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EFFECTS OF PARTICLE ENTRAINMENT ON HEAT TRANSFER PAST
PARTICLES IN AN OSCILLATING FLOW

Man Yeong Ha'

(Received September 9, 1991)

In order to investigate the effect of the particle entrainment on the heat transfer past paricles entrained in an oscillating flow
with and without a steady velcoity, the two dimensional, unsteady, laminar conservation equations for mass, momentum and energy
transport in the gas phase are solved numerically in spherical coordinates. The particle momentum equation is also solved
simultaneously with the gas phase equations. The numerical solution gives the particle velocity variation as well as the gas phase
velocity and temperature distribution as a function of time. The local and space-averaged Nusselt number with particle entrain
ment is compared with that without particle entrainment. In the case of an oscillating flow with a steady velocity, the values of
the space-averaged Nusselt number with particle entrainment are lower than those without particle entrainment at frequencies of
50 and 2000 Hz since the moving particle is entrained in the steady velocity. In the case of an oscillating flow without a steady
velocity, the space-averaged Nusselt number with entrainment at a frequency of 50 Hz is slightly lower than that without particle
entrainment, with a phase lag. At 2000 Hz, the space-averaged Nusselt number with and without particle entrainment is almost the
same, due to very small particle entrainment.
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NOMENCLATURE--------

dB : Decibel
D : Diameter
f : Frequency
h. : Local heat transfer coefficient

: Static enthalpy
k : Thermal conductivity
mp : Particle mass
Nu : Nusselt number
P : Pressure
Pr : Prandtl number
r : Radial position
R : Radius of particle
Reo : Steady Reynolds number ( VoD/ f.J.)

ReI : Acoustic Reynolds number ( VID / f.J.)

S : Strouhal number (jD / VI)
S~ : Source term for general variale rj;
t : Time
T : Temperature
T : Period
U r : Radial velocity
u. : Axial velocity
Vo : Steady slip velocity
VI : Acoustic peak velocity
Vg : Gas velocity
Vp : Particle velcoity

Greek symbols

"Department of Mechanical and Production Engineering,
Research Institute of Mechanical Technology, Pusan National
University, Kunjung Ku, Pusan, 609-735, Korea

fJ : Angular direction defined in the streamwise
direction

Iif, : Diffusivity for general variable ¢
c~ : Ocnvergence criteria
c : Velcity ratio
(J : Angular direction
f.J. : Viscosity
pg : Gas density
r : Dimensionless time (jt or t / T)
rs : Quasi-steady dimensionless time
rj; : General variable given in equation (l)
w : Angualr frequency
CX) : Infinity

Subscripts

g : Gas
new : New values
old : Old values
p : Particle
r : Raidal
s : Space-averaged
s : Separation
o : Steady
o : Initial
1 : Acoustic
(J : Angular
rj; : Dependent variables
CXJ : Infinity

1. INTRODUCTION

The effect of an oscillating flow field with and without a
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Table 1 Source terms S. in equation (1)

and as r--->co,

The flow field and the particle geometry with some nomen
clature are shown in Fig. 1. In the conservation of momentum
equation, cjJ= U r , Ue represents the veclocities in the radial r
and axial 8 directions, respectively. In the energy equation cjJ
= i is the static enthalpy. The source terms S. in Eq. (1) are
given in Table 1. The quantities are allowed to vary in the
radial (r) and axial (17) 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 <t = 0)

axisymmetric conservation equations for constant property,
laminar flow with the following common form (see Patankar,
1980) :

Fig. 1

2. GOVERNING EQUATIONS AND
BOUNDARY CONDITIONS

The hydrodynamic and thermal characteristics of an oscil
lating flow created by an acoustic field over a single particle
are studied by ,solving the unsteady and two dimensional

