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A THEORETICAL STUDY ON THE ACOUSTICALLY DRIVEN OSCIL
LATING FLOW AROUND SMALL SPHERICAL PARTICLES

Man Yeong Ha"

(Received October 7, 1991)

In order to study the oscillating flow induced by a high intensity acoustic field, a computer code which employs the two
dimensional, unsteady mass and momentum conservation equations for laminar flow in spherical coordinates has been developed.
The displacement amplitude of the incident sound wave is large compared to the characteristic length of particles, and the acoustic
Reynolds number based on the particle diameter and the velocity amplitude of the oscillating flow is less than about 100. Numerical
solutions of these equations give the velocity field, axial pressure gradient, shear stress and flow separation angle around the
particle for acoustically oscillating flow as a function of acoustic Reynolds number and Strouhal number. The axial pressure
gradient, shear stress and separation angle are proportional to the magnitude of oscillating flow at low frequency (-50Hz) and
can be approximated by the quasi-steady analysis. The effects of flow oscillation increase with increasing frequency (-2000Hz)
due to combined effects of curvature and flow acceleration, giving different values of axial pressure gradient, shear stress and
separation angle for different frequencies of 500, 1000 and 2000 Hz,
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NOMENCLATURE

dB : Decibel
f : Frequency
L p : Sound' pressure level
P : Pressure
Pr : Prandtl number
r : Radial position
R : Radius of particle
R : Gas constant, Equation(6)
Reo : Reynolds number based on steady velocity Vo

(VoD!v)
ReI : Acoustic Reynolds number (VID / J/)
S : Strouhal number
S, : Source term for general variable ¢
SPL : Sound pressure level
t : Time
T : Period
Ur : Radial velocity
u. : Axial velocity
Va : Steady slip velocity
VI : Acoustic peak velocity

Greek symbols

13 : Angular direction defined in the streamwise
direction

r : Specific heat
r, : Diffusivity for general variable ¢
c, : Conver'gence criteria
() : Angular direction
fJ :, Viscosity
"Department of Mechanical and Prodution Engineering,
Research Institute of Mechanical Technology, Pusan National
University, Kumjung Ku, Pusan 609·735, Korea

Pu : Gas density
f : Dimensionless time (t f or t / T)
f w : Shear stress
¢ : General variable given in Table 1
w : Angular frequency
00 : Infinity

Subscripts

g : Gas
new : New values
old : Old values
p : Particle
r : Radial
s : Separation
o : Initial
1 : Acoustic
e : Angular
¢ : Dependent variables
00 : Infinity

1. INTRODUCTION

For the steady flow past a solid or fluid sphere at low to
moderate Reynolds number, the numerical solutions using a
semi·analytical method were obtained by Dennis & Walker
(971) and Oliver & Chung (1987) for the Reynolds numbers
in the range 0.1 to 40 and 0,5 to 50, respectively, These studies
showed the flow structure and the drag coefficients, and
compared their results with those obtained from the previous
experimental and theoretical investigations. Oliver & Chung
(987) also studied the internal circulation of a fluid sphere
for different Reynolds numbers, Fornberg (1988) obtained
numerical solutions for steady viscous flow past a sphere at
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Table 1 Source terms S. in equation(l)

2. GOVERNING EQUATIONS AND
BOUNDARY CONDITIONS

(2)

~.

\/~'
Uo = Iv, -v.l

----v.

Ut cos21Tft

¢=¢o

HIGH INTENSITY ACOUSTIC FIELD

¢ r. s.
u, fJ. _1{!_..,..~..1..( 11" OU, )+__1_..1..( i OU')

or 1'2 or! or rsin B oB fJ.S n B or

1 0 ( . B ) 2fJ. OU, Ur
- r 2sin Bar fJ.sm u, -7J1j-4/17

-2 UecotB+ Ue
fJ.----,:'- ?

u, fJ. 1 oP 1 0 ( 2 OU, ) 1 0 ( . OU, )
,-; ae+?ar fJ.r ar + r'sin B ae fJ.sm BJ1j

