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Forces acting on a small particle in an acoustical field in a thermoviscous fluid
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We present a theoretical analysis of the acoustic radiation force on a single small spherical particle, either
a thermoviscous fluid droplet or a thermoelastic solid particle, suspended in a viscous and heat-conducting
fluid medium. Within the perturbation assumptions, our analysis places no restrictions on the length scales of the
viscous and thermal boundary-layer thicknesses &, and §; relative to the particle radius a, but it assumes the particle
to be small in comparison to the acoustic wavelength A. This is the limit relevant to scattering of ultrasound waves
from nanometer- and micrometer-sized particles. For particles of size comparable to or smaller than the boundary
layers, the thermoviscous theory leads to profound consequences for the acoustic radiation force. Not only do we
predict forces orders of magnitude larger than expected from ideal-fluid theory, but for certain relevant choices
of materials, we also find a sign change in the acoustic radiation force on different-sized but otherwise identical
particles. These findings lead to the concept of a particle-size-dependent acoustophoretic contrast factor, highly
relevant to acoustic separation of microparticles in gases, as well as to handling of nanoparticles in lab-on-a-chip

systems.
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I. INTRODUCTION

The acoustic radiation force is the time-averaged force
exerted on a particle in an acoustical field due to scattering
of the acoustic waves from the particle. Theoretical studies of
the acoustic radiation force date back to King in 1934 [1] and
Yosioka and Kawasima in 1955 [2], who considered the force
on an incompressible and a compressible particle, respectively,
in an inviscid ideal fluid. Their work was summarized and
generalized in 1962 by Gorkov [3], with the analysis, however,
still limited to ideal fluids and valid only for particles with a
radius a much smaller than the acoustic wavelength A.

In subsequent work, Doinikov developed general the-
oretical schemes for calculating acoustic radiation forces
including viscous and thermoviscous effects [4—6]. The direct
applicability of these studies is hampered by the generality
of the developed formalism, and analytical expressions are
given only in the special limits of § < a < Aanda K § K A,
where § is the boundary-layer thickness. Similarly, the work of
Danilov and Mironov, including viscous effects, only provides
analytical expressions in these two limits [7]. However,
micrometer-sized particles in water at MHz frequency used in
lab-on-a-chip systems for trapping [8—10] and separation [11-
21], or in gases at kHz frequency used for separation [22-24]
and levitation [25-28], often fall outside of these limits as
8 ~a <K A. For example, in water at 2 MHz the viscous
and thermal boundary layers are of thickness s = 0.4 um
and 6 = 0.2 um, respectively, while in air at 50 kHz one
finds §; = 10 um and §; = 12 um. Consequently, the acoustic
radiation force on nanometer- and micrometer-sized particles
is not well described by the limited expressions for small
and large boundary layers. The more general case of arbitrary
viscous boundary-layer thicknesses compared to the particle
size was subsequently studied analytically by Settnes and
Bruus in the adiabatic limit where thermal boundary layers
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are neglected [29]. Their asymptotic study demonstrated that
small changes in the scattered field may significantly affect the
acoustic radiation force exerted on the particle. Since a thermal
boundary layer may also lead to such changes for physically
relevant parameters, an extension of the theory in Ref. [29] to
include nonadiabatic effects from heat conduction is desirable.
Moreover, it is also of interest to extend the treatment of
compressible solid particles in Ref. [29] to include droplets
or elastic particles for which viscous or elastic shear must be
taken into account.

In this work we extend the radiation force theory for
droplets and elastic particles to include the effect of both
viscosity and heat conduction, thus accounting for the vis-
cous and thermal boundary layers of thicknesses &5 and &,
respectively, and we give closed-form analytical expressions
in the limit of 8;,6;,a < A with no further restrictions between
ds, 8¢, and a. Our approach to the full thermoviscous scattering
problem follows that of Epstein and Carhart from 1953 [30].
The scope of their work was a theory for the absorption
of sound in emulsions such as water fog in air. In 1972,
Allegra and Hawley further developed the theory to include
elastic solid particles suspended in a fluid in order to calculate
the attenuation of sound in suspensions and emulsions [31].
The seminal work of those authors has become known as
ECAH theory within the field of ultrasound characterization
of emulsions and suspensions, and combined with the multiple
wave scattering theories of Refs. [32,33] it has been applied to
calculate homogenized complex wave numbers of suspensions
and emulsions [34,35].

The field of ultrasound characterization driven by engineer-
ing applications and the field of acoustic radiation forces have
developed in parallel with little overlap. Indeed, the scopes
of the work in the two fields are very different. In the works
of Epstein and Carhart and Allegra and Hawley, there is no
mention of acoustic radiation forces [30,31]. However, the
underlying scattering problem of a particle suspended in a fluid
remains the same, and having once solved for the amplitude
of the propagating scattered wave, the acoustic radiation force
on the particle may be obtained from a far-field calculation.
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FIG. 1. (Color online) Sketches of the physical mechanisms responsible for various multipole components in the scattering of an incident
acoustic wave on a particle. (a) Compressibility contrast: the incident periodic pressure field compresses the particle relative to the fluid, which
leads to monopole radiation. (b) Thermal contrast: the incident periodic temperature field leads to thermal expansion of the particle relative to
the fluid, which also gives rise to monopole radiation and the development of a diffusive thermal boundary layer (pink). (c) Density contrast: a
difference in inertia between particle and fluid causes the particle to oscillate relative to the fluid, which gives rise to dipole radiation and the
development of a viscous boundary layer (blue). (d) Particle resonances: acoustic wavelengths comparable to the particle size lead to complex
shape changes, which give rise to multipole radiation and a complex thermoviscous boundary layer (pink and blue).

In the far field, the propagating scattered field changes when
taking into account the thermoviscous scattering mechanisms,
including boundary-layer losses and excitation of acoustic
streaming in the vicinity of the particle. In this work we will
elucidate this approach, as it leads to a particularly simple and
valuable formulation for the acoustic radiation force in the
long-wavelength limit [29].

Considering the success of the ECAH method to describe
attenuation of sound in emulsions and suspensions, we can
with great confidence apply the method to analyze the
consequences of thermoviscous scattering on the acoustic
radiation force. Nevertheless, we find a need to re-examine
the problem of thermoviscous scattering in order to apply the
theory to the problem of acoustic radiation forces in a clear
and consistent manner. One point of clarification relates to
an ambiguity in the thermoelastic solid theory presented by
Allegra and Hawley [31], where no clear distinction is made
between isothermal and adiabatic solid parameters, thus tacitly
implying y =c,/cy =1 in solids. Here, we will provide
a self-consistent treatment of thermoviscous scattering that
clarifies this issue and allows easy comparison with existing
acoustic radiation force theories.

Before proceeding with the mathematical treatment, we
refer the reader to Fig. 1, which illustrates the physical

TABLE I. References to analytical expressions derived in this
paper for the monopole and dipole scattering coefficients f, and f; in
the long-wavelength limit §,a < A. For any given incident acoustic
field, the acoustic radiation force F™ is calculated using Eq. (5) with
these expressions for f and f;.

Size of particle and boundary layers fo h

Thermoviscous droplet:

Arbitrary-width boundary layers Eq. (59) Eq. (68)
Small-width boundary layers Eq. (60) Eq. (69)
Zero-width boundary layers Eq. (61) Eq. (72)
Point-particle limit Eq. (62) Eq. (73)
Thermoelastic particle:

Arbitrary-width boundary layers Eq. (64) Eq. (70)
Small-width boundary layers Eq. (66) Eq. (71)
Zero-width boundary layers Eq. (67) Eq. (72)
Point-particle limit Eq. (65) Eq. (73)

mechanisms responsible for the monopole, dipole, and multi-
pole scattering from a particle subject to a periodic acoustic
field [35]. The final results for the acoustic radiation force are
presented in terms of corrected expressions for the monopole
and dipole scattering coefficients fy and fj. This approach
allows an easy comparison with ideal-fluid theory; moreover,
as shown by Settnes and Bruus [29], it provides a simple way
of evaluating acoustic radiation forces for any given incident
acoustic field. To this end, Table I provides an overview of
the equations needed to evaluate the thermoviscous acoustic
radiation force on small droplets or solid particles.

II. BASIC CONSIDERATIONS ON THE ACOUSTIC
RADIATION FORCE

We consider a single particle or droplet suspended in an
infinite, quiescent fluid medium with no net body force, but
perturbed by a time-harmonic acoustic field with angular
frequency w. The density, velocity, and stress of the perturbed
fluid is denoted p, v, and o, respectively. The region (z)
occupied by the particle, its surface d€2(¢), and the outward-
pointing surface vector n depend on time due to the acoustic
field. The instantaneous acoustic radiation force is given by
the surface integral of the fluid stress o acting on the particle
surface. However, since the short time scale corresponding
to the oscillation period 7 is not resolved experimentally, we
define the acoustic radiation force F™ in the conventional
time-averaged sense [1-4,7,29],

Frd = <?§ g-n da>, (D)
19103]

where the angled bracket denotes the time average over one
oscillation period. Notice that this definition includes the
acoustic streaming generated locally near the particle, since
the stresses leading to this streaming are contained in the fluid
stress tensor ¢. In contrast, by considering an infinite domain,
we are excluding effects of what Danilov and Mironov refer
to as external streaming [7], which would be generated at the
boundaries of any finite domain. For a given finite domain,
the external streaming can be calculated [36], and the total
force acting on a particle is the sum of the radiation force and
the external-streaming-induced Stokes drag. This approach
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has been used in studies of particle trajectories and has been
validated experimentally [37,38].

We consider a state, which is periodic in the acoustic
oscillation period 7, tantamount to requiring that any nonpe-
riodic phenomenon, such as particle drift, is negligible within
one oscillation period. Usually, this requirement is not very
restrictive, as discussed in more detail in Sec. VII. For a
time-periodic state, any field can be written as a Fourier series
fr) =00 fulr) e ™, with o = 27/7, and the time
average of any total time derivative is zero, (j—t f(r,t)) =0.

A useful expression for F™ is obtained by considering the
momentum flux density o — pvv entering the fluid volume
between the particle surface 9<2(f) and an arbitrary static
surface d€2; enclosing the particle. The total momentum P
of the fluid in this volume is the volume integral of pv,
and because the net body force on the fluid is zero, the
time-averaged rate of change (% P)is

()= J+(fa, cma)
— )= [o — pvv] - nda) + 0 - (—n)da
dt el Q)

= < [0 — pvv]-n da> — F™4, (2)
29

Here, n is the surface vector pointing out of d€2; (out of the
fluid) and out of d€2(¢) (into the fluid). The advection term
PV is zero at d€2(¢), since there is no advection of momentum
through the interface of the particle. Finally, using that the
time average of the total time derivative (%) is zero in the
time-periodic system, we obtain

Frd — < [0 — pvv]-n da>. 3)

a9
Thus, even before applying perturbation theory, the acoustic
radiation force can be evaluated as the total momentum flux
through any static surface 9€2; enclosing the particle. To
second order in the acoustic perturbation, using the expansions
p=po+pi+pnv=0+v+v2,andoc =09+ 0, +0,,
the radiation force (3) becomes

Fr = f [{02) — po(v101)] - da, @)
92

where we have used that the time average of the time-harmonic,
first-order fields is zero.