steady velocity component on heat and mass transfer from
single spherical particles and droplets has been a topic of
investigation since the late 1930s (Marthelli and Boelter,
1939). Some examples of these theoretical and experimental
studies can be found in the previous works (Baxi and Rama
chandran, 1969, Mori et aI., 1969, Gibert and Angelino, 1974,
Larsen and Jensen, 1978, Rawson, 1988). These publications
report an increase, decrease or unnoticeable change in heat
and mass transfer, depending on the frequency and the
magnitude of the steady and oscillating flow. Zinn et aL
(1982) and Faeser (1984) indicated the positive effects of
high intensity acoustics on coal combustion by using acoustic
drivers or pulsed combustion. Koopmann et al. (1989) inves
tigated the effects of high intensity acoustic fields on the rate
of combustion of coal-water slurry fuel in the sonic combus
tor. Yavuzkurt et aL (1989) and Yavuzkurt and Ha (1989)
calculated a decrease of 15,7% and 12,1%, respectively, in the
char burn-out length for a sound pressure level of 160 dB and
at a frequency of 2000 Hz compared to the case with no sound
for the combustion of l00t-tm pulverized coal or coal water
slurry fuels.

The previous studies are generally concentrated on experi
mental and theoretical studies showing the effects of oscillat
ing flow field on heat and mass transfer and combustion past
particles, in which it is usually assumed that the particle is
stationary relative to its gaseous environment. Thus, the
particle momentum equation is not included with the constant
slip velocity between the particle and the bulk gas stream.
However, in the initial stages of combustion of pulverized
coal or coal-water slurry droplets, there exists a steady slip
velocity, Un' This steady slip vecloity decreases during com
bustion since coal particles or particle agglomerates become
entrained in the main gas flow. During the later stages of
pulverized coal or coal-water slurry fuel combustion, the slip
veicoity between the entrained particles and the gas is quite
low for a significant period of time, leading to low heat and
mass transfer to and from the particles. For this situation, the
particle momentum equation should be solved simultaneously
with gas phase equations and the slip velocity continuously
changes depending on the particle trajectories,

As can be seen, the previous experimental and theoretical
studies concentrate on heat transfer past stationary particles
in an oscillating flow with a steady velocity, There are little
detailed studies showing the effects of particle entrainment
on heat transfer past particles in an oscillating flow. The
objective of the present study is to fill out this gap and to
investigate heat transfer past particles entrained in an oscil
lating flow with a steady vecocity component. In order to
achive this objective, an oscillating flow, UICOS 27[/t, induced
by the high intensity acoustic fields is superposed on the mean
steady flow, Uo, in the present study. The two dimensional,
unsteady conservation of mass, momentum and energy equa
tions for a laminar flow past particles in spherical coordi
nates was solved simultaneously with the particle momentum
equation. The results obtained considering particle entrain
ment are compared with those without entrainment,
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In Eqs. (4) and Uj), cPP represents the value of the depen
dent variable cP at the particle surface, Uo is the steady
component of the flow velocity with respect to the particles
and VI is the peak value of the acoustic velocity. The veloc
ities UTP and U. p in Eq. (4) are zero. The static enthalpy ip is
a constant value determined by a specified particle tempera
ture.

In the presence of oscillating flow fields, the particle is at
least partially entrained (but with a phase lag) in oscillating
flow field. At high frequency, the magnitude of this entrain
ment is small. However, at low frequency, the particle is
substantially entrained in the surrounding gas fields. In the
present calculations, the particle momentum equation is in
cluded in order to consider particle entrainment.

The particle momentum equation is expressed as (Koop
mann et aI., 1989):

U.= - (Vo+ UICOS 27r/t) sin fJ
U T = (Va + UICOS 27r/t) cos fJ
1=100

(5)

to yield the updated source terms for the gas phase, since the
particle is entrained in the surrounding gas fields. The gas
phase equations are solved again using these updated source
terms, establishing the new solution for the gas field. This
iterative procedure is repeated until the convergence criteria
c. for the gas phase equations given by Eq. (14) are satisfied.

(4)

where cPOId represents the values of the previous iteration and
cPnew the updated values from the present iteration for u" u.
and i.

