonic time dependence ™. The
time average for complex-value fields is given
by the real-part rule:

(A(t)B(t)) = TRe[A0) B(0)], where ~A(0)*
represents the complex conjugation.

3. Numerical Model

Figure 1 shows the channel geometry and
boundary conditions used in the 2D simulations.
The simulations were divided into two steps. In
Step 1, the first-order equations were solved
using the Thermoacoustics Physics interface and
the boundary conditions shown in Fig. la. In
Step 2, the time-averaged second-order flow
<u,> and temperature in the channel was
determined using the Conjugate Heat Transfer
interface for steady-state laminar flow. The
boundary conditions associated with Step 2 are
shown in Fig. 1b.

(a) Step 1: First-Order

P =0 T RO it LIS P =0

X | |
e

SAW velocity

(b) Step 2: Second-Order

Ty, = 100°C

Un 3 Pexe=0

T,, =25°C

Figure 1. Boundary conditions used in the simulations
for a water filled microchannel. (a) Boundary
conditions for Step 1: First-order thermoacoustics
simulation. SAW introduced as a velocity on the top
and bottom of channel walls (exaggerated scale). (b)
Boundary conditions for Step 2: Second-order
conjugate heat transfer simulation. Fixed temperatures
applied to top and bottom channel walls, and laminar
inlet velocity U;, applied to one end of the channel.

In Step 1, the SAW is introduced as a
velocity in the form of iad, on the channel walls,
where d, is the SAW amplitude, which is
typically small, of the order of 0.1 nm [9], and @
is the SAW frequency in radians/s. The standing
wave from SAW is applied along both the top
and bottom of the microchannel in order to
maximize the bulk streaming velocity. The
velocity is applied normal to the walls and is
defined as,

Upe (X, L) = ad e~ sin[n;z'%J, )

where « is an attenuation coefficient defined as

[91,
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where pr and ps are the fluid and solid densities
respectively, ¢t and Cg are the speed of sound in
the fluid and solid respectively, and A is the
SAW wavelength in the solid. n is the number of
waves along the length of the channel given by:
L/As. The pressure acting on the left and right
channel wall was set to p.y = 0 Pa, representing
an open channel.

In Step 2 the first-order fields (u; and p;)
were included as source terms in the equations
(3a) and (3b). A laminar flow inlet boundary
condition was applied to the left channel face for
different average velocities, Uj,, and a pressure
boundary of pe = 0 Pa was applied to the right
face. A constant wall temperature of T,,; = 100°C
was applied to the top channel wall and a
constant wall temperature of T,, = 25°C was
applied to the bottom channel wall.

The same computational mesh was used in
both steps. The maximum triangular element size
in the bulk domain was set at 7.56. Through the
viscous boundary layer thickness, a minimum of
eight boundary elements were used. Key model
parameters used to determine length scales are
listed in Table 1. In the simulations, temperature
dependent material properties for water were
used.
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Table 1: Model parameters

Water @25°C

Density o 998 kg/m’
Speed of sound Ct 1495 m/s
Dynamic viscosity M 8.90e-4 Pss
Thermal diffusivity D 1.43e-7  m%s
Solid’

Density Ds 4650 kg/m®
Speed of sound Cs 3990 m/s

*single crystal Lithium Niobate

4.0 Results

The initial simulations performed in this
study did not include solving the energy
equation. Only the continuity and momentum
equations for laminar flow were used in the
second-order simulation. These simulations were
used to validate the modeling procedure and
understand the effects of SAW and microchannel
geometry parameters.

Figure 2 shows contour plots for the first-
order fields, p;, Ti Uiy, and Uy, for the velocity
boundary condition shown in Fig. la. The input
values were: f=15MHz, d, =0.1 nm, L = 1000
pum, and w = 50 um. At this frequency, 4
standing waves act over the length of the
channel.

(a)
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Figure 2. Contour plots of the first-order fields for a
water filled channel (L = 1000 um, w = 50 um)

excited by a velocity boundary condition applied to
the top and bottom channel wall. SAW frequency, f =
15 MHz, and amplitude, d, = 0.1 nm. (a) pressure p,
(b) temperature T, (c) horizontal velocity u;,, and (d)
vertical velocity Uy,.