Inregions sufficiently far from acoustic boundary layers, the
acoustic wave is a weakly damped propagating acoustic mode,
for which viscous and thermal effects are negligible. Thus
the result of Ref. [29], obtained by analytically integrating
Eq. (4) by placing 02 in the far field, remains valid in the
thermoviscous case. In the long-wavelength limit, where the
particle radius a is assumed much smaller than the wavelength
A, ie., for kpa < 1 with ky = 2w /A, it was shown that
the acoustic radiation force may be evaluated directly from
the incident first-order acoustic field and the expressions
for the monopole and dipole scattering coefficients f; and
/1 for the suspended particle, as [29]

2k
Frd = —na3[ ;( Rel /5 pinV pin] — PORe[fl*v?n'Vvin]:|'

(&)
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Here, pi, and v;, are the incident acoustic pressure and
velocity fields evaluated at the particle position, the asterisk
denotes complex conjugation, and k; and py are the isentropic
compressibility and the mass density of the fluid medium,
respectively.

Equation (5) is valid for any incident time-harmonic
acoustic field, and consequently the problem of calculating the
radiation force on a small particle reduces to calculating the
coefficients fy and f}. Closed analytical expressions for these
are given in the literature for small particles in the special cases
of compressible particles in ideal fluids [2,3] and compressible
particles in viscous fluids [29]. Moreover, f; and f; can be
extracted from Refs. [5,6] for rigid spheres and liquid droplets
in thermoviscous fluids for the limiting cases of very thin and
very thick boundary layers. The main result of this paper is
the derivation of analytical expressions for f; and f; for a
spherical thermoviscous droplet and a thermoelastic particle
suspended in a thermoviscous fluid without restrictions on the
boundary-layer thicknesses, see Table I. Moreover, we provide
an analysis of how F™ is affected by thermoviscous effects
in these cases.

Finally, we note that since fy and f; depend only on
frequency and material parameters, expression (5) for the
radiation force remains valid for any incident wave composed
of plane waves at the same frequency. In the case of a
superposition pi,(r,t) = Z,I,V=1 pn(r)e” " of acoustic fields
pn(r) (and similarly for v;,) at different frequencies w,, the
resulting radiation force is obtained by summing over the
forces obtained from Eq. (5) for each frequency,

N
' 2k,
Fl’dd - _ 7'[(13 E [TY Re[fofn P:Vpn]
n=1

— Lo Re[flﬂjn v: : an]:| . (6)

This generalization of Eq. (5) provides a way to evaluate the
acoustic radiation force on a single particle regardless of the
complexity of the incident field.

III. THERMOVISCOUS PERTURBATION THEORY
OF ACOUSTICS IN FLUIDS

The starting point of the theory is the first law of ther-
modynamics and the conservation of mass, momentum, and
energy. Introducing the thermodynamic variables temperature
T, pressure p, density p, internal energy & per mass unit,
entropy s per mass unit, and volume per mass unit 1/p, the first
law of thermodynamics with s and p as independent variables
becomes

1
de:Tds—pd<—>=Tds+£2dp. 7
o P

For acoustic wave propagation it is often convenient to use
T and p as independent thermodynamic variables. This is
obtained by a Legendre transformation of the internal energy
& per unit mass to the Gibbs free energy g per unit mass,
g=¢e¢—Ts+p %.

Besides the first law of thermodynamics, the governing
equations of thermoviscous acoustics require the introduction
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of the velocity field v and the stress tensor o of the fluid.
The latter can be expressed in terms of v, p, the dynamic
shear viscosity 7, the bulk viscosity 7, and the viscosity ratio

B=n"/n+1/3,as

o=—-pl+r, (8a)
T=n[Vo+ (V)" 1+ B - Dn(V-v)L (8b)

Here, I is the unit tensor and the superscript “T” indicates
tensor transposition. The tensor 7 is the viscous part of the
stress tensor assuming a Newtonian fluid [39].

Considering the fluxes of mass, momentum, and energy
into a small test volume, we use Gauss’s theorem to formulate
the general governing equations for conservation of mass,
momentum, and energy in the fluid under the assumption of
no net body forces and no heat sources,

%p =V [—pv], (9a)
% (pv) =V - [0 — pov], (b)

¥ (pe+1pv?) =V [v-0 +kaVT — p(e + 1v*)v].
9¢)

Here, we have introduced the thermal conductivity kg, assum-
ing the usual linear form for the heat flux given by Fourier’s
law of heat conduction.

A. First-order equations for fluids

The zeroth-order state of the fluid is quiescent, homoge-
neous, and isotropic. Then, treating the acoustic field as a
perturbation of this state in the acoustic perturbation parameter
Eac, given by

Eac = M < 1, (10)
00
we expand all fields as g = go + g1, but with vg = 0. The
zeroth-order terms drop out of the governing equations,
while the first-order mass, momentum, and energy equations
obtained from Eqs. (7) and (9) become

0,01 = —poV - vy, (11a)

podv1 = =V pi+1oV2v1 + BroV(V - v), (11b)

poTodis1 = knV>Ti. (11c)

It will prove useful to eliminate the variables p;, p;, and s to
end up with only two equations for the variables v; and 7;. To
this end, we combine Eq. (11) with the two thermodynamic

equations of state p = p(p,T) and s = s(p, T'). The total
differentials of p and s are

ap ap
dp= (LY ap+ (22 ar,
g (ap>T ”+<8T>p

3 3
ds = <—S> dp + (—s> dr,

op /) or /),

which may be linearized so that the partial derivatives of p
and s refer to the unperturbed state of the fluid. This leads
to the introduction of the isothermal compressibility «7, the

(12a)

(12b)

PHYSICAL REVIEW E 92, 043010 (2015)

isobaric thermal expansion coefficient «,, and the specific heat
capacity at constant pressure c,,

1(8,0) 1<8p>
Kt - 5 ) Op = ———\| = )
p\op/); " p\oT/,

—r(% 13
Cp = <8_T)p' (13)

Moreover, (ds/dp)r = —a,/p, which may be derived as a
Maxwell relation differentiating g after p and 7. Thus, the
linearized form of Eq. (12) is

P1 = pokr p1 — podp T1, (14a)
C o

si=—+T — = pi. (14b)
Ty £0

We further introduce the isentropic compressibility «; and the
specific heat capacity at constant volume cy,

1/0dp as
ks=—|—), cv=T|—=]) . (15)
p\dp/, aT /

Then the following two well-known thermodynamic identities

may be derived [40]:

2T,
=gy 0 (16)
Cy POCpKs

KT = YKs,

To proceed with the reduction of Eq. (11), we first
differentiate Eq. (11b) with respect to time and substitute
Vv, =V(V-v;) — V x V x ;. Then, Eq. (14) is used to
eliminate p; and s; in Egs. (11b) and (11c), followed by
elimination of 9;p; using Eq. (11a). The resulting equations
for v; and T, are

1
Blzvl—< +(1+,3)v08,) V(V 1)+ 190,V X V x v
PoKT

=% yvry, (17a)
PoKT
—1
yDuV?T, — 3,T) = v V., (17b)
Up

where we have introduced the momentum diffusion constant
vo and the thermal diffusion constant Dy,

Dy, = . (18)

B. Potential equations for fluids

The velocity field v; is decomposed into the gradient of
a scalar potential ¢ (the longitudinal component) and the
rotation of a divergence-free vector potential ¥ (the transverse
component),

v =Vop+V x4y, withV. -y =0. (19)

Inserting this well-known Helmholtz decomposition into
Eq. (17a) leads to the equation

V[a2¢—<i+(1+ﬁ)v8)V2 = ]
; 00 ¢ + 3tT1
POKT PoKT
=V x [=32¥ + 109, V¥ ). (20)

043010-4



FORCES ACTING ON A SMALL PARTICLE IN AN ...

In general, both sides of the equation must vanish separately,
which leads to two equations. Combining these with Eq. (17b),
into which Eq. (19) is inserted, leads to the following form of
Eq. (17):

2 1 2 al’
0 = ——+ 1+ Bwd, |V — oTi, (2la)
POKT PoKT
—1
8tTl = VDthV2T1 —_— y V2¢, (zlb)
ap
oY = v V3. (21¢)

In the adiabatic limit, for which Dy, = 0, the well-known
adiabatic wave equation for ¢ is obtained by inserting Eq. (21b)
into (21a), from which the adiabatic speed of sound c¢ for
longitudinal waves is deduced,

1
A/ POKs '

In the isothermal case, for which 7; = 0, the wave equa-
tion (21a) instead describes waves traveling at the isothermal
speed of sound ¢/,/y = 1/,/pokr. For ultrasound acoustics,
sound propagation in the bulk of a fluid is generally very close
to being adiabatic.

Cc =

(22)

IV. THERMOELASTIC THEORY OF ACOUSTICS
IN ISOTROPIC SOLIDS

A thermoelastic solid may be deformed by the action of
applied forces or on account of thermal expansion. Following
Landau and Lifshitz [41], we describe the deformation of
a solid elastic body using the displacement field u, which
describes the displacement u(r,t) of a solid element away
from its initial, undeformed position r to its new temporary
position r + u(r,t). Any displacement away from equilibrium
gives rise to internal stresses tending to return the body to
equilibrium. These forces are described using the stress tensor
o, which leads to the force density V - ¢. In the description of
the thermodynamics of solids, it is advantageous to work with
per-volume quantities denoted by uppercase letters, in contrast
to the per-mass quantities given by lowercase letters. The first
law of thermodynamics reads

dé=TdS + a,'jdu,‘j, (23)

where £ is the internal energy per unit volume, S is the entropy
per unit volume, and T is the temperature. The work done
by the internal stresses per unit volume is equal to —o;;du;;,
where we have introduced the strain tensor u;;, which for small
displacements is given by

Ujj = %[&uj + ajbt,']. (24)

Transforming the internal energy per unit volume & to the
Helmbholtz free energy per unit volume F = £ — T'S, where
temperature 7 and strain u;; are the independent variables, the
first law becomes d F = —SdT + o;;du;;.

Consider the undeformed state of an isotropic, thermoelas-
tic solid at temperature T in the absence of external forces.
The free energy F is then given as an expansion in powers
of the temperature difference T — Tp and the strain tensor u;;.

PHYSICAL REVIEW E 92, 043010 (2015)

To linear order, the stress tensor 0;; = (%)T and the entropy
ij

aF
S = _(a_T)u,-,- become
a,(T —To) E o
= 0 + —— | uij + ——=—ubij |,
G KT T 140 u]+1—2<7ukk J
(25a)
o
S(T) = So(T) + K—pukk, (25b)
T

where So(T') is the entropy of the undeformed state at
temperature 7, while E and o are the isothermal Young’s
modulus and Poisson’s ratio, respectively. The isothermal
compressibility k7 of the solid is given in terms of E and
o as

kr = 3(1 — 20)% (26)

A. Linear equations for solids

In elastic solids, advection of momentum and heat cannot
occur, so the momentum equation in the absence of body forces
takes the linear form pafu = V . ¢. Assuming the material
parameters o, k7, E, and o to be constant, it becomes

paZu:_a_PVT+— Viu + V(V -u)
! KT 2(1+4+0) 1 —20
—_%ryr + AVu + (cf — c%)V(V -u), (27)
pKT

where we have introduced the isothermal speed of sound of
longitudinal waves ¢, and of transverse waves cr,

(l-0) E , 1 E
It+o)1—-20)p T 20+ p

Using the decomposition # = uy + u; in the transverse
and longitudinal displacements u and u; with V.u, =0
and V x u; =0, respectively, it immediately follows from
Eq. (27) that in the isothermal case, transverse and longitudinal
waves travel at the speed cr and ¢, respectively. Combining
Eqgs. (26) and (28a) one obtains an important relation con-
necting the isothermal compressibility k7 of the solid to the
isothermal sound speeds ¢y, and cr,
12 2
PKT 3
Turning to the energy equation, the amount of heat absorbed
per unit time per unit volume is 7'(9;S). If there are no heat
sources in the bulk, the rate of heat absorbed is given by the
influx —kw VT of heat by conduction, and the heat equation
thus becomes

T@,S)= -V - [k VT] = ks, V2T, (29)

= (28a)

(28b)

where the heat conductivity ky, is taken to be constant. We
rewrite this equation using expression (25b) for the entropy,
and using that the time derivative of Sy may be written as

S (0S| oT  CyoT
¢  \aT ), ot T at’
where the heat capacity Cy per unit volume at constant volume
enters through the relation Cy =T (9Sy/0T)y with the

(30)
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derivative taken for the undeformed state at constant volume,
that is, for uz; = V - u = 0. Combining these considerations
with the identity for y equivalent to Eq. (16), the heat
equation (29) becomes

—1C
=D v = V2T G1)

Cyo, T +

ap
Finally, having eliminated all extensive thermodynamic vari-
ables, we return to per-mass quantities, such as cy = Cy/p,
and thus arrive at the coupled equations for thermoelastic

solids,

Puy — EV(V up) + AV x V xuy = ——L VT,
PoKT
(32a)
—1
yDaV2Ty — 0,T) = X =3,V -uy,
op
(32b)

with y and Dy, defined in Egs. (16) and (18), and the
linearity emphasized by the addition of subscripts “1” to the
field variables. In this form, the thermoelastic equations (32)
correspond to the fluid equations (17).