The numerical solutions of the gas phase Eq. (l) and
particle momentum Eq. (6) give the velocity and temperature
fields for oscillating flow over a spherical particle as a func
tion of time, with a particle velocity history. From the calcu
lated temperature distribution, the local Nusselt number,
Nu., is calculated as

Integrating the local Nusselt number in the axial direction,
the space-averaged Nusselt number, Nus, is obtained. This is
given by the following equation:

where

Td=AppCd!Vg -1'p1/2
Cd =(24IRe) o+0. 15Reo.687

)

A p =47rR2

(6)

(7)

(8)
(9) I1 n

Nu s=- Nu.dfJ
7r 0

(5)

(6)

where Up in Eq. (6) represents the particle velocity and 1'9

represents Vo+ Vlcos 27r/t for the oscillating flow due to the
acoustic field with a steady velocity component.

4. RESULTS AND DISCUSSION

3. METHOD OF SOLUTION

The boundary conditions for u. and UT as 1'--->00 are also
adjusted as follows:

The gas phase equations are first solved using the same
SIMPLEC procedure of Doormaal and Raithby (1982). Using
this solution, the particle conservation equations are solved

In the present simulation of heat transfer to and from a
single spherical particle, the fluid is air with a free stream
temperature of 20°C. The particle temperature is taken to be
40'C. The thermophysical properties such as viscosity, ther
mal conductivity, specific heat, etc. are calculated at a film
temperature of 30°C since the property variation is small for
the small temperature variation between 20°C and 40°C. The
particle diameter is fixed at 100/1m in order to consider heat
and mass transfer to and from 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 with 30 grid points in the fJ, and 50 in the r
direction. The steady velocity (Vo), the amplitude of the
oscillating velcoity (UI ) and the frequency (f) of the applied
acoustic field are varied in order to obtain the values of the
Nusselt numbers for different steady and acoustic Reynolds
and strouhal numbers. One period or cycle is divided into 40
uniform time intervals, so that ot =, II40f is used as a numeri
cal time step. A value of 0.005 is used for c. in Eq. (14) as a
convergence criterion in the present simulation.

Figure.2. shows a comparison of the separation angle /3s
(measured in degrees) from the front stagnation point, ob
tained from the present simulation, with the approximate
correlation given by Clift, Grace and Weber (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. 2, the present
results for the separation angle /3s represent well the correla
tion given by Clift, Grace and Weber (1978). Figure 2 also
shows a comparison of the Nusselt number obtained from the
present simulation with previously published numerical and

(12)

(13)

(11)

(10)

u.= - (Vo+ Ulcos 27r/t- vp)sin fJ
UT = (Uo+ Vleos 27r/t - vp) cos fJ

The particle momentum conservation Eq. (6) with an
unknown Vp are coupled to the gas phase conservation Eq. (1)

with four unknowns (u"u.,P,i). Thus, coupled, nonlinear,
unsteady and two-dimensional conservation equations with a
total of five unknowns need to be solved simultaneously.

If the coordinate system is fixed in the ground, the gird
system in the solution domain should move with the paricle in
order to consider particle entrainment. This is very difficult
to implement numerically. In order to solve this problem, the
coordinate system is fixed on the entrained particle. This
results in the following extra source terms for the u. and UT

since the coordinate system is noninertial :
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Fig. 3 Oscillating flow U, the entrained particle velocity Up and

the relative velocity (U~up) as a function of dimension
less time; Reo=62.9, Rel=31.5. S=O.00005(j=50Hz)

entrained particle velcoity Up and the relative velocity (U
- up) at 50 Hz, in order to investigate heat transfer past
particles entrained in an oscillating flow with a steady veloc
ity component. The applied acoustic field U oscillates with
an amplitude of 5m/s around a steady velocity of 10m/s.
During the initial and transient period, the particle velocity
increases to about 10m/s due to a major contribution of a
steady velocity Uo, meaning that the particle is almost

3 4 5 6 78 Sl02
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2
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o Present result.1

10

4

6

Figure.3 shows the oscil1ating flow U (= Uo+ UICOS 2;rft), the

Fig. 2 Comparisons of separation angle (/3.) and Nusselt num
ber (Nuo~2) obtained from the present simulation. with
previous numerical and experimental results