+__2_..1..( sin BJI.>:.) +~ OU, +.J1.. OUr _ Ji..!.
rsin B oB fJ. I' I' or 1" oB fJ. 1'2

-2/1 UrcotB -2fJ. uBcot'B 1 0 ( ) UrU,
1'2 1'2 1'2 or fJ.rU,-~

The flow field and the particle geometry with some nomen
clature are shown in Fig. 1. In the conservation of momentum
equation, ¢= Ur,UB represents the velocities in the radial r
and axial f) directions, respectively. The source terms S¢ in
Eq. (1) are given in Table 1. The quantities are allowed to
vary in the radial (r) and axial (f) directions whereas a
circumferential symmetry is assumed around an axis which
passes through the center of the particle and is parallel to the
flow direction.

The governing Eq. (l) has the following initial and bound
ary conditions:
Initial conditions ([=0) :

Fig. 1 Schematic diagram showing the geometry and some of
the nomenclature used to simulate oscillating flows past a
spherical particle in the presence of a high intensity
acoustic field

The hydrodynamic characteristics of an oscillating flow
created by an acoustic field over a single particle are studied
by solving the unsteady and two-dimensional axisymmetric
conservation equations for constant property, laminar flow
with the following common form (see Patankar, 1980) :

ing acoustic velocity, UICOS 2rr/t. The effects of varying
acoustic Reynolds number and Strouhal number on the flow
structure, axial pressure gradient, shear stress and flow
separation on the surface of particles are discussed in details.

high Reynolds number up to 5000. This study calculated the
drag coefficients and described the evolution of the wake
bubble resembling a Hill's spherical vortex.

Ockendon(1968) and Sano(1981) investigated the unsteady
viscous incompressible flow past a sphere when a finite
rectilinear velocity is suddenly imparted to the sphere. From
the asymptotic solution for small Reynolds number, they
calculated the drag coefficient up to the term of 0 (Re 2 In
Re). Andres and Ingard (1953 A, B) investigated the acous
tic streaming past a sphere. At a high acoustic Reynolds
number (order of several hundred) they used the boundary
layer equations, and at a low acoustic Reynolds number
(order of ten) the Oseen approximation for the solution of the
Navier-Stokes equation has been adopted. Here the acoustic
Reynolds number is based on the particle diameter and the
peak velocity of the oscillating flow. Pozrikidis (1989) consi
dred the problem of viscous oscillating flow past a particle
with the unsteady Stokes equation at low acoustic Reynolds
numbers. The results obtained by using the boundary-integral
method showed the distribution of shear stress on the surface
of the sphere with the information of its phase, and described
the generation, expansion, and disappearance of an unsteady
viscous eddy from a curved boundary for different fre
quencies.

The studies related to unsteady heat and mass transfer and
combustion over a single solid particle, droplet or droplets in
the presence of an oscillating acoustic field with and without
a steady convective velocity component for various fre
quency ranges have been an interesting topic of experimental
and theoretical investigations (Mori et aI., 1969, Larsen &
Jensen, 1978, Rawson, 1988, Zinn et aI., 1982, Zinn, 1984,
Rudinger, 1975, Faeser, 1984, Koopmann et aI., 1989, Ha, 1990,
Ha & Kim, 1991). These results show varying degree of
changes in heat and mass transfer, depending on the fre
quency and the magnitude of the steady and oscillating flow.
They also indicated that the imposed slip velocity between
the gas flow and the liquid or solid fuel increases the rate of
diffusion of oxidant molecules and the rate of convective heat
transfer due to the presence of acoustic oscillations, which
results in the enhanced combustion.