B. Potential equations for solids

The time derivative o,u; of the displacement field u;
describes the velocity field in the solid. Analogous to the fluid
case, we make a Helmholtz decomposition of this velocity
field in terms of the velocity potentials ¢ and ¢

du=Vop+V x ¢, with V-¢ =0. (33)

Inserting this into Eq. (32) and following the procedure leading
to Eq. (21) for fluids, we obtain the corresponding three
equations for solids:

o

3o = cfVie — —L-9,T, (34a)
POKT
2 y =1,
8Ti = yDuV>T) — V3¢, (34b)
Op
Y = AV, (34¢)

The main difference between the fluid and the solid case is
in Eq. (34c) for the vector potential ¥, which now takes the
form of a wave equation describing transverse waves traveling
at the transverse speed of sound ct instead of the diffusion
equation (21c).

The usual adiabatic wave equation for the scalar potential
¢ is obtained in the limit of Dy, = 0 combining Eqgs. (34a)
and (34b), and the speed ¢ of adiabatic, longitudinal wave
propagation in an elastic solid becomes

2 » v —1
PoKT

(35)

For most solids, y — 1 « 1, leading to a negligible difference
between the isothermal ¢ and the adiabatic c, the latter being
closest to the actual speed of sound measured in ultrasonic
experiments.
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V. UNIFIED POTENTIAL THEORY OF ACOUSTICS
IN FLUIDS AND SOLIDS

The similarity between the potential equations (21) and (34)
allows us to write down a unified potential theory of acoustics
in thermoviscous fluids and thermoelastic solids. The main
result of this section is the derivation of three wave equations
with three distinct wave numbers corresponding to three
modes of wave propagation, namely, two longitudinal modes
describing propagating compressional waves and damped
thermal waves and one transverse mode describing a shear
wave, which is damped in a fluid but propagating in a solid.

We work with the first-order fields in the frequency domain
considering a single frequency w. Using complex notation, we
write any first-order field g;(r,?) as

gi(r,0) = gi(rye™". (36)

Assuming this form of time-harmonic first-order field,
Egs. (21a) and (34a) lead to expressions for the temperature
field 77 in a fluid (fl) and a solid (sl), respectively, in terms of
the corresponding scalar potential ¢

2 1—iyl,

i =
1 a)z y

WPk
00 T|:¢+

ap

v%p}, (37a)

iwpokT c?
T = “, [¢> + w—gv%]. (37b)
Here, we have introduced the dimensionless bulk damping
factor I'y accounting for viscous dissipation in the fluid. For
convenience, we also introduce the thermal damping factor I’y
accounting for dissipation due to heat conduction both in fluids

and in solids. These two bulk damping factors are given by
_ D[ha)

(1 + /3)1)00)
= = 3

I
c? c

(38)

Substituting expression (37a) for Tlﬂ into Eq. (21b), or
expression (37b) for Tﬁl into Eq. (34b), and assuming time-
harmonic fields [Eq. (36)], we eliminate the temperature field
and obtain a biharmonic equation for the scalar potential ¢,

@ V2V2 + BakiV2¢ + ki = 0, with ko = g
(39a)

where we have introduced the undamped adiabatic wave
number ky = w/c, and where the parameters oy and By for
fluids (x1 = fl) and solids (xI = sl) are
Ba=1—i(I's+yl,
fa=1—iyl.

Here, we have used relation (35) for solids and further
introduced the parameters X and yx,

X =(y — D=,
1 4ck

= = 1 - =,
X poksc? 3¢?

ag = —i(1 —iyTYIy,
ag = —i(1+ X)Ty,

(39b)
(39¢)

(394d)

(3%)

the latter equality following from combining Eq. (35) with
Eq. (28b) and using xr = y«, from Eq. (16). Note that for
fluids, x =1, cr = 0,and X = 0.
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The biharmonic equation (39a) is factorized and written on
the equivalent form
(V2 + k) (VP +k)p =0, (40a)

and thus the wave numbers k. and k, are obtained from kc2 +
kt2 = ﬂxlkg /ax and kczkt2 = ké /o1, resulting in

-1

K2 = 242 [ﬁxl + (B2 — 4a) 2] , (40b)

-1
K2 = 2k2 [ﬂxl — (B — da) " 2] , (40¢)
with “x1” being either “f1” for fluids or “sl” for solids.

In the frequency domain, the equation for the vector
potential ¥, Eq. (21c) for fluids and Eq. (34c¢) for solids, can
be written as V¢ + k2¢ = 0, which describes a transverse
shear mode with shear wave number k. By introducing a shear
constant 79, which for a fluid is the dynamic viscosity, and for
a solid is defined as

2
no =i 2T (solid), (41a)
[0)]

the shear wave number k; is given by the same expression for
both fluids and solids,

iwpo
o

k2=

S

(fluid and solid). (41b)

A. Wave equations and modes

The general solution ¢ of the biharmonic equation (40a) is
the sum

¢ =+ ¢ (42)
of the two potentials ¢, and ¢, which satisfy the harmonic
equations

Ve + kK2 = 0, (43a)

Vi + klgy =0, (43b)
where ¢, describes a compressional propagating mode with
wave number k., while ¢, describes a thermal mode with wave
number k. These two scalar wave equations together with the
vector wave equation for ¥, describing the shear mode with
wave number kg,

V2 + K2y =0, (430)
comprise the full set of first-order equations in potential
theory. These wave equations, coupled through the boundary
conditions, govern acoustics in thermoviscous fluids and
thermoelastic solids. The distinction between fluids and solids
is to be found solely in the wave numbers of the three modes.

1. Approximate wave numbers for fluids

For most systems of interest, I's, Iy < 1 allowing a simpli-
fication of the expressions for k. and k; in Eq. (40). To first
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order in I'y and I'; one finds

w i
ke = —[1 + [T+ (y — 1)Ft]], (442)
c 2

L .
h=(:”P+%w—nwf4w} (44b)
ks = (1;—1')’ (44c¢)

where we have introduced the thermal diffusion length §; and
the momentum diffusion length §;. Heat and momentum dif-
fuses from boundaries, such that the characteristic thicknesses
of the thermal and viscous boundary layers are §; and &,
respectively, given by

2D 2
§o= 2 s = 2 45)
w w

For water at room temperature and 2 MHz frequency, 6 ~
0.4 um, § ~ 0.2 um, and A >~ 760 um. Consequently, the
length scales of the thermal and viscous boundary-layer
thicknesses are the same order of magnitude and much smaller
than the acoustic wavelength. With kg = w/c we note that

Io= 31+ B)tked)?, Tu=3kod)®,  (46)

and consequently

ke

2
Ty ~ (kods)* ~ <1,

(47a)

S

t

2
Ty ~ (kod)* ~ <« 1.

(47b)

In the long-wavelength limit of the scattering theory to be
developed, we expand to first order in ko8 and ko, and thus
neglect the second-order quantities I's and I';. For water at
room temperature and MHz frequency one finds ko5 ~ kod; ~
1073, and I’y ~ T, ~ 107,

Clearly, the compressional mode with wave number k.
describes a weakly damped propagating wave with Im[k.] <
Re[k.] >~ w/c. In contrast, Im[k] >~ Re[k;] for the thermal
mode and Im[ks] = Re[ks] for the shear mode, which cor-
respond to waves that are damped within their respective
wavelengths. Hence, these modes describe boundary layers
near interfaces of walls and particles, which decay exponen-
tially away from these interfaces on the length scales set by &,
and ;.

2. Approximate wave numbers for solids

Similar to the fluid case, we use the smallness of the thermal
damping factor, I'y < 1, to expand the exact wave numbers of
Eq. (40). To first order we obtain

h=gP+iW—DﬂJ, (48a)
c 2
(14+i) 1 iy ]
ke = 1+ = , 48b
‘ &,ﬁTT[ sa—x Y
k=2 (48¢)
cr
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An important distinction between a fluid and a solid is that a
solid allows propagating transverse waves while a fluid does
not. This is evident from the shear mode wave number kg,
which for solids is purely real, ks = w/cr, while for fluids
Im[ks] = Re[ks] = 1/4s.

B. Acoustic fields from potentials

For a given thermoacoustic problem, the boundary condi-
tions are imposed on the acoustic fields vy, 71, and o, and
not directly on the potentials ¢, ¢, and Y. We therefore need
expressions for the acoustic fields in terms of the potentials in
order to derive the boundary conditions for the latter.

The velocity fields follow trivially from the Helmholtz
decompositions and are obtained from the same expression
in both fluids and solids:

v =Vi(pe+)+V x 9, (49)

where v; = —iwu, for solids.

A single expression for 77 in terms of ¢, and ¢, valid for both
fluids and solids, is obtained from Eq. (37) in combination
with Egs. (40)—(43) by introducing the material-dependent
parameters b. and b,

T\ = bege + big, (50a)
] —1 1
pe="20 "Dy , (50b)
o,C Xp D

Here, we have neglected I's and I'; relative to unity. Note that
the ratio b. /b, ~ T’y < 1.

In a fluid, the pressure field p; is obtained by inserting
Eq. (19) into the momentum equation (11b) and using the
wave equations (43),

pi = iwpo(@e + ¢) — (1 + Pno(K2pe + k). (51)

Inserting this expression into Eq. (8a), the stress tensor for
fluids becomes

o1 =no[(2kZ — k) ¢e + (2K — k3) ]I
+ no[Voy + (Vo' (52)

where v; can be expressed by the potentials through Eq. (49).
This expression also holds true for the solid stress tensor
in Eq. (25a) using the shear constant 719, Eq. (41a), and
the velocity field vi = —iwu;, Eq. (33). This conclusion is
obtained by inserting Eq. (37b) for T} into Eq. (25a) for o,
and using the wave equations (43).

VI. SCATTERING FROM A SPHERE

The potential theory allows us in a unified manner to treat
linear scattering of an acoustic wave on a spherical particle,
consisting of either a thermoelastic solid or a thermoviscous
fluid. The system of equations describing the general case
of an arbitrary particle size is given, and analytical solutions
are provided in the long-wavelength limit a,ds,6; < A. In
this limit, the particle and boundary layers are much smaller
than the acoustic wavelength, but the ratios §;/a and &;/a
are unrestricted. This is essential for applying our results to
micro- and nanoparticle acoustophoresis. In particular, we
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derive analytical expressions for the monopole and dipole
scattering coefficients fy and fj, which together with the
incident acoustic field serve to calculate the acoustic radiation
force as shown in Sec. II and summarized in Table L.