As can be seen, the temperature increase
from the SAW is small, on the order of mK.
This supports the argument not to couple the
temperature field to the second-order equations.
The amplitudes of p;, and T, have the same
spatial structure. The spatial structure of Ui, is
the same as p; only shifted by /4. The spatial
structure of U,y has a half-wave resonance with
15 MHz (based on wavelength through the fluid
media). The channel width was chosen to be 1/2
in order to achieve this effect. As will be
discussed, having a half-wave resonance
increases the strength of the second-order
acoustic streaming velocity.

Using the first-order results presented in
Figure 2, the time-averaged second-order fields
for different inlet velocities were found. Figure 3
shows the resulting steady-state velocity field in
the microchannel without any inlet flow.

0pm [ —) 1000 pm
0 10 20 30
<u,> (um/s)

(b)
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o) () fu(«- ,_»nr«ﬁ ) j((«:.h»)ﬂ( =) [
0 pm 1000 pm

Figure 3. Time-averaged second-order velocity field
for a water filled channel (L = 1000 um, w = 50 pm)
with no inlet flow, excited by first-order fields shown
in Figure 2. SAW frequency, f = 15 MHz, and
amplitude, d, = 0.1 nm. (a) Contour plot of velocity
magnitude <u,>. Zoomed-in insert overlays a vector
plot of velocity <u,>. (b) Streamlines from resulting
velocity field clearly show multiple Rayleigh
streaming vortices.

The time-averaged velocity field in Figure 3
contains multiple Rayleigh streaming vortices
along the channel length. Across the width there
are two, symmetric Rayleigh streaming vortices,
as evidenced by the streamlines in Fig. 3b. Not
shown are the boundary streaming vortices
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(Schlicting vortices [11]) that are generated in
the viscous boundary layer close to the channel
walls. For this simulation condition the viscous
boundary is 6 = 138 nm. It is important to note,
the boundary streaming vortices are driven by
the non-linear interaction of the first-order fields,
and the Rayleigh streaming vortices arise from
viscous interactions with the boundary vortices
[11]. The streaming velocity is a maximum close
to the top and bottom wall just outside the
viscous boundary layer and its magnitude is an
order of magnitude lower than the first-order
acoustic velocity.

The effect of inlet velocity on the time-
average velocity field is shown in Figure 4 as
streamlines. Results are for three different inlet
velocities, Ui, = 1 pm/s, 10 pm/s, and 100 pm/s.

(@) Uy, =1 pm/s
H@ o=y == ==

(b) U, =10 pm/s

= — e
——

(¢) Uy, =100 pm/s

Figure 4. Streamlines resulting from the time-
averaged second-order velocity field for a water filled
channel (L = 1000 pm, w = 50 um) for different inlet
velocities, excited by first-order fields shown in Figure
2. SAW frequency, f = 15 MHz, and amplitude, d, =
0.1 nm. (a) U, = 1 pm/s. (b) U;, = 10 um/s. (¢) Uy, =
100 pmy/s.

As the inlet velocity increases, the effect of
acoustic streaming in the bulk fluid becomes
reduced, as is evident from the reduction in
Rayleigh streaming vortices. For inlet velocities
less than or equal to the maximum streaming
velocity, Rayleigh streaming vortices can form in
the channel. When the inlet velocity is greater
than the streaming velocity, advection dominates
the channel flow. In order to have SAWs be
useful at enhancing heat transfer and disrupting
the thermal boundary layer in a microchannel,
the bulk channel flow must be less than or equal
to the maximum streaming velocity.

For the results presented in Figure 4, the

piU

inW
Reynolds number (Re=-""—"—) based on the
7

inlet velocities are all Re <<1. This is a very low
flow and would not be effective at convecting
heat along the channel. This means the streaming
velocity has to increase in order to permit higher
inlet flows and provide more meaningful heat
removal potential.

It was observed that the maximum streaming
velocity occurs when the channel width was set
to A/2, where 4 is the wavelength of ultrasound
wave in the fluid. When there is no half-wave
resonance, the acoustic coupling to the fluid is
weak. In addition to setting the channel width to
A2, the streaming velocity is strongly dependent
on SAW amplitude.  Figure 5 plots the
maximum streaming velocity vs. SAW
amplitude for different frequencies. The SAW
amplitudes ranged from 0.1 nm to 10 nm. The
results show that the streaming velocity is
quadratic in SAW amplitude for all frequencies.