The previous studies of oscillating flow past a particle are
generally concentrated on the case that the maximum excur
sion of particles over one period of the flow is small compar
ed to the characteristic size of the particles. However, when
the high intensity acoustic fields are applied for the enhance
ment of combustion and heat and mass transfer to and from
particles, the maximum excursion is large compared to the
characteristic size of particles. In this case the acoustic
Reynolds number is very high compared to the Stoke's flow
regime, but it is very low for boundary layer assumptions to
be valid, requiring the solution of full Navier-Stokes equa
tions. There have been no detailed theoretical studies inves
tigating the fundamental aspects of this problem in order to
understand the governing mechanisms. One reason for this is
the enormous computational time. The flow field created by
the acoustic field is unsteady and in some cases contain the
very high frequency. In order to capture the effects of high
frequency a very short time step is needed in the numerical
calculations. The main objective of the present paper is to
investigate the oscillating flow past solid and droplet fuels
such as pulverized coal and coal-water slurry fuels. The
numerical solutions of the two-dimensional laminar, unsteady
mass and momentum conservation equations are solved for
the flow field over a spherical particle exposed to an oscillat-
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Boundary conditions(t >0) : (1982). During the SIMPLEC iteration procedure, the conver
gence criteria used for c.; are defined as follows:

~~ =0. at iJ=O and ;rr (Symmetry Conditions) (3)

¢=¢p, at r=R (4)
(10)

and as r-oo,

Ue = - U1cos (2jrft) sin (iJ)

U T = UICOS (2;rrft)cos (iJ)

where ¢Old represents the values of the previous iteration and
¢new the updated values from the present iteration for U T and
u•.

where

In Eqs (4) and (5), ¢p represents the value of the dependent
variable ¢ at the particle surface. In a traveling wave
acosutic field with a sound pressure level of Prms and acoustic
impedance pgC, where Po is the density and C (=,; yR7';) is the
speed of sound, the peak value of acoustic velocity U1 is given
by

2. RESULTS AND DISCUSSION

180

In the present simulation, the particle diameter is fixed at
100 ,urn in order to consider the flow field over small spherical
particles such as pulverized coal particles and coal-water
slurry droplets. The numerical solution domain is chosen to
be 20 times the particle diameter. The amplitude of the
oscillating velocity (Ul) and the frequency (j) of the applied
acoustic field are varied in order to investigate the effects of
acoustic Reynolds and Strouhal numbers. One period or cycle
is divided into 40 uniform time intervals, so that Ot = II40f is
used as a numerical time stip. A value of 0.005 is used for c¢
in Eq. (0) as a convergence criterion in the present simula
tion.

For steady flow (without an oscillating flow), the magni
tude of the favorable and adverse pressure gradients depends
on the magnitude of the steady velocity Uo, increasing with
increasing values of Uo. The separation of the steady flow
over a sphere starts at a steady Reynolds number of around
20, and the separation angle and the vortex size in the wake
region increase with increasing Reynolds number as shown
by Clift et al. (978) due to the increased adverse pressure
gradient. Fig. 3 shows a comparison of the separation angle
13s (measured in degrees) from the front stagnation point,
obtained from the present simulation. with the approximate
correlation given by Clift et al. (1978) ,obtained from the
numerical and experimental results for the steady Reynolds
number range of 10 to 400 (without a superposed oscillating
velocity, ReI =0). As shown in Fig. 3, the present results for
the separation angle 13s represent well the correlation given
by Clift et al. (978).

After the successful test runs with steady flows, the pro
gram was run for the case of an oscillating flow around a
stationary spherical particle. Figs.4 and 5 show the velocity

(9)

(7)

(8)

(6)

The important nondimensional parameters in the present
calculation are:

Reo: Reynolds number based on steady slip velocity Uo
5 (= fDI U1) : Strouhal number
The conservation equations given by Eq. (1) for a single

particle are solved using a finite difference method with 30
grids points in the iJ, and 50 in the r direction as shown in Fig.
2. The present numberical solution technique for Eq. (1) is
the SIMPLEC algorithm of Van Doormaal and Raithby

where L p represents the sound pressure level, and the units of
L p and Prms are dB and N I m2

, respectively. The velocities
Urp and Uep in Eq. (4) at the particle surface are zero.