A. System setup

We place the spherical particle of radius a at the center of the
coordinate system and use spherical coordinates (r,60,¢) with
the radial distance r, the polar angle 6, and the azimuthal angle
. We let unprimed variables and parameters characterize the
region of the fluid medium, r > a, while primed variables and
parameters characterize the region of the particle, » < a. For
example, the parameter «| is the compressibility of the particle,
while «; is the compressibility of the fluid medium. Ratios
of particle and fluid parameters are denoted by a tilde, e.g.
ks = k. /ks. Due to linearity, we can without loss of generality
assume that in the vicinity of the particle, the incident wave
is a plane wave propagating in the positive z direction, ¢; =
¢o 'kt = ¢y e'*7 <9 The fields do not depend on ¢ due to
azimuthal symmetry.

B. Partial wave expansion

The solution to the scalar and the vector wave equations
[Eq. (43)] with wave numbers k [Egs. (44) and (48)] in
spherical coordinates is standard textbook material. Avoiding
singular solutions at » = 0 and considering outgoing scattered
waves, the solution is written in terms of spherical Bessel
functions j,(kr), outgoing spherical Hankel functions &, (kr),
and Legendre polynomials P,(cosf). As a consequence of
azimuthal symmetry, only the ¢ component of the vector po-
tential is nonzero, ¥ (r) = v(r,0) e,. The solution is written
as a partial wave expansion of the incident propagating wave
¢i, the scattered reflected propagating wave ¢;, the scattered
thermal wave ¢, and the scattered shear wave ;:

In the fluid medium, r > a

¢ = o Y i"(2n + 1)ju(ker) Py(cos0),

(53a)
n=0
o0
& = ¢o Z i"2n + DA, hy(ker)Py(cos ),  (53b)
n=0
o0
&= o Z i"(2n + 1)B,h, (ki) Py(cos 6), (53¢)
n=0
o0
Vs = ¢o Z i"2n 4+ 1)C, h,(ksr)d9 Py(cos 6). (53d)
n=0
In the particle, r < a
o0
(pé = ¢y Z i"2n + l)A;j,l(kér)P,,(cos 0), (53e)
n=0
o0
$. =0 Y i"(2n + DB, ju(kir)Py(cos0),  (53)
n=0
o0
V.= ¢o Z i"(2n + 1)C;, ju(kir)dg Py(cos 0), (53g)
n=0
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Fluid medium ;:

Propagating waves
(compressional mode)
Incident wave: ¢;
Reflected wave: ¢,

Highly damped waves
Thermal mode: ¢
Shear mode: 15

PHYSICAL REVIEW E 92, 043010 (2015)

FIG. 2. (Color online) A compressional wave ¢; propagating in a thermoviscous fluid medium with parameters py,70.&,0p,¢,,¥, and kg,

is incident on a thermoviscous fluid droplet with parameters p(’),n(’),/cj’,,a;,c

’
14

’

.y’ and kg, which results in a compressional scattered wave and

highly damped thermal and shear waves both outside in the fluid medium (¢;,¢;, V) and inside in the fluid droplet (¢.,¢/,v.). Viscous and
thermal boundary layers are described by the highly damped waves both outside and inside the fluid droplet. In the long-wavelength limit the
droplet radius a and the boundary-layer thicknesses &;,6,4;,8; are mutually unrestricted, but all much smaller than the acoustic wavelength A.
For a thermoelastic particle, the shear mode 1/, describes a propagating transverse wave instead of an internal viscous boundary layer.

where the parameter ¢ is an arbitrary amplitude of the
incident wave with unit m?> s=!. The different components of
the resulting acoustic field are illustrated in Fig. 2.

C. Boundary conditions

Neglecting surface tension, the appropriate boundary con-
ditions at the particle surface are continuity of velocity, normal
stress, temperature, and heat flux. Assuming sufficiently small
oscillations, see Sec. VIIC, the boundary conditions are
imposed at r = a,

T, =T,
kind, Ty =k}, 9, T}

(54a)
(54b)

’ /
Vir = Vy,, Vig = Vyp,

/ /
Olrr = O4yps Olor = Opg;s

The boundary conditions are expressed in terms of the
potentials using Eqgs. (49), (50), and (52). The components
of velocity and stress in spherical coordinates are given in
Appendix A.

It is convenient to introduce the nondimensionalized wave
numbers x, x;, and xg for the medium, and x/, x;, and x/ for
the particle:

(55a)
(55b)

xe =kea, xi=ka, x;=ksa,

! ’ ! ’ ! 7
x. =ka, x =ka, x;,=kga.

Inserting the expansion (53) into the boundary conditions (54),
and making use of the Legendre equation (C1), we obtain the
following system of coupled linear equations for the expansion
coefficients in each order n:

avy, = avy,

Xe Jo(X)F Anxch, (xe)+ Buxih, (x) — Con(n+1)h, (x)
= AL xjn(x) + Byx(j,(x)) = Crn(n+1) ju(x),  (56a)
aviy = avy,

Jn(xe) + Anhy(xe) + Buhy(x) — Culxshy, (x5) + iy (x)]
= A, Jn(x0) + B, jn(x) —Chlxgjp(x) + ju(x)], (56b)

b ju(xc) + Apbchy,(xc) + B,bihy,(x)
= AL jn(x) + By ju(x),
akthar T1 = akt’ha,. Tl/

(56¢)

kthbcxcj;;(xc) + Ankthbcxch;l(xc) + Bnklhbtxth;,(xt)

Ay VSARY4

= A;th/h cxc.]n(x(/:) + Brllkt,h t'xtJn(xt/)’ (56d)

2 — 2
a“Olgr = a0y,

ﬂo[xc]',/,(xc) — Ja(x)] + Anno[xch;,(xc) — hy(xo)]
+ Byunolxih, (x) — hu(x0)]

1 i
- Ecnno[xfh;(xs) + (n* 4+ n — hy(xy)]

= Ayl ji(x)) — juGxD] + Binglx] jin(x) — ju(x)]

- %C;né[xfjﬂx;) + @’ +n=2)ju(x)].  (56e)
a’oy,, = azal/rr

o[ (x2 — 2x2) ju(xe) — 222/ (xo)]
+ Apno[ (x2 = 2x2) hy(xe) — 2x2R)(xc)]
+ Buno[ (x2 — 2x2)hy(x) — 2x2h](x)]
+ 2n(n + 1)Cpnolxsh;, (x5) — hy(x,)]

= Ao (x& = 2x2) u () — 222 (x)]
+ B[ (v = 2x7) jn () — 262 ()]
+ 2n(n + DC,nolxg, (x) — ja(x)]. (561)

Here, primes on spherical Bessel and Hankel functions indicate
derivatives with respect to the argument. The equations are
valid for both a fluid and a solid particle, with 1 being the
viscosity for a fluid particle and the shear constant [Eq. (41a)]
for a solid particle.

For n = 0, the boundary conditions for vjy and oy, are
trivially satisfied because there is no angular dependence in
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the zeroth-order Legendre polynomial, Py(cos @) = 1. Conse-
quently, ¥, = 0, and we are left with four equations with four
unknowns, namely, Egs. (56a), (56¢), (56d), and (56f) with
Co=C,=0.

The linear system of equations (56) may be solved for each
order n yielding the scattered field with increasing accuracy
as higher-order multipoles are taken into account, an approach
referred to within the field of ultrasound characterization of
emulsions and suspensions as ECAH theory after Epstein
and Carhart [30] and Allegra and Hawley [31]. However,
care must be taken due to the system matrix often being ill
conditioned [42].

The long-wavelength limit is characterized by the small
dimensionless parameter ¢, given by

£=koa=2n;<<l. (57)

In this limit, the dominant contributions to the scattered field
are due to the n = 0 monopole and the n = 1 dipole terms,
both proportional to £3, while the contribution of the nth-order
multipole for n > 1 is proportional to e?'+! « &3.

D. Monopole scattering coefficient

To obtain the monopole scattering coefficient f; in Eq. (5),
we solve for the expansion coefficient Ay in Eq. (56) and
use the identity fo=3i x7°A¢. The f, coefficients are
traditionally used in studies of acoustic radiation force, while
the A, coefficients are used in general scattering theory.

The solution to the inhomogeneous system of linear equa-
tions for n = 0 involves straightforward but lengthy algebra
presented in Appendix B 1. In Eq. (BS8) is given the general
analytical expression for fj in the long-wavelength limit valid
for any particle. In the following, this expression is given in
explicit, simplified, closed analytical form for a thermoviscous
droplet and a thermoelastic particle, respectively.

1. Thermoviscous droplet in a fluid

For a thermoviscous droplet in a fluid in the long-
wavelength limit, the particle radius a and the viscous and
thermal boundary layers both inside (8, 8;) and outside
(8s, &) the fluid droplet are all much smaller than the
acoustic wavelength A, while nothing is assumed about
the relative magnitudes of a, &, 8., &, and 8;. Thus, using the
nondimensionalized wave numbers of Eq. (55) and ¢ = kya,
the long-wavelength limit is defined as

Ixe|%|x/* ~ e <1 and (58a)
el x 1 ~ e < Ixl? I x% Ix( 12, (58b)
which implies
bl 1B,
olp——— ~e" K1 (58c¢)
Vb 1By

To first order in ¢, the analytical result for the monopole
scattering coefficient f(f obtained from Eq. (B8) is most
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conveniently written as

fl pa ap 2 ’
Jo=1-k+3(y—D{1 - — H(xi,x;), (59a)
LoCp
1 1 tanx| :|_1
/ b

I —ix. kg tanx{ — x|

1
H(x,x)) = ;[ (59b)
t

where H (x(,x;) is a function of the particle radius a through
the nondimensionalized thermal wave numbers x, and x;.
Epstein and Carhart obtained a corresponding result for A
but with a sign error in the thermal correction term [30],
while the result of Allegra and Hawley [31] is in agreement
with what we present here. The factor (y — 1) quantifies the
coupling between heat and the mechanical pressure waves.
This factor is multiplied by [1 —é&,/ (,605,,)]2, where the
quantity &, = a,/(pocp), with unit m°/J, may be interpreted
as an isobaric expansion coefficient per added heat unit. The
thermal correction can only be nonzero if there is a contrast
g » # 1 in this parameter.

In the weak dissipative limit of small boundary layers the
function H(x,x;) is expanded to first order in 8;/a and & /a,
and using tan(x;) > i, we obtain

PRI ETE TR A
’ C 214Dk pocy) a
(small-width boundary layers). (60)

In the limit of zero boundary-layer thickness §;/a — 0, the
thermal correction vanishes, and we obtain

foﬂ =1—#&; (zero-width boundary layers), 61)

which is the well-known result for a compressible sphere in an
ideal [3] or a viscous [29] fluid.

In the opposite limit of a point particle, a/8;,a/8; — 0, we
find H(x.,x{) = —(1/3)po¢,, yielding

~ 2
- a
foﬂ=1—/?s—()/—1),50€p(1— — )

PoCp
(point-particle limit). (62)

Since y > 1, the correction from thermal effects in the
point-particle limit is negative. This implies that the thermal
correction enhances the magnitude of f(? for acoustically
soft particles (¢; > 1), while it diminishes the magnitude and
eventually may reverse the sign of f(? for acoustically hard
particles (¢, < 1).