4.1 Oscillating Flow With a Steady Velocity

experimental results by Rantz and Marshall (1952), Yuge
(1960), Mori et al. (1969) and Sayegh and Gauvin (1979) for
the steady Reynolds number range of 10 to 100 (without a
superposed oscillating velcoity, ReI =0). The present results
agree well with the numerical results given by Sayegh and
Gauvin (1979). Sayegh and Gauvin (1979) indicated excellent
agreement between previous numerical results and their
calculations. They used a 30 x 40 grid in the e and I' direc
tions, respectively. However, the present results are some
what higher than Yuge's correlation (1960) obtained from
experimental data for Reynolds numbers around 100 and are
somewhat lower for Reynolds numbers around 10. This is
also true for the numerical results of Sayegh and Gauvin
(1979) and Wong, Lee and Chen (1986). For the case of an
oscillating flow with and without a steady velocity compo
nent under the assumption that the particle is not entrained
but is stationary in the presence of an oscillating flow, the
results for space and time-averaged Nusselt number using a
present code represent well the correlations obtained from
the quasi-steady analysis for a frequency of 50 Hz, as shown
by Ha (1991). Under the assumptions of no particle entrain
ment, the particle momentum Eq. (6) is not considered (uP=
0). These comparisons show that the present code is adequate
for predicting the steady and oscillating flow field and heat
transfer for a spherical particle.
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entrained to the steady flow. After a quasi-steady state is
reached. meaning that the particle velocity over a cycle is the
same as the value obtained in the following cycles. the parti
cle velocity oscillates with an amplitude of about 1.24m/s
around a steady velocity of 10m/s. The phase lag between the
gas and particle velocity is about 78'(r=0.2). Thus the
relative velocity (V - vp) has an initial decrease due to
particle entrainment to the steady flow, followed by the
quasi-steady oscillation with an amplitude of about 4.7m/s, as
shown in Fig. 3. The phase lag between the gas and relative
velocity is about 18'(r=0.05). Even though the particle
oscillates with an amplitude of 1.24m/s around a steady
velcoity, the amplitude of relative velocity still has a value of
4.7mjs slightly lower than the oscillating velocity VI (=5m/
s), due to the phase difference. Thus. the boundary layer
formed over the particles is reversed with every half-period
of an oscillating flow. However, for stationary particles
exposed to an oscillating flow with and without a steady
velocity as shown in experimental works (Mori et aI., 1969,
Gibert and Angelino. 1974, Larsen and Jensen, 1978) and
theoretical works (Ha, 1991). the particle velocity is zero and
the relative velocity is the same as an oscillating flow. Thus
the relative velocity with no particle entrainment oscillates
with an amplitude of 5m/s around a steady velcoity of 10m/
s and the flow direction is always is from left to right, unlike
the case with particle entrainment having a flow direction
reversing every half-period. These results show that the heat

transfer past particles with entrainment has different char
acteistics compared with that without entrainment.

Figure.4 shows the local Nusselt number variation with angle
for Reo=62. 9 and Re, =31.5 at a frequency of 50 Hz. The
local Nusselt numbers with parlicle entrainment are compar
ed with the quasi·steady, local Nusselt number without parti
cle entrainment. The Nusselt number is plotted as Nu-2 to
separate effects of pure conduction from convection. Nu=2
corresponds to a pure conduction value. Nu.-2 with entrain·
ment decreases with increasing particle velocity due to the
particle entrainment (see Fig. 3). followed by the quasi
steady state after about four cycles. The relative velocities
with entrainment at r=O.O, 1.0. 2.0, 3.0, 4.0 and 5.0
are 15. 6 _24, 4.88. 4.64, 4.59 and 4. 58m/s, respectively.
resulting in the decreasing Nu.-2 with decreasing relative
velocity due to particle entrainment, as shown in Fig. 4.
However, the relative velocity without entrainment is 15 m/
s. giving Nu.-2 varying in the range of 0.7 -10.64, larger than
Nu.-2 with entrainment varying in the rang of 0.1-5.1 at r
= 5. O. At these dimensionless times, the flow direction at
infinity is from left to right both with and without particle
entrainment. in the coordinate system as shown in Fig. 1.
Thus Nu.-2 has a maximum value at the stagnation point at
8==180 and decreases along the stream-wise direction (8= 180
-> 8=0). In the following dimensionless times of r=0.25,
1.25. 2.25, 3.25, 4.25 and 5.25. the relative velocities
with entrainment are 4.78, - 0.095, - 0.24, - 1.15, - 1. 17
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velocity component. Similar to the case of 1=50 Hz, the
applied acoustic field U oscillates with an amplitude of 5m/
s around a steady velocity of 10m/s, giving Reo=62. 9, Re,
=31.5 and 5=0.02. As shown in Fig. 3, it takes more than
three cycles in order for the relative velocity at 1=50Hz to
reach a quasi-steady state after the particle is almost
entrained in the steady velocity Uo. Three cycles at 50 Hz
corresponds to 120 cycles for 2000Hz. Thus the results up to
around 70 cycles are shown in the present calculation for 1=