The numerical solutions of the Eq. 0), using the above
initial and boundary conditions, give the velocity fields for
oscillating flow over a spherical particle as a function of
time. The wall shear stress flU is calculated from the velocity
profile as follows:

Fig. 2 Coordinate system and computational gird used in the
solution of finite difference equations
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Fig. 3 Comparison of separation angle (;3s) obtained form the
present simulation with previous numerical and experi
mental results
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t~8
Fig. 5 Velocity vectors due to an acoustic field with SPL= 151

dB and f=2000Hz around a spherical particle of diameter
100f1m at different times during one cycle: Reo=O. 0(no
steady flow), Rei=15,7, 5=0.08(11)(;. -~~ t= -2iTfpVIsin (2iTft)sin ()

vectors in the domain from R to 2.1R for Reo=O. 0 and ReI =
15.7 (VI =2. 5m/s) corresponding to 5=0.002 (f=50Hz) and

S=0.08(f=2000Hz). For these small values of the Strouhal
number (0.002 and 0.08) the velocity field reaches quasi
steady state after 4 cycles. Thus the following discussion
concentrates on the results over one cycle after reaching a
quasi-steady state, unless it is mentioned otherwise.

For the case of the low frequency of 50 Hz (S =0.002),
we cannot observe any flow separation (no wake) for ReI =
15.7 as shown in Fig. 4. However, if the frequency is in
creased to 2000 Hz (S=O. 08), we can observe the flow separa
tion and formation of a wake even if the acoustic Reynolds
number ReI based on the amplitude of acoustic velocity, Vb
is lower than 20. In unsteady flow unlike steady flow, the flow
field, separation angle, pressure distribution and shear stress
on the sphere surface is affected by not only the curvature but

the flow acceleration term, ~~. The normalized oscillating

flow velocity, V / VI, and the acceleration, 2iT}VI ~~, are

shown in Fig. 6. The positive sign for V / VI during r=
o.0- 0.25 and 0.75 -1.0 represents a flow direction from left
to right and the negative sign during r = 0.25 - 0.75 res
presents a flow direction from right to left, where r repre
sents dimensionless time (jt or t / T). The axial pressure

gradient, +~~,due to flow acceleration in the potential flow

is expressed as

If we define a new angle f3 measured from the front stagna-

UlUI = cos211' It

1 .000.750.500.25

- 1 -+-r-.--.-r--+-r-.--r-T"-li-"'r---.-.-.--I---r-r-.-.----1

0.00

1. 000.750.500.25
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Fig. 4 Velcoity vectors due to an acoustic field with SPL=151
dB and / = 50 Hz around a spherical particle of diameter
100/1m at different times during one cycle: Reo=O. 0(no
steady flow), Rel=15. 7,5=0.002

Fig. 6 Normalized oscillating flow velcoity, V I Vb and the flow

I · 1 dV· h f .acce eratlOn, 2;r/Vl &' In t e presence 0 an acoustic
field
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Table 2 Summary of flow direction and axial pressure gradient
for an oscillating flow

(14)

/3=;r-8

tion point (stream-wise direction) , this angle is related to the
present angular coordinate 8 shown in Fig. 1 as follows:
at 0.0< r<0.25 and 0.75< r< 1.0,

(15)

Table 2 shows a summary on the flow direction, acceleration
and pressure gradient at the infinity due to imposed oscillat
ing flow.

The axial pressure gradient, C+ ~~) w' and shear stress, rw,
on the sphere surface are shown in Figs. 7 and 8, respectively,
during the half cycle (r=O.0-0.5) for frequencies of 50 Hz
(5=0.002) and 2000 Hz(5=0.08). At r=O.O. the axial
pressure gradient due to the flow acceleration of the oscillat
ing flow is 0.0 for both frequencies of 50 and 2000 Hz, as given
by Eq. (11) and Table 2. Thus, the curvature effects and the
magnitude of the oscillating flow velocity U (=2. 5m/s) are
the major factors influencing the axial pressure gradient on
the sphere surface. The adverse pressure gradient in the

downstream region at r =0.0 is not strong enough to result in
flow separation and to form a wake. Thus, the shear stress on
the sphere surface has negative values in the stream-wise
direction (left to right) for both frequencies of 50 and 2000
Hz, as shown in Fig. 8. At r~=O .125, the axial pressure

gradient (+.~~t due to the flow acceleration given by Eq.