Importantly, an inspection of the point-particle limit
[Eq. (62)] leads to two noteworthy conclusions not previously
discussed in the literature. First, the thermal contribution
to foﬂ allows a sign change of the acoustic radiation force
for different-sized but otherwise identical particles. Second,
the thermal contribution may result in forces that are orders
of magnitude larger than expected from both ideal [3] and
viscous [29] theory. For example, gy > 1 for particles or
droplets in gases leads to a thermal contribution to foﬂ two
orders of magnitude larger than 1 — &,. These predictions are
discussed in more detail in Sec. VIII.
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2. Thermoelastic particle in a fluid

For a thermoelastic particle in a fluid, the long-wavelength
limit differs from that of a thermoviscous droplet [Eq. (58)]
by the shear mode describing a propagating wave and not
a viscous boundary layer. The wavelength of this trans-
verse shear wave is comparable to that of the longitudinal
compressional wave, and in the long-wavelength limit both are
assumed to be large,

Ixe|%, X012 Xl * ~ e < 1 and (63a)

J

1= +3(y — 1)[(1 - &)<1 - &> - iMﬁ(l _ % )}H(xt X))
sl /50517 /50517 3 Ep c? ,505;;'@ ‘
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2 2 2 2 2 2 2
|xc| 7|xé| s|x;| ~ & << |xs| 7|x[| a|xt/| 9 (63b)

which implies

1 |b| |b.
FS’ t7~_7u7| C| NSZ < 1.
7ol [bel ~ 1b¢]

(63¢c)

To first order in ¢, the result Eq. (BS) for fgl may be
simplified as outlined in Appendix B, and one obtains after
some manipulation

0 =

=2 0
X, c ,
144y — l)ﬁ—p—EH(xt,x[)
0

; (64)

52
Cp Cc

where the function H (x.,x;) is still given by the expression in Eq. (59b) with x; being the nondimensionalized thermal wave
number in the solid particle obtained from Eq. (48b). In the limit of a point particle, a/§;,a/8; — 0, we find

ISt (U9 U 9 G 9|
g 1-Xx ot Poc, &, c? BoC Ry

Remarkably, in the point-particle limit, fOSl and f(? differ in
general. However, as expected, letting ¢ — 0in Eq. (64), f;!
reduces to f(? [Eq. (59)] for all particle sizes.

In the weak dissipative limit of small boundary layers,
8:,8, < a, the second term in the denominator of Eq. (64)
is small for typical material parameters. An expansion in §;/a
and §;/a then yields in analogy with Eq. (60),

3 (4 -D
214+ (1-X)12DY k!

~ 2
y (1 _ a_) &
PoCp) a

(small-width boundary layers), (66)

sl ~

0 = Ks

simplified using Eq. (39e). In the limit §;/a — 0, the thermal
correction term vanishes,

ol'=1—k&, (zero-width boundary layers). (67)

In this limit, where boundary-layer effects are negligible, f;'
and foﬂ are identical and, as expected, equal to the ideal [3]
and viscous [29] results.

E. Dipole scattering coefficient

To obtain the dipole scattering coefficient f; in Eq. (5),
we solve for the expansion coefficient A; in Eq. (56) and use
the identity f; = —6i x> A;. In the long-wavelength limit, the
terms involving the coefficients B and By are neglected to first
order in ¢. This reduces the system of equations (56) forn = 1
from six to four equations with the unknowns A;, A}, Ci, and
C{.In Appendix B 2 we solve explicitly for A,. Physically, the
smallness of the B; and Bj terms means that thermal effects are

4y—1 )(’5!,2,6%2

(point-particle limit). (65)

negligible compared to viscous effects. This is consistent with
the dipole mode describing the center-of-mass oscillations of
the undeformed particle.

1. Thermoviscous droplet in a fluid

The analytical expression for A; in the long-wavelength
limit for a thermoviscous droplet in a fluid, as defined in
Eq. (58), is given in Eq. (B23) of Appendix B 2. This ex-
pression for A| was also obtained by Allegra and Hawley [31]
and, with a minor misprint, by Epstein and Carhart [30] in their
studies of sound attenuation in emulsions and suspensions. We
write the result for the dipole scattering coefficient f} in a form
more suitable for comparison to the theory of acoustic radiation
forces as presented by Gorkov [3] and Settnes and Bruus [29],

2(po — DI + F(xs,x9) — G(xy)]

i _
h= (200 + DI1 + F(x,x))] — 3G(xs) (68a)
3/1 )
Gl = _(_ - ’)’ (68b)
Xs \ X
F(xs,x;) = 1 — ixs (680)

fiox(tan x| — x!)

2(1 — #jo) +
(1= o) (3 — x?) tanx] — 3x]

Even though no thermal effects are present in flﬂ, Eq. (68)
is nevertheless an extension of the result by Settnes and
Bruus [29], since we have taken into account a finite viscosity
in the droplet entering through the parameters 7j, and x.. In
the limit 7jo — oo of infinite droplet viscosity, the function
F(x5,x]) tends to zero, and we recover the result for f; obtained
in Ref. [29].
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In the weak dissipative limit of small boundary layers,
85,8, < a, the dipole scattering coefficient for the thermo-
viscous droplet reduces to

02— 1) 3+ 13

i = 5% 1 12-—19~ -

200+ 1 14 9,/7, ' 200+ 1 a
(small-width boundary layers). (69)

2. Thermoelastic particle in a fluid

In the long-wavelength limit Eq. (63) of a thermoelastic
solid particle in a fluid, we obtain the result

a_ 2(p0 — DIl = G(xy)]
DT 260 +1-3G(xy)

; (70)

with the function G(x,) given in Eq. (68). In this expression,
the only particle-related parameters are density and radius,
and it is identical to that derived by Settnes and Bruus [29],
who included the same two parameters in their study of
scattering from a compressible particle in a viscous fluid using
asymptotic matching.

In the small-width boundary layer limit, §; < a, the dipole
scattering coefficient for the thermoelastic solid particle ffl
reduces to

2(po — 1) 18
1+ 31
20+1[+ ( +)20+1a]

(small-width boundary layers), 71

=

which closely resembles Eq. (69) for flﬂ.

3. Asymptotic limits

In the zero-width boundary layer limit, the dipole scattering
coefficients fi! and f}! both reduce to the ideal-fluid expres-
sion [3],

5| _ 2(/50 - 1)

(zero-width boundary layers). (72)

In the opposite limit of a point particle, F(xs,x]) = 1/(2 +
3fjo) is finite and the expression for f! and f;' is dominated
by the G(x;) terms, with both cases yielding the asymptotic
result

fl 1
flzs

It is remarkable that for small particles suspended in a gas
where 0y > 1, the value of f; in Eq. (73) is three to five
orders of magnitude larger than the value f; = 1 predicted by
ideal-fluid theory [3].

2(,00 — 1) (point-particle limit). (73)

VII. RANGE OF VALIDITY

Before turning to experimentally relevant predictions de-
rived from our theory, we discuss the range of validity of
our results imposed by the three main assumptions: the
time periodicity of the total acoustic fields, the perturbation
expansion of the acoustic fields, and the restrictions associated
with size, shape, and motion of the suspended particle.

PHYSICAL REVIEW E 92, 043010 (2015)

A. Time periodicity

The first fundamental assumption in our theory is the
restriction to time-periodic total acoustic fields, which was
used to obtain Eq. (3) for the acoustic radiation force evaluated
at the static far-field surface 0€2;. Given a time-harmonic
incident field, as studied in this work, a violation of time
periodicity can only be caused by a nonzero time-averaged
drift of the suspended particle. Denoting the speed of this drift
by vp(¢), we consider first the case of a steady particle drift. The
assumption of time periodicity is then a good approximation if
the displacement A¢ is small compared to the particle radius
a during one acoustic oscillation cycle T = 27 /w used in the
time averaging. A nonzero, acoustically induced particle drift
speed v, must be of second or higher order in &,c, vp/c ~ 2,
as all first-order fields have a zero time average. Thus

Al vpT 27y, 2r v, A

T " hac a=€h 09

and time periodicity is approximately upheld for reasonably
small perturbation strengths &,. < +/a/X, whichis notasevere
restriction in practice. In a given experimental situation, it is
also easy to check if a measured nonzero drift velocity fulfills
T KL a.

In the case of an unsteady drift speed v,(7), the time-
averaged rate of change of momentum (‘il ) in the fluid volume
bounded by 9<2; in Eq. (2) is nonzero, thus violating the
assumption (”{d—f) = 0 leading to Eq. (3). Only the unsteady
growth of the viscous boundary layer in the fluid surrounding
the accelerating particle contributes to (‘fi—f), since equal
amounts of momentum are fluxed into and out of the static
fluid volume in the steady problem. For Eq. (3) to remain
approximately valid, we must require (d ) to be much smaller
than F™9. To check this requirement, we consider a constant
radiation force accelerating the particle. When including the
added mass from the fluid, this leads to the well-known time
scale 7, for the acceleration,

. _2,50+1a_2T
P79 42

(75)

Thus, small particles (a < §5) are accelerated to their steady
velocity in a time scale much shorter than the acoustic
oscillation period (7, < 1), while the opposite (7, > 7) is
the case for large particles (@ >> §;). The unsteady momentum
transfer to the fluid bounded by 9€2; is obtained from the

unsteady part F(;‘;fg‘(t) of the drag force on the particle as

=1 fo Fc?r‘;it(t) dt. Using the explicit expression for
deg(t) glven in problems 7 and 8 in §24 of Ref. [43], we

obtain to leading order

4 S
_— 1, for a S,
1 [dP 200+ 1a < > Os
Y skl G (76)
Frad \ dt 2a
—— K1, for a <.
T &

We conclude that ( Ly « F™d in both the large and small
particle limits, and hence the assumption of Eq. (3) is fulfilled
in those limits.

Considering typical microparticle acoustophoresis exper-
iments, the unsteady acceleration takes place on a time
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scale between micro- and milliseconds, much shorter than
the time of a full trajectory. Typically, the unsteady part
of the trajectory is not resolved and it is not important to
the experimentally observed quasisteady particle trajectory.
In acoustic levitation [25-28], where there is no drift, the
assumption of time periodicity is exact. We conclude that
the assumption of time periodicity is not restricting practical
applications of our theory.

B. Perturbation expansion and linearity

The second fundamental assumption of our theory is the
validity of the perturbation expansion, which requires the
acoustic perturbation parameter ¢, of Eq. (10) to be much
smaller than unity. For applications in particle handling in
acoustophoretic microchips [12,14], this constraint is not very
restrictive because typical resonant acoustic energy densities
of 100 J/m3 result in g,c ~ 1074,

Given the validity of the linear first-order equations, the
solutions we have obtained for f, and f; based on the particular
incident plane wave ¢; = ¢ e¢'** are general, since any
incident wave at frequency w can be written as a superposition
of plane waves.

C. Oscillations of the suspended particle

The third fundamental assumption of our theory is the
assumption of small particle oscillation amplitudes, allowing
the boundary conditions to be evaluated at the fixed interface
position r = a. In general, the oscillation amplitudes must
be small in comparison to all other length scales. For small
particles, a < J,8;, the smallest length scale is set by the
particle radius a. In the opposite limit of small boundary
layers, a > &,6, thermoviscous theory reduces to ideal-fluid
theory, and the boundary-layer length scales drop out of the
equations, again leading to the smallest relevant length scale
being the particle radius a. The assumption of small particle
oscillation amplitudes leads to physical constraints on the
volume oscillations, Figs. 1(a) and 1(b), and the center-of-mass
oscillations, Fig. 1(c), discussed in the following.