2000Hz due to severe computational time. The entrained
particle velocity appraches the steady velocity Uo(=10m/s).
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Fig. 6 Oscillating flow U, the entrained particle velocity Up and
the relative velocity ([j- up) as a function of dimension
less time: Reu=62.9, Re,=31.5, S=0.02(f=2000Hz)

and -1.18m/s. Thus the flow direction at r=O. 25 is from left
to right with a stagnation point at 8 = 180. But the flow

direction at r= 1. 25, 2.25, 3.25, 4.25 and 5.25 is reversed to
that from right to left with a stagnation point at 8 = 0 due to
the particle entrainment. The relative velocity withO'.!t
entrainment is 10m/s with a stagnation point at 8 = l8v 'Nith
a flow direction from left to right, giving Nur2 varying in the
range of 0.04-8.4, larger than Nu,~2 with entrainment vary
ing in the range of -0.006-2.2 at r=5.25. At r=0.5,
1.5, 2.5, 3.5, 4.5 and 5.5, the relative velocities with entrain
ment increases from - 0.62 to - 4. 58m/s with a flow direc
tion from right to left. The relative velocity without entrain
ment is 5m/s with a flow direction from left to right, slightly
larger than -4.58m/s with entrainment at r=5.5. Thus
l'v'ue- 2 with entrainment at r=5.5 has a symmetric profile
around 8=90, compared to that without entrainment. The
relative velocities at r = 0.75, 1. 75, 2. 75, 3. 75, 4. 75 and 5. 75
decreases from 3.85 to 1. 18m/s with increasing particle
velocity due to particle entrainment. These relative velocities
with entrainment are smaller than 10m/s without entrain
ment, resulting in the lower Nu,~2 with entrainment compar
ed with that without entrainment.

Figure.S shows the space-avz averaged Nusselt number (Nus-2)
with and without particle entrainment as a function of dimen
sionless time r for the oscillating flow with steady Reynolds
number Reo=62. 9 and acoustic Reynolds number Re, =31. 5
for Strouhal number of 0.001. The space-averaged Nusselt
number Nus is calculated from NUB using Eq. (16). As shown
in Fig. 5, NUe-2 without entrainment shows the same cyclic
behavior as the sinusoidal relative velocity (same as the
oscillating velcoity with a steady velocity). However, for
NUe-2 with entrainment, another high peak at the half time of
the period in each cycle is observed. This happens since the
space-averaged Nusselt number is not dependent on the
direction of the velocity, which changes as a result of the
acoustic field, and is dependent only on the magnitude of the
total flow velocity.

Figure.6. shows the oscillating flow D, the entrained particle
velocity Up and the relative velocity (U - up) at 2000 Hz, in
order to investigate the frequency effect on the heat transfer
past particles entrained in an oscillating flow with a steady

Fig. 5 Space-averaged Nusselt number with and without parti
cle entrainment as a function of dimensioness time: Reo
=62.9, Re, =31 ,5, S=O. 005 (f =50Hz)

DIMENSIONLESS TIME
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After the initial and transient period, the relative velocity is
expected to approach the oscillating flow with an amplitude
of 5m/s which is the acoustic velocity Ul cos 27fjt, as shown
in Fig. 6. Thus the space·averaged Nusselt number (Nu s-2)
with entrainment bas different time histories compared with
NUs-2 without entainment, as shown in Fig. 7. Nus-2 without
entrainment reaches a quasi-steady state at an early cycle
and oscillates in the range of 2.8-5.1. However the value of
Nus-2 with entrainment decreases during the initial and
transient period until it reaches a quasi-steady state. Nus-2
with entrainment is lower than that without entrainment due
to particle entrainment.