(14) has positive values resulting in an adverse pressure
gradient in the stream-wise direction. The axial pressure
gradient is a sine function of the angular coordinate e, with
maximum values of 645N/ m' at ~jO Hz and 25800N / m' at
2000 Hz at f) = 1f/2. At the low frequency of 50 Hz, the axial
pressure gradient (varing in the range 0-645N / m') due to the
flow acceleration is very small and has no effect on the axial
pressure gradient on the sphere surface. Thus, the axial
pressure gradient depends mainly on curvature and the
magnitude of the flow velocity U (= 1. 768m/s). This results
in a lower axial pressure gradient and shear stress, compared
to those at r=O.O, due to a decrease in the flow velocity U
(from 2.5 to 1.768m/s). However, if the frequency is increased
to 2000Hz, the adverse pressure gradient (varying in the range

and, at 0.25<r<0.75.

(3)

: Acceleration of the oscillating flow velocity U

;3=8

r 0-0.25 0.25-0.5 0.5-0.75 0.75-1.0

Flow
Direction -+ - - -->

Angular
Direction (3=;r-B (3=B (3=B (3=;r-B
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Using Eqs (12) and (13), Eq. (11) can be rewritten as
at 0.0<r<0.25 and 0.75<r<1.0,

and, at 0.25< r<O, 75.

-> : Flow from left to nght
- : Flow from right to left
APG : Adverse pressure gradient
FPG : Favorable pressure gradient
dU
dt

(_LOP) : Axial pressure gradient at infinity (potential flow)
r ae 00

(+1~t :Axial pressure gradient on the surface

8, Degree

Fig. 7 Axial pressure gradient on the surface during the half
cycle (r=0.0-0.5) for frequencies of 50 Hz(S=0.002)
and 2000 Hz(S=O.OS) : Reo=O.O(no steady flow), Re,=
15.7(SPL=I;i1dB)

Shear stress on the surface during the half cycle (r =
0.0-0.5) for frequencies of 50 Hz(S=0.002) and 2000
Hz(S=O.OS) : Reo=O.O(no steady flow), Re,=15. 7(SPL
=151 dB)
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the shear stress on the sphere surface at 2000 Hz will
decrease. However, at 50 Hz, the flow acceleration is very
small compared to the value at 2000 Hz, resulting in negli
gible effect on the axial pressure gradient on the sphere
surface. Therefore, at 50 Hz, the axial pressure gradient and
shear stress on the surface decrease with decreasing values of
the oscillating flow velocity U with no flow separation.
However, for the case of 2000 Hz. the flow acceleration
increases the magnitude of the adverse pressure gradient,
even though the oscillating velocity U decreases from 1.768
to O.Om/s during r=0.125-0.25. This forms a larger wake
and the separation point moves upstream ((38=180--->0), as
shown in Fig. 9.

In the following quarter cyle from r = 0.25 to 0.50 and at 50
Hz, curvature effects and the magnitude of the flow velocity
U are the major factors affecting the value of the axial
pressure gradient and the shear stress on the surface, as in the
first quarter cycle between r=O. 0 and 0.25. The flow acceler
ation has a negligible influence. However, at 2000 Hz, the
acceleration (favorable pressure gradient) of the oscillating
flow at infinity reaches a maximum at r=O. 25 and a flow can
be observed along the surface of the particle from e= 0 to
180, as shown in Figs. 5 and 6, even though the oscillating
velocity U is zero. This flow along the surface has the same
direction as the oscillating flow U during r=0.25-0.5,
increasing the flow velocity compared to that at 50 Hz. At r