The volume oscillations of the particle are due to me-
chanical and thermal expansion. From the definition of the
compressibility «, and the volumetric thermal expansion
coefficient a},, we estimate the maximum relative change in
particle radius Aa/a to be

Aa k] Ks

7 = ?Pl = ?Sac < 1, (773)
Aa Ol/pT 1 -

o =3 1= 3 (y — Dapea < 1. (77b)

Here, we have used «;p| = &,c and T = (”;& p1 obtained
from Eq. (14) in the adiabatic limit s; =0 Z:ombined with
Eq. (16). Except for gas bubbles in liquids, for which &5 > 1,
these inequalities are always fulfilled for small perturbation
parameters €.

The velocity of the center-of-mass oscillations is found
from Eq. (37) of Ref. [29] to be vgsc = %%vm. In the
large-particle limit, f; is given by Eq. (72), which implies
0 < vp™ < 3vin, where the lower and the upper limit is
for oo > 1 and gy < 1, respectively. In the point-particle

PHYSICAL REVIEW E 92, 043010 (2015)

limit, Eq. (73), vgsc = vy, independent of gy. The relative
displacement amplitude A¢/a is hence estimated as

3 A
_Sac << 1’

Ae v 2p+127a for a>> .
—_— (78)
a wa A

_Znagac <1, for a <« s,

and thus the general requirement is that &, < 2mwa/A. For
large particles in typical experiments, this restriction is not
severe. However, for small particles it can be restrictive. For
example, to obtain Af/a < 0.05, we find for particles of
radius ¢ = 100 nm in water at 1 MHz and particles of radius
a =1 pm in air at 1 kHz, that g, < 107> and g, < 1076,
respectively.

VIII. MICROPARTICLES AND DROPLETS
IN STANDING PLANE WAVES

The special case of a one-dimensional (1D) standing plane
wave is widely used in practical applications of the acoustic
radiation force in microchannel resonators [8—21] and acoustic
levitators [25-28]. The many application examples as well as
its relative simplicity make the 1D case an obvious and useful
testing ground of our theory. In the following, we illustrate the
main differences between our full thermoviscous treatment
and the ideal-fluid or viscous-fluid models using the typical
parameter values listed in Table II.

We consider a standing plane wave of the form p;, =
pacos(koy), vin = ﬁ Pa sin(kogy)e,, with acoustic energy den-
sity Eqe = k,p2 = 3 pov2, where p, and v, are the pressure
and the velocity amplitude, respectively. Expression (5) for the
radiation force then simplifies to

F'% = 47 @,a’ko Eye sin(2koy)ey,
®,c = 3Re[fo] + 3Re[ /1],

where ®,. is the so-called acoustic contrast factor. The
radiation force is thus proportional to ®,., which contains
the effects of thermoviscous scattering in fy and f;. Note
that for positive acoustic contrast factors, ®,. > 0, the force is
directed towards the pressure nodes of the standing wave, while
for negative acoustic contrast factors, ®,. < 0, it is directed
towards the antinodes.

The acoustic contrast factor ®,. may be evaluated directly
for an arbitrary particle size by using the expressions for the
scattering coefficients, either foﬂ and flﬂ for a fluid droplet
or f3' and f;! for a solid particle. For ease of comparison
to the work of King [1], Yosioka and Kawasima [2], and
Doinikov [4-6], we give the expression for the acoustic
contrast factor ® of a fluid droplet for small boundary layers
and in the point-particle limit. In the small-width boundary
layer limit one obtains

1/5p0—2 3 Po—1\26
fl ~
Iac_i(z,s 1 Kf) ~1/2~1<2~ T1
0 1+ 9", Po a

_1_rv-1 (1_ &y )2§
21 + Dtlh/zlzt;1 [505[7 a

(small-width boundary layers). (80)

(792)
(79b)
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TABLE II. Material parameter values at ambient pressure 0.1 MPa and temperature 300 K used in this study, given for water (wa) [44—47],
an average liquid food oil [48], air [49], and polystyrene (ps) [S0-53]. Parameter values for water and oil at other temperatures are obtained

from the fits in Refs. [44,48].

Parameter Symbol Value (wa) Value (oil) Value (air) Value (ps) Unit
Longitudinal speed of sound c 1.502 x 10° 1.445 x 10° 3.474 x 10? 2.40 x 10° ms~!
Transverse speed of sound cr 1.15 x 10° ms™!
Mass density 00 9.966 x 10? 9.226 x 10? 1.161 x 10° 1.05 x 103 kgm™
Compressibility K, 4.451 x 10710 5.192 x 10710 7.137 x 107° 2.38 x 10710 Pa™’
Thermal expansion coefficient a, 2.748 x 10~* 7.046 x 10~* 3.345 x 1073 2.09 x 10~* K!
Specific heat capacity c, 4.181 x 10° 2.058 x 10° 1.007 x 10° 1.22 x 10° JTkg 'K!
Heat capacity ratio y 1.012 x 10° 1.151 x 10° 1.402 x 10° 1.04 x 10° 1

Shear viscosity Mo 8.538 x 10~ 4.153 x 1072 1.854 x 1073 Pas

Bulk viscosity® n 24 %1073 8.3 x 1072 1.1 x 1073 Pa s
Thermal conductivity ki 6.095 x 107! 1.660 x 107! 2.638 x 1072 1.54 x 107! Wm™ K!

*The bulk viscosity is negligible for scattering in the long-wavelength limit but has been included for completeness. Values for water, oil,
and air are estimated from Refs. [54], [55], and [56], respectively. For oil, 778 is obtained from the attenuation constant ¢ at 298.15 K and
10 MHz [55] using oo = 272% f* /(poc®)[n§ + (4/3)10 + (v — Dk /¢, .

The first term is the well-known result given by Yosioka
and Kawasima [2], which reduces to that of King [1] for
incompressible particles for which &, = 0. The second term is
the viscous correction, which agrees with the result of Settnes
and Bruus [29] for infinite particle viscosities, but extends it
to finite particle viscosities. Note that the viscous correction
yields a positive contribution to the acoustic contrast factor,
while the thermal correction from the third term is negative.
The result given in Eq. (80) is in agreement with the expression
for the radiation force in a standing plane wave given by
Doinikov [6] in the weak dissipative limit of small boundary
layers. However, this is not seen without considerable effort
combining and reducing a number of equations. Although we
find Doinikov’s approach rigorous, it lacks transparency and
is difficult to apply with confidence.

In the point-particle limit of infinitely large boundary-layer
thicknesses compared to the particle size, we obtain

@, )2]
PoCp

1)

1
q>gc = § I:(l _izs) - (1 _150) - (V_ ])ﬁoép(l -
(point-particle limit),

in agreement with the viscous result of Settnes and Bruus [29],
when omitting the last term stemming from thermal effects.
The result for ® in Eq. (81) is written in a form which
emphasizes how parameter contrasts between particle and
fluid lead to scattering. As expected, for ¥y = 1 and gy = 1,
the scattering due to compressibility and density (inertia)
mechanisms vanishes. This is true for large particles [1-3,29],
and it is reasonable that it remains true in the point-particle
limit. The expressions for the acoustic radiation force on a
point particle in a standing plane wave given by Doinikov [4—0]
do not have this property, which is likely due to a sign error or
a misprint in the term corresponding to our dipole scattering
coefficient f) in the point-particle limit in Eq. (73), as was also
suggested by Settnes and Bruus [29].

The small-width boundary layer limit and the point-particle
limit are useful for analyzing consequences of thermoviscous
scattering on the acoustic radiation force, but we emphasize
that our theory is not restricted to these limits. In general,
the scattering coefficients fy and f; are functions of the

nondimensionalized wave numbers x;, x;, x{, and x;. These
may all be expressed in terms of the particle radius a
normalized by the thickness of the viscous boundary layer
in the medium d;,

B}l

0

xo=1+i)< X =140 2L (82a)
T 8 S iio 8

. a (1+1) Pr a
=0 +iWprd y=2TY T2 gy
R R Y S A T

where we have used 8, = 8sv/7jo/Bo, & = 8s/1/Pr, & =
8V[(1 — X')Dg]/Pr, with Pr = vy/Dy, being the Prandtl
number of the fluid medium and X’ set to zero for the
fluid droplet case. Below, we investigate the thermoviscous
effects on the acoustic radiation force by plotting the acoustic
contrast factor ®,. as a function of §;/a, ranging from zero
boundary-layer effects at §;/a = 0 to maximum effects in the
limit §s/a — oo.

A. Oil droplets in water and water droplets in oil

We first consider the cases of water with a suspended oil
droplet (wa-oil) and of oil with a suspended water droplet
(oil-wa) using the parameters of a typical food oil given in
Table II. Since the density contrast of water and oil is small,
the dipole scattering with its viscous effects is small, while on
the other hand the thermal effects in the monopole scattering
are significant. This is clearly seen from Fig. 3, where the
acoustic contrast factor @, is plotted for the two cases as a
function of ds/a using ideal theory, viscous theory (obtained
from our thermoviscous theory by setting Dy, = 0), and full
thermoviscous theory. In Fig. 3, we see that for submicrometer
droplets at MHz frequency the thermoviscous theory leads to
corrections around 100% as compared to the ideal and the
viscous theory, which manifestly demonstrates the importance
of thermal effects in such systems.

We note from Fig. 3(a) that the acoustic contrast factor of oil
droplets in water is negative, which means that oil droplets are
focused at the pressure antinodes. Conversely, water droplets
in oil are thus expected to be focused at the pressure nodes.
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FIG. 3. (Color online) Acoustic contrast factor ®,. plotted as a function of é;/a, the viscous boundary-layer thickness in the medium
normalized by particle radius. The curves are calculated using ideal theory (green), viscous theory (thermoviscous theory with Dy, = 0, blue),
and thermoviscous theory (red) for (a) an oil droplet in water (wa-oil) and (b) a water droplet in oil (oil-wa), both at 20 °C. Thermoviscous theory
leads to corrections to the acoustic radiation force around 100%. The vertical dashed lines indicate examples of particle sizes corresponding
to the given value of §;/a at f = 1 MHz. Note that the acoustic contrast factor changes sign at a critical particle radius for the case of water

droplets in o0il considered in (b).

However, in Fig. 3(b) we see that thermoviscous theory
predicts a tunable sign change in the acoustic contrast factor
as a result of the negative thermal corrections to the monopole
scattering coefficient. This means that droplets above a critical
size threshold experience a force directed towards the pressure
nodes, while droplets smaller than the threshold experience a
force towards the antinodes, even though the only distinction
between the droplets is their size. This sign change in ®,, can
also be achieved for elastic solid particles under properly tuned
conditions. By changing, for example, the compressibility
contrast K, the curves for ®,.(§s/a) may be shifted vertically
and a possible size-threshold condition may be changed.
Moreover, since & = +/2n0/(pow) and & = /2kw/(pocpw),
there are several direct ways of tuning a threshold value, e.g.,
by frequency or by changing the density of the medium.

B. Polystyrene particles and water droplets in air

Using the particular cases of a polystyrene particle and a
water droplet suspended in air as main examples, we study
the effects of a large density contrast gy >> 1, for which our
thermoviscous theory predicts much larger radiation forces on
small particles than ideal-fluid theory, for which @il = 5/6
independent of particle size. This is demonstrated in Fig. 4,
where @, is plotted as a function of &s/a for the two particle
types. In the large-particle limit é;/a = 0, boundary-layer
effects are negligible, and ideal, viscous (Dy, = 0), and ther-
moviscous theories predict the same contrast factor ,. = 5/6,
but as §5/a increases, the thermoviscous and viscous theories
predict an increased value of ®,., approximately 2®ida! for
8s/a = 1 as seenin the insets of Figs. 4(a) and 4(b). Decreasing
the particle size further, 6s/a >> 1, the thermoviscous effects
become more pronounced with ®,./ @ ~ 102, Choosing
the frequency to be 1 kHz, this remarkable deviation from
ideal-fluid theory is obtained for moderately-sized particles of
radius a &~ 2 pm.