{Ca—10MHz
1000 4-—"— 15 MHz
j —A— 50 MHz

100 | '//:—
P

EPS

o ./ w =2

L =1000 um

0.01 . T

0.1 1 10

SAW Amplitude (nm)

Figure 5. Maximum streaming velocity vs. SAW

amplitude, d,. The channel geometry was L = 1000

um and w = A/2, where 4 is the wavelength in the
fluid.

Max <u,> (mm/s)

To evaluate the effectiveness of using SAWs
to enhance heat transfer in microchannels, it will
be assumed that through the proper design of the
SAW resonator, large displacement amplitudes
>1 nm in the piezoelectric material can be
achieved. Recent modeling work suggests high
mechanical displacement in the piezoelectric
material is feasible [12].

All the heat transfer simulations were carried
out for channel geometries having w = /2, and
SAW amplitudes d, = 10 nm, which is a ~100
times greater than typical displacements. A SAW
frequency of f = 7.5 MHz was used, which
conveniently sets the channel width to 100 um.

Excerpt from the Proceedings of the 2014 COMSOL Conference in Boston



Figure 6 shows the steady-state results from
the conjugate heat transfer simulations for a
water filled channel (L = 1000 pm, w = 100 pm)
and Re = 1. Fig. 6a shows the streamlines and
temperature contours for the case when there is
no SAW, only laminar flow. In this case, parallel
streamlines are formed and the temperature
contour plot clearly shows the thermal boundary
layer growth along the channel. Note, an entry
length equal to the channel width was added to
the model in order to easily observe the thermal
boundary layer and avoid artificial inlet effects.
Fig. 6b shows the time-averaged second-order
velocity (streamlines) and temperature contours
for case when SAW is included. For this flow
(Re = 1), the Rayleigh streaming vortices can
form. The average velocity magnitude of these
vortices is ~ 70 mm/s. The spatial structures of
the vortices have non-symmetrical shapes which
is a result of using temperature dependent
material properties for the water. These
streaming vortices disrupt the thermal boundary
layer as can be seen in the temperature contour
plot.

To compare the two results, the total heat
flux g, along the heated wall was determined.
For the no-SAW case, q = 54 W/cm®’. With the
SAW included, g = 171 W/ecm®. This was greater
than a factor of 3x increase.

(a) Re =1, No SAW
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—
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(b) Re=1, SAW on (f=7.5 MHz, d, = 10 nm)
Streamlines
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Figure 6. Results from conjugate heat transfer
simulations for a water filled channel (L = 1000 um, w
=100 pm) with the boundary condition shown in Fig.

1b. (a) Results for no SAW, only laminar inlet flow of
Re = 1. (b) Results for SAW coupled with laminar
inlet flow of Re = 1. The first-order fields were excited
by velocity boundary condition applied to the top and
bottom channel walls for SAW frequency, f = 7.5
MHz, and amplitude, d, = 10 nm.

Figure 7 plots the average heat flux on the
heated wall vs. Re number for different SAW
amplitudes. The results show, that for the right
flow conditions there is an increase in heat
transfer due to SAW. However, as the Re
number increases the effect of the SAW on heat
transfer is reduced since no streaming vortices
can form to disrupt the thermal boundary layer.

f=7.5MHz, w = 100pm, L = 1000um
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Figure 7. Total heat flux along heated wall vs. Re for
a water filled channel (L = 1000 um, w = 100 pm).
Solid line represents no SAW, only inlet flow. Data
points represent coupled SAW and inlet flow for
different SAW amplitudes. First-order fields generated
for a SAW frequency, f = 7.5 MHz.

5. Conclusions

In this numerical study, surface acoustic
waves were evaluated as a potential disruptive
flow technology for enhancing heat transfer in
microchannels. A COMSOL modeling procedure
was developed that captures the acoustic
behavior in a water filled channel by first solving
thermoviscous first-order equations, and then
solving the time-averaged, second-order
equations, including the energy equation for
fluid flow and temperature. It was observed that
under the right conditions, the acoustic
streaming, when coupled to low-laminar flow
can disrupt the thermal boundary layer and
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increase the heat flux in the channel compared to
only laminar flow. The results show that when
the bulk channel stream velocity is less than the
acoustic streaming velocity, rotating vortices can
form, disrupting the flow. When the bulk
channel stream velocity is greater than the
acoustic streaming velocity, advection dominates
the flow, and no rotating vortices can form.
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