= 0.375, the axial pressure gradient (( ~ 1~)Jat 2000 Hz is

favorable (negative values) due to the combined effect of the
increased flow velocity and the greater flow acceleration
with larger values compared to that at 50 Hz, as shown in
Fig. 7. This results in no flow separation at r=0.375, as
shown in Figs. 5 and 8, compared to that at r=O .125. even
though the absolute magnitude of oscillating flow velocity U
at r=O. 375 is the same as that at r=O .125, which is l.768m/
s. The shear stress at 2000 Hz is larger than that at 50 Hz due
to the increased axial pressure gradient with increasing fre
quency, as shown in Fig. 8. At r = 0.5, the acceleration of the
oscillating flow is zero but the oscillating flow velocity at
infinity is at a maximum value of 2.5m/s. as shown in Fig. 6.
The axial pressure gradient and shear stress at this time
depend mainly on curvature which result in the increased
favorable pressure gradient at 2000 Hz due to the effect of the
added flow formed along the sUl;face of the particle during r
=0.0-0.25, compared to the case of 50 Hz.

The velocity and acceleration of the oscillating flow at
infinity during r=0.5-0.75 and r=0.75-1.0 are the same
in magnitude as those during r=0.0-0.25 and 0.25-0.5.
respectively, but with an opposite sign. As discussed by
Andres and Ingard (1953 a, b), an acoustic field generates a
steady motion (acoustic streaming) over a spherical particle,
which is independent of the flow direction of the oscilJating
flow U. However, the magnitude of this acoustic streaming
has small (second order) effects on the flow field. The flow
field over the spherical particle depends mainly on the
magnitude of the velocity and acceleration of the oscilJating
flow U. Therefore, the time history of the axial pressure
gradient and shear stress on the sphere surface from r = 0.5
to 0.75 is very similar to that from r=O. 0 to 0.25, and that
from r=0.75 to 1.0 is very similar to that from r=0.25 to
0,5 except that they are anti-symmetric.

At the acoustic Reynolds number of 15.7 and at 50 Hz. the
flow acceleration has a secondary effect but the curvature
and the absolute magnitude of the oscillating velocity U have
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Fig. 9 Axial pressure gradient and shear stress on the surface
during r=0.125-0.25 for frequencies of 50 Hz(S=0.002)
and 2000Hz(S=0.OS) : Reo=O.O(no steady flow). Rel=
15. 7(SPL=151 dB)

0-25800N/ m') due to the flow acceleration at infinity is 40
times larger than that at 50 Hz. This is a large enough value
to affect the axial pressure gradient on the surface. As a
result, the magnitude of favorable pressure gradient (positive

values of (~.~~ )) is decreased and the adverse pressure

gradient (negative values of (+ ~~ )) is increased, compar

ed to that at 50 Hz as shown in Fig. 7. The adverse pressure
gradient at r=0.125 is larger than that at r=O.O. even
though the flow velocity U decreases, resulting in flow sepa·
ration. Therefore, the adverse pressure gradient on the sur
face is affected both by the flow acceleration and by the
magnitdue of velocity U (= 1. 768m/s). Due to flow separa
tion, the shear stress has a zero value at e=40.5(or (3=
139.5) which is defined as the separation point. The shear
stress at 2000 Hz, although very small, has positive values for
0.0 < e< 40.5 (separated region) and negative ones for 40.5 <
e<180.0 whereas that at 50 Hz always has negative values.