While ®;; ™ in Fig. 4(a) for the polystyrene particle
is a monotonically increasing function of §;/a, the ®r—wa
in Fig. 4(b) of a water droplet exhibits a nonmonotonic
behavior. For small values of §5/a < 25, the viscous dipole

scattering dominates resulting in a positive contrast factor
air-wa < 102, For larger values, §;/a = 25, thermal effects
in the monopole scattering become dominant leading to a
sign change in @%@ and finally to large negative contrast
factors approximately equal to —10? as the point-particle limit
8s/a > 1 is approached. This example clearly demonstrates
how the acoustic contrast factor may exhibit a nontrivial
size dependency with profound consequences for the acoustic
radiation force on small particles. The detailed behavior
depends on the specific materials but can be calculated using
Eq. (79) and the expressions for fy and fj listed in Table I.

IX. CONCLUSION

Since the seminal work of Epstein and Carhart [30]
and Allegra and Hawley [31], the effects of thermoviscous
scattering have been known to be important for ultrasound
attenuation in emulsions and suspensions of small particles.
In this paper, we have by theoretical analysis shown that
thermoviscous effects are equally important for the acoustic
radiation force F™ on a small particle. F is evaluated from
Eq. (5), or more generally from Eq. (6), using our analytical
results for the thermoviscous scattering coefficients fj and f;
summarized in Table I. Our analysis places no restrictions on
the viscous and thermal boundary-layer thicknesses s and &,
relative to the particle radius a, a point which is essential to
calculation of the acoustic radiation force on micrometer- and
nanometer-sized particles.

The discussion in Sec. II leading to Eq. (5) for F™ as well
as the discussion of the range of validity presented in Sec. VII
are intended to provide clarification and a deeper insight into
the fundamental assumptions of the theory for the acoustic
radiation force. Foremost, we have extended the discussions
of the role of streaming, the fundamental assumption of time
periodicity, and the trick of evaluating the radiation force in the
far field, which led to the exact nonperturbative expression (3)
for the radiation force evaluated in the far field.

For the simple case of a 1D standing plane wave at a single
frequency, the expression (6) for F™¢ simplifies to the useful
expression given in Eq. (79), which involves the acoustic
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FIG. 4. (Color online) Acoustic contrast factor @, for particles in air plotted as a function of é,/a, the viscous boundary-layer thickness
in the medium normalized by particle radius. The curves are calculated using ideal theory (green), viscous theory (thermoviscous theory with
Dy, = 0, blue), and thermoviscous theory (red) for (a) a polystyrene particle in air (air-ps) and (b) a water droplet in air (air-wa), both at 300 K.
Ideal theory predicts a constant value of ®,. = 5/6 independent of particle size. For particles much smaller than the boundary-layer thickness,
however, thermoviscous theory predicts huge deviations from ideal theory leading to acoustic contrast factors two orders of magnitude larger
than expected from ideal-fluid theory. The vertical dashed lines indicate examples of particle sizes corresponding to the given value of §;/a at

f=1kHz.

contrast factor ®,.. Similar simplified expressions can be
derived for other cases of interest such as that of a 1D traveling
plane wave. An important result from the discussion of the
simple 1D case in Sec. VIII is that we must abandon the notion
of a purely material-dependent acoustic contrast factor ®,.. In
general, ®,. also depends on the particle size, and in many
cases this size dependency can even lead to a sign change in
@, at a critical threshold. Recent acoustophoretic experiments
on submicrometer-sized water droplets and smoke particles
in air may provide the first evidence of this prediction [57].
Considering only viscous corrections, however, the authors
could not fully explain their data. Our analysis suggests
that thermoviscous effects must be taken into account when
designing and analyzing such experiments.

Our results for the acoustic radiation force in a standing
plane wave evaluated using Eq. (79) agree with the expressions
obtained from the work of Doinikov [4—6] in the limit of small
boundary layers, but not in the opposite limit of a point particle.
In our theory both of these limits are evaluated directly using
the derived analytical expressions valid for arbitrary boundary-
layer thicknesses, and we have furthermore given a physical
argument supporting our result in the point-particle limit.

Considering the viscous theory of Danilov and Mironov [7], we
remark that their result is based on the viscous reaction force
on an oscillating rigid sphere [43] instead of a direct solution
of the governing equations for an acoustic field scattering on
a sphere.

Importantly, we have shown that the acoustic radiation
force on a small particle including thermoviscous effects
may deviate by orders of magnitude from the predictions
of ideal-fluid theory when there is a large density contrast
between the particle and the fluid. This result is particularly
relevant for acoustic levitation and manipulation of small
particles in gases [22-28]. Thermoviscous effects can also be
significant in many lab-on-a-chip applications involving ultra-
sound handling of nanoparticles and nanodroplets. In general,
acoustic boundary-layer effects should be expected for any
type of submicrometer particle, including biological particles
such as microvesicles, bacteria, and viruses [8,9,18]. A firm
theoretical understanding of thermoviscous effects and of the
particle-size-dependent sign change of the acoustic contrast
factor could prove important for future applications relying on
ultrasound manipulation of micrometer- and nanometer-sized
particles.

APPENDIX A: VELOCITY AND NORMAL STRESS IN SPHERICAL COORDINATES

In spherical coordinates (r,6,¢) with azimuthal symmetry, using that v; = V¢ + V x ¢ with ¢ = ¢. + ¢ and ¥ = s e,

the first-order velocity components are

Vir = 8¢ + ———0p[sin6 ], (Ala)
r sin 6@
1 1
vig = — 09 — —0,[r ¥l (Alb)
r r
Inserting this into Eq. (52), we obtain the normal components of the first-order stress tensor
2 1 1
O1rr = 10(2K2 — k2) e+ M0 (267 — K2+ 2007 + 0 [sine(;arws - r—zws)}, (A22)
1 1 2 1 .
O1or = 21009 (—3r¢ - —2¢) — 1o (3,2% - —zlﬁs) + n—gae[.—ae(sme Ws)i|- (A2b)
r r r r sin 6
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APPENDIX B: SCATTERING COEFFICIENTS f, AND f;

Here, we outline the calculation of the monopole and dipole scattering coefficients fp and f; in the long-wavelength limit
where the particle radius and the boundary-layer thicknesses are assumed much smaller than the wavelength. Defining the
small parameter ¢ = koa < 1, we note that koa,kods,kod:,kod;, and for a fluid particle furthermore k(é;, are all of order €. The
calculation is carried out to first order in &.

1. Monopole scattering coefficient fj

The monopole scattering coefficient fy may be obtained from Eqs. (56a), (56¢), (56d), and (56f) settingn = Oand Cy = C(, = 0.
All Bessel functions of the small arguments x.,x, ~ ¢ < 1 are expanded to first order in ¢ using Eq. (C5) of Appendix C, and
in the (unprimed) fluid medium we neglect x2 in comparison to x2. Thus, we arrive at

i / 1 ! A ! 1
Ao— + Ay=x* — Boxihi(x) + Bjx|ji(x)) = =x2, (Bla)
Xe 3 3
i
Aobc<1 — x_) — Ayb, + Bobiho(x)) — Biby jo(x;) = —b, (B1b)
C
i ’ 1 AN AR / 1 2
AOkthbcx_ + Aogkthbcxc — Bokmbxihy (x) + Bokthblxtjl(x[) = gkthbcxca (Blc)
i 4
A0n0|:(4 — xsz)x— + xsz:| — A6U6 [xgz _ gxé2i| + Bono[()cs2 — 2xt2)ho(xt) — 2x12hg(xt)]
— Byno[ (x = 2x7) jo(x)) — 2x2 j§ (x)] = —nox, (B1d)
where Eq. (C3) is used to write g;(x) = —g;(x) for any spherical Bessel or Hankel function go(x).
Multiplying Eq. (Blc) by 1/(kwby) and using the ratios
b, ( 1)xC2 b, _a, b _ 1 b, b:.b, o 1 0y x2 (B2)
b VT % b %%, b jga,ba bbb X T V%, a

of the b coefficients defined in Eq. (50) [here, ¥ = 1 foradropletand ¥ = x’ forasolid particle, respectively, while Egs. (16), (22),
and (39e) are used to reduce b../b.], we note that the Ay and Aj terms can be neglected to order ¢, and we obtain

;o kb xchi(xy) Bo— 3 5517 xch(xy)

= ; 0= X =< .
0 kb x{ ji(x)) PoCp x{j1(x()

By. (B3)

With this, we eliminate B}, from the system of equations (B1), and the remaining three equations become

i 1 x?
X_c §Xé2 —Sl A() 3
(i b,
w(L-1) = —j—; Al =2 (B4)
S (- -5 \8 2
where we have introduced the functions Sy, S,, and S3,
5= [1 - iﬁ]xtm(xt), (B52)
ki by
h 1 jo(x!
S = xt2|: o(xe) - = {0.(xt)/ i|xthl(xt), (B5b)
xchi(x) ke X{ j1(x¢)
2 = = (e,
h b b
S5 = [x—s o) _ 4(1 - ?—°—§> — 20 2% J,O(xt)}xlhl(xt), (B50)
xch(x) ke by ki Dex{ ji(x))
and the relative shear constant #j, obtained from Eq. (41b),
oy Xl
flo == = po 5. (B6)
1o Xg

In obtaining the expression for S3 we have used Eq. (C3) to substitute g;(x) = —go(x) + (2/x)g:(x) for any spherical Bessel or
Hankel function g(x). Using Egs. (B2), (B6), and the explicit forms (C4) of the Bessel functions, the S functions are expressed
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in terms of the dimensionless wave numbers as

S @
S1=|1—=x—— |[xhi1(x), (B7a)
PoCp
Sy = ! hy(xe) (B7b)
2 = H( Xox!) X (X)),
xf X, 4x3 x2 tan x;
S3 = — At = | [x ), (B7c)
1 —ix ¢p \ x tanx{—x{

where H (xi,x;) is given in Eq. (59b). The coefficient A¢ is now found from Eq. (B4) by the method of determinants (Cramer’s
rule) as A9 = D(Ap)/D, where D is the determinant of the left-hand-side system matrix and D(Ag) is the determinant of the
system matrix in which the first column (the A coefficients) are replaced by the right-hand-side column with the inhomogeneous
terms. The monopole scattering coefficient f; in the long-wavelength limit can then be expressed as

3i 3i D(Ag)
= — A = —
fo=—= 4o D

C

, (B8)

with the determinants D and D(Ay) given by

b. (i 4 b i
D=-S C ~ 1 T2 2 Zef (4 - AN 2
‘[”“lm(xc )<3X° ’“) bt(( st
S| x2(i(4=x) L\ (4, | b (i i b
) o Y/ LY G Y 3 LENER L | B9
Xt2|:3 - + x; - 3 T 3| 3% b \x D (B9a)

be (4 O\ b ST . (4, , S[be o ¥
D(A¢p) = =5, |:T)0b <3 x?— xf) + b—:xsz:| - gtz[—noxcz<3xcz x;2> - xczxsz] -3 |:b:xcz - b—:xcz:| (B9b)

The solution Ag = D(Ay)/D, though written somewhat differently, agrees with Allegra and Hawley’s Eq. (10) of Ref. [31].

a. fy for a suspended thermoviscous droplet

For a suspended thermoviscous droplet, the precise definition of the long-wavelength limit is given in Eq. (58). In this case,
the shear mode characterized by x| inside the droplet corresponds to a boundary layer, and consequently comparison to the
compressional mode inside and outside the droplet yields x2/x/> ~ x> /x> ~ €2 « 1. This, combined with b, /b, ~ b.. /b, ~
x2/x? ~ &* < 1 from Eq. (B2), leads to the following simplification of Eq. (B9) to first order in &,