Figure.g. shows the axial pressure gradient and shear stress on
the sphere surface during the time interval from r=0.125 to
0.25 in order to indicate clearly the effect of flow acceleration
at high frequency. At 2000 Hz, when r increases from 0.125 to
0.25, the oscillating flow velocity U decreases but the magni
tude of the flow acceleration increases, as shown in Fig. 6.
Therefore, it is expected that the effect of flow acceleration
will increase whereas the effect of curvature and the magni
tude of the flow velocity U on the axial pressure gradient and
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a major effect on the axial pressure gradient on the sphere
surface. Therefore, we cannot observe any flow separation in
the flow (stream·wise) direction. However, if the frequency
is increased to 2000 Hz, the flow acceleration becomes an
important factor as well as the curvature effects, inducing
flow separation, even if the acoustic Reynolds number ReI is
less than 20 which is the value of steady Reynolds number at
which first wake is observed. Figure 10 shows the variation of
the location of the separation point i3s as a function of I' for
an acoustic Reynolds number of 15.7 and frequency of 2000
Hz. The circular symbol in Fig. 10 represents the com·
putational results for /3s. The separation point moves up·
stream (/38= 180--.0) with increasing acceleration of the

oscillating flow during 1'=0.0-0,25 and 0.5-0.75, giving a
flow along the surface of the particle which has the same
direction as the oscillating flow velcoity V in the following
cycle from r=O. 25 to 0.5 and 0.75 to 1. 0, respectively.

Figures.!l and 12 shows the velocity vectors in the domain from
R to 2.1 R for Reo=O and Re,=94.4(V,=15m/s) corre.
sponding to S=0.0003(f=50Hz) and S=0.013(f=2000Hz)
over one cycle. During a cycle, the direction of the oscillating
flow U, the location of the stagnation point, the flow acceler.
ation and the axial pressure gradient due to the flow accelera.
tion at infinity for Re, =94.4 (VI = 15m/s) are similar to the
case of Re,=15. 7([J,=2.5m/s). However, since the ReI is
larger than 20, a wake is formed at both frequencies of 50 and

o f = 2000 Hz

Fig. 10 Variation (If the separation angle {3s as a function of I' :

Reo=O.O(no steady flow), Re,=15.7(SPL=151dB), S=
0.08(/=2000 Hz)
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Fig. 12 Velocity vectors due to an acoustic field with SPL= 167
dB and 1=2000 Hz around a spherical particle of diam·
eter 100,um at different times during one cycle: Reo=
O.o(no steady flow), Re,=94. 4, S=O.0013

Fig. 11 Velocity vectors due to an acoustic field with SPL=167
dB and f = 50 Hz around a spherical particle of diameter
lOO,um at different times during one cycle: Reo=O.O(no
steady flow), Re,=94.4, S=O.00033

Fig. 13 Axial pressure gradient on the surface during a half cycle
(1'=0.0-0.5) for frequencies of 50Hz (S =0.00033) and
2000 Hz(S=0.0013) : Reo=O.O(no steady flow), Re,=
94.4(SPL=167 dB)
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major influences determining the flow field, separation angle,
the axial pressure gradient and the shear stress on the sphere
surface. However again at 2000 Hz, the acceleration becomes
an important factor in determining the flow field, flow sepa
ration, the axial pressure gradient and shear stress on the
surface.

Figures.13. and 14 show the axial pressure gradient and shear
stress on the sphere surface at frequencies of 50 and 2000 Hz
for the acoustic Reynolds number of 94.4 during the half cycle
from r=O to 0.5. The axial pressure gradient and shear stress
on the sphere surface during r=0.125-0.25 is shown in Fig.
15 as a function of r. The overall trends at ReI = 94. 4 are
similar to the case of ReI = 15,7. During the first quarter cycle
from r=O. 0 to 0.25, the flow acceleration induces an adverse
pressure gradient at infinity with a minimum value at r=O. 0
and maximum at r=O. 25, as hown in Fig. 6 Thus, at 2000 Hz,
increasing flow acceleration leads to decrease the favorable

pressure gradient (positive values of ( ~ ~~)) in the up

stream region and increase the adverse pressure gradient

(negative values of (~ ~~)) in the wake at r=O .125 and

0.25. The shear stress on the sphere surface is proportional to
the magnitude of the axial pressure gradient on the sphere
surface, resulting in high shear stress for high axial pressure
gradient and low shear stress for low axial pressure gradi·
ents. Around r=0.25, the flow from 8=0 to 180 is formed
near the surface due to the flow acceleration at 2000 Hz, as
shown in Fig. 12, even though the oscillating flow velcoity U
is zero. The magnitude of this flow increases with increasing
acoustic Reynolds number from 15.7 to 94.4

Similar to the case of ReI = 15.7, at 2000 Hz, the flow in the
direction 8=0 to 180 formed on the sphere surface during the
previous cycle and the acceleration of the oscillating flow
have complementary effects on the axial pressure gradient in
the quarter cycle from r=0.25 to 0.5. This results in an
increase in the magnitude of the axial pressure gradient along
the sphere surface, as shown in Fig. 13.

The axial pressure gradient and shear stress on the sphere
surface at dimensionless time from r = 0.5 to 0.75 are very
similar to those at time from 0.0 to 0.25, and those from r=
0.75 to 1.0 are very similar to those from 0.25 to 0.5
except that they are anti-symmetric. The reasons for this
have been discussed previously.
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Fig. 14 Shear stress on the surface during the half cycle(r=
0.0-0.5) for frequencies of 50Hz(S=0.00033) and 2000
Hz(S =0.(013) : Reo=O.O(no steady flow), Re,=
94.4(SPL=167 dB)

2000 Hz and the wake size for 2000 Hz is larger than that at
50 Hz, as shown in these figures.

At the frequency of 50 Hz, the axial pressure gradient due
to flow acceleration at infinity for ReI =94.4 is six times
larger than that for ReI = 15. 7 but still too small to affect the
axial pressure gradient on the sphere surface. Thus, as in the
case of ReI = 15,7, the curvature effects and the absolute
magnitude of the oscillating flow velocity U become the

Fig. 15 Axial pressure gradient and shear stress on the surface
during r=0.125-0.25 for frequencies of 50Hz(S =
0.00033) and 2000Hz(S=0.0013) : Reo=O.O(no steady
flow), Re,=94.4(SPL=167 dB)

Fig. 16 Variation of the separation angle 13. as a funcition of r
for frequencies of 50 Hz(S =0.00(33) and 2000Hz(S =
0.0013) : Reo=O.o(no steady flow), Rel=94.4(SPL=167
dB)
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Figure 16 shows the separation angle (38 as a function of r
during one cycle for Re, =94.4. With decreasing magnitude of
the oscillating velcoity U during r=0.0-0.25 and r=
0.5-0.75, the separation point (38 at 50 Hz is moved down
stream «(38=0---180). resulting in a wake decreasing in size.
However, at 2000 Hz, the separation point is moved upstream
«(38= 180---0) due to the increased effects of flow acceleration
(adverse pressure gradient) with increasing wake size. With
the increasing malsnitude of the oscillating velocity U during
r=0.25-0.5 and r=0.75-1.0, the separation point at 50 Hz
is moved upstream with increased spread. When the fre·
quency is increased to 2000 Hz, the flow starts to separate
later due to the effects of flow acceleration (favorable pres
sure gradient) during this time period, resulting in the larger
values of (38 and a wake decreasing in size compared to the
case of 50 Hz.

8. CONCLUSIONS

The axisymmetric, laminar mass and momentum conserva
tion equations for flow around a single spherical particle in
the presence of an acoustic field are solved numerically with
different values of the acoustic Reynolds number and Strou
hal number. In the case of an oscillating flow around a
spherical particle, the velocity fields reach the quasi-steady
state after four or five cycles for low Strouhal numbers (S=
0,0002 - 0.4) considered in the present study. Axial pressure
gradient, shear stress and flow separation on the particle
surface depend on the change of velocity U due to body
curvature and flow acceleration. At low frequencies (-50
Hz), curvature effects are dominant, resulting in increasing
values of these values with increasing U. At high frequencies
(-2000 Hz), the effects of flow acceleration increase. The
combined effects of curvature and flow acceleration deter
mine the axial pressure gradient, shear stress and flow sepa
ration. There is an increase in the size of wake with increas
ing frequencies even though the flow velocity U decreases.
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