2

i x
D ~ ———52,5052, (BlOa)
Xe X{
72 b ~
D(Ag) =~ _@x_z X2 =T ) s 4 g2 (1 - 2 ) sy (B10b)
3 X¢ L0 b LoCp
When inserting this into Eq. (B8), we obtain
fl ~ ap S
fo=1-k+3(y-D(1-— | (B11)
LPoCp SZ

which upon substitution with S‘ =(1- a” )H (xt,x)) from Eq. (B7) with ¥ = 1, leads to the final analytical result for fo given
in Eq. (59).

b. fo for a suspended thermoelastic particle

The qualitative change going from the thermoviscous droplet to the thermoelastic particle lies in the shear mode, which
changes from a highly damped boundary-layer mode to a propagating transverse wave with x> ~ ¢2. A further implication is
that the shear constant ratio of Eq. (B6) becomes large, fip = fox2/x/> ~ ¢72 > 1; and the order of magnitude of the S functions
of Eq. (B7) obey S; ~ S, ~ £283. Combining this with the following expression derived from Egs. (39¢), (48), and (B6),

4 /.
770<3 Xl - x52> —X'Pox?, (B12)
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the leading-order expansions in ¢ of the determinants D and D(Ay) in Eq. (B9) become

i , . x2 b,
D=—|-x'Po=S+ =83 (B13a)
C 'xt bt
DAy ,b), IR x2x2(x 5, 4 X 2p b x'2 S (B13b)
_x — — —_— = — —
0 S by X,Oob, 1+ 3 22\ a2 x'Po | S2 3 b, b’ 3-

From this and Eq. (B8), we obtain the monopole scattering coefficient foSl for a thermoelastic particle suspended in a thermoviscous

fluid,
{ 1 x? 1 b, x?[3x2 I b\ S; (1 be x*\ S3
a3 A — X'Po x2 x'Po by x2 | x? X pobé S> b, x2 ]S B14
0 = 3 40= ’ 2 ) ( )
X2 1 b, x{$3

X' Po by xsz S
From Eq. (B7) we obtain the leading-order expansions in ¢ for the ratios S;/S, and S3/5,

s 1 b S5 b
21 (1 })H(xt,x) 55 _ 4 2 H (x.x), (B15)
Sz klh b S2 kth b

with the function H (x.,x/) defined in Eq. (59b). Inserting this into Eq. (B14) and using Eqs. (B2) and (B6), and the expression (39¢)
for x', we arrive at the final analytical form for f§' given in Eq. (64).

2. Dipole scattering coefficient f;

In the long-wavelength limit, for each order n > 1, the terms containing B, and B, and thus the variables x; and x/, in the
system of boundary equations (56) are of negligible order relative to the terms containing 4, A,, C,, C,, and the inhomogeneous
terms. Formally, this is seen by writing up and inverting the entire 6-by-6 matrix equation for the six coefficients for a given
n > 1. A quicker way to see this is to write Egs. (56¢) and (56d) as

h,(x — ja(x! Al Ja(x]) — Ayhy(xe) — Julxe
/(t) Jn(x)) o2 /J'(t/) (xc) {()’ (B16)
xthn(-xl) xtjn(xt) Anjn(-xt) - Anhn(xc) - ]n(xc)
where we have used 2 o Zé ~ g2 and ;* b k‘h ~ 1. Inserting the expressions for B, and B, obtained by inversion of this equation

into Egs. (56a), (56b), (56e), and (56f), we see that due to the factor €2 all terms related to B, or B, are negligible in all
four equations. In treating Eq. (56e) it might be useful to use the Bessel’s equation (C2). Consequently, returning to the dipole
problem with n = 1, terms with By, B} are omitted and the system of equations reduces to four equations with four unknowns,
namely, Egs. (56a), (56b), (56e), and (56f) without the terms of Bj,Bj. For n =1 we thus obtain the simplified system of
equations

XeJi () + Arxeh’ (xe) — 2C1hi(x0) = A\ x(j{(x)) — 2C] ja(x)), (B17a)
J1(xe) 4+ Arhi(xe) — Crlxah] (x) + i (x)] = AL ji(x)) — CiIx(j () + j1(x))], (B17b)
no[Xea(xe) + Arxcha(xe) + 5Cixl R (x)] = o[ A\xLja(x) + 3Cixlji ()], (B17¢)
no[x2 j1(xe) — 4xejo(xe)] — 4Cnoxsha(xs) + Amo[x2hi (xe) — dxcha(xe)] = Afmo[xZ ji(xl) — 4xja(x))] — 4CTmox] ja(x),
(B17d)

where we have rewritten the last two equations using the recurrence relations obtained from Eq. (C3)

xg1(x) — g1(x) = —xg(x), (B18a)
2
gi(x) = —g1(x) + ;gz(X), (B18b)
valid for any spherical Bessel or Hankel function g.
Simplifying the system of equations we multiply Eq. (B17a) by (—1) and add to it Eq. (B17b), then use the recurrence

relation (B18a). Equation (B17b) is multiplied by 2 and Eq. (B17a) is added while using the recurrence relation xg{(x) + 2g1(x) =
xgo(x). We leave Eq. (B17¢) as it is. To Eq. (B17d) we add 4 times Eq. (B17c¢) and use the recurrence relation (B18b). With some
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rearrangements, these manipulations give

Arxcha(xe) + Crxsha(xg) — Alxlja(x)) — Cxlja(x) = —xe jo(xe), (B19a)

Ay xcho(xe) — 2C1xcho(xs) — Aixljo(x) + 2CTx0jo(x)) = —xejo(xe), (B19b)
Arxcha(xe) + 3Cixhl(xg) — fio[ A1xLja(x) + 3C1x7 ji (k)] = —xeja(xe), (B19c)
Ayhy(xe) = 2C 1y (x5) — ol Al ji(x) — 2C1 ji(x)] = —ji(xe) (B19d)

where fox? = pox2 was used to simplify the last equation. The equations may be further simplified using the relevant scalings
in the long-wavelength limit for the fluid droplet and the solid particle, respectively.

a. fi for a suspended thermoviscous droplet

In the long-wavelength limit for the fluid droplet case the scalings of Eq. (58) apply. Using the approximate expressions
for the spherical Bessel and Hankel functions [Eq. (C5)] applicable for small arguments and examining the resulting system of
equations (B19) one finds that some terms may be omitted to first order in €. The simplified system of equations (B19) for the
fluid droplet case takes the form

3i ;.
= AU Cixsha(x) — Cix jr(x)) =0, (B20a)
c
—2Cx5ho(xs) — A x4+ 2C 1 xljo(x)) = —xc, (B20b)
3i 1 211 1 P J2 1)
_X_CZAI + EClxshl(xs) — 5 Ciiloxs (xy) =0, (B20c)
3i
;Al + 6C1hi(x) + A pox, — 6C| o ji(x)) = xe, (B20d)

C

Subtracting Eq. (B20c) from Eq. (B20a) and using Eq. (B18b), we can express C| by Cj,

R RUCOS (B21a)
P o oG
0 = i) = 2(1 = &) o). (B21b)

Then, using this relation to eliminate C| in Eq. (B20a), we arrive at the first of the two equations in Eq. (B22). The second
equation (B22b) is obtained by adding Eqgs. (B20b) and (B20d) in order to eliminate A/, then making use of the recurrence
relation 3g;(x) — xgo(x) = xg2(x). The resulting two equations for A; and C, are

3i 2hy(xg) o (x!
iyy—e [xshz(xs) - M} 0, (B22a)
Xe 7o Q(x{)
3i I3 x2hy(xg) jo(x)) <
S A+ 2clpo[7h1<xs> — xyho(xy) — BT (g . (B22b)
X 7o o O(x])
From this, and using again the relation 3g;(x) — xgo(x) = xg>(x), we obtain the dipole expansion coefficient A,
Lx3(po — 1 h N ] - ih S } :
A, 5%2(Po — Dlha(xs)flo O (xg) — xshy(xs) ja(xg)] (B23)

" Bha(x) — 250 — Dho(e)Iio Q) — 270 + Dixghi(rg) o))’

This result, but with a small error in the numerator, was first obtained by Epstein and Carhart [30]. We reduce the fraction by
flo O (x))ho(x,) and use the explicit expressions for the Bessel and Hankel functions in Eq. (C4) to introduce the functions G (xs)
and F(x,,x}) given explicitly in Egs. (68b) and (68c), respectively,

h
Gy = 1+ 225, (B24a)
ho(xs)
%h s } /
Flrox)) = 2MODRE) (B24b)
floho(xs) Q(x)
Then, using that f; = —6i x_ A}, we arrive at the final expression (68a) for the dipole scattering coefficient f]ﬂ.
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b. fi for a suspended thermoelastic particle

In the long-wavelength limit for the solid particle the scalings of Eq. (63) apply. Using the approximate expressions for
the spherical Bessel and Hankel functions [Eq. (C5)] applicable for small arguments and examining the resulting system of
equations (B19) one finds that some terms may be omitted to first order in ¢. The simplified system of equations (B19) in the
solid particle case takes the form

- i_;Al + Cixsha(xs) = 0, (B25a)

—2Cx5ho(xs) — Alx. +2Cx, = —x, (B25b)

_i_;Al + %Clxszh/l/(Xs) - %Aﬁ flox; + %Ciﬁoxf =0, (B25¢)
—%Al — 6C1h1(xs) — Al fox; + 2C| pox; = —Xe, (B25d)

C

Multiplying Eq. (B25b) by (—p0p) and adding it to Eq. (B25d), then substituting C; using Eq. (B25a), and finally using the

recurrence relation 3g;(x) — xgo(x) = xg»(x) leads to the expansion coefficient A,

_5xd(Po — Dha(xy)
3ha(xs) — 2(F0 — Dho(xs)”

Again, using that f; = —6ix_ 3 A and introducing G(x;) as defined in Eq. (B24a), we obtain after some rearrangement the final
result for £ given in Eq. (70).

Ay

(B26)

APPENDIX C: SPECIAL FUNCTIONS

The Legendre differential equation solved by Legendre polynomials P,(cos #) of order n is [58]

1 d d
E%Gine%&(cos@)) +nn + 1)P,(cosd) = 0. (ChH
The Bessel differential equation solved by spherical Bessel or Hankel functions g, (x) of order n is [58]
x2[g(x) + gn(X)] = n(n + 1)gu(x) — 2xg,,(x), (C2)
with a prime indicating differentiation with respect to the argument. Useful recurrence relations for g, (x) are
d
—[x 7" g ()] = —x " gup1(x), (C3a)
dx
— " g, ()] = X" g, (x). (C3b)

dx

The lowest-order spherical Bessel functions j,(x) and Hankel functions of the first kind /4, (x) are [58]

. sin x . 1 /sinx
jot) = ==, jitn) = (== —cosx), (C4a)
X X
17/ 3 3
Jo(x) = —|:<—2 — 1) sinx — —cosxj|, (C4b)
X X X
ix ix .
ho(x) = —i—, h(x) = —e—<1 + i), (C4c)
X X X
ix 3 3
ho(x) = ie—<1 + 2 —2>. (C4d)
X X X
For small arguments, x < 1, to first order
./ x /! l
Jo(x) =1, jo(x) = 3 Jo(x) = 3 (C5a)
P T
B = 1= 2, By = 5, B = (C5b)
W= hme (C5c)
~ = ~ c
Jix 3 s J2X 15,
i 3i
M)~ ==, ha(x) =~ — == (C5d)
X X
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