concentrates on the results over one cycle after reaching a
quasi-steady state, unless it is mentioned otherwise. While the
oscillating flow V oscillates with an amplitude of 10m/s, the
particle velocity Up oscillates with an amplitude of 2.72m/s
with a phase lag of about 72" ( r = 0.2). Due to this phase lag
between an oscillating flow and particle velocity, the relative
velcoity, U- Up, oscillates with an amplitude of 9.38m/s slight
ly lower than an oscillating flow V which is the relative
velocity without entrainment. The phase lag between an
oscillating flow, V, and the relative velocity, V-up, is about

4.2 Oscillating Flow Without a Steady Velocity

Figure.8 shows the oscillating flow D, the entrained particle
velocity Up and the relative velocity (U - up) at 50 Hz, in order
to investigate heat transfer past particles entrained in an
oscillating flow without a steady vecloity component. The
applied acoustic field U oscillates with an amplitude of 10m/
s, giving acoustic Reynolds number of 62.9 and Strouhal
number of 0.0005. For this small value of the Strouhal num·
ber, the velcoity and temperature field reaches a quasi-steady
state after an early cycle. Thus the following discussion
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Fig. 7 Space-averaged Nusselt number with and without parti

cle entrainment as a function of dimensionless time: Reo
=62.9, Re,=31.5, S=O.02(j=2000Hz)
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Fig. 9 Angular variation of local Nusselt number with and without particle entrainment: Reo=O, Rel=62. 9, 5=
0.0005 U =50Hz)

180 (r=0.05).
Figure.9 shows the quasi-steady, local Nusselt number varia

tion with angle without steady flow corresponding to Rei =

62.9 and S =0.005. The results with entrainment are compar
ed with that without entrainment. At r=O. 0, the oscillating
velcoity is 10m/s and the particle velocity is 1 m/s. Thus the
relative velocity with entrainment is 9m/s, lower than 10m/s
without entrainment. Nu.-2 with entrainment is lower than
that without entrainment, due to the difference in the relative
velocity with and without entrainment. The difference in
NUo-2 at the stagnation point (8=180) is about 7%. In the
following dimensionless time r=O .125, the particle velcoity is
2.5m/s for the oscillating velocity of 7.07m/s. Thus the
relative velocity with entrainment is 4.57m/s which is 54%
lower than the relative velocity without entrainment. Nu.-2
with entrainment at the stagnation point (8=180) is about
25% lower than that without entrainment. At r=O. 25, the
relative velocity without entrainment is 0 m/s which is the
same as the oscillating velocity. As shown in Andres and
Ingard (I953a) and Andres and Ingard (1953b), a small
steady motion (acoustic streaming) is generated over a
spherical particle in the presence of an acoustic field. Thus,
as shown by Ha (1991), it is expected that the phase lag
between the applied acoustic field and the thermal boundary
layer, and the steady streaming results in NUo-2 without
entrainment varying in the range of 0.5-0.7, even though the
relative velocity is 0 m/s.

However, for the case with entrainment, the relative veloc·
ity is -2.5m/s with a stagnation point at 8=0. Thus Nu.-2
with entrainment varys in the range of-0.001-3.6, larger
than NUo-2 without entrainment. In the following dimension
less time r=0.375, the relative velocity without entrainment
is -7. 07m/s which is the same magnitude as that at r=0.125
with a flow direction from right to left. Thus NUo-2 without
entrainment at r=0.375 has a symmetric profile around 8=
90. compared to Nuo-2 without entrainment at r=O .125.
The relative velocity with entrainment at r=O .375 is-8 .2m/
s with a flow direction from right to left. This relative
velocity with entrainment at r=O. 375m/s is about 80% lar
ger than the relative velocity with entrainment at r=O .125
and about 17% larger than the relative velocity without

entrainment at r=O .375. This results in the larger Nuo-2 with
entrainment at r=0.375, compared to that with entrainment
at r=0.125 and that without entrainment at r=0.375. The
differences in the maximum Nu.-2 at the stagnation point
with entrainment at r=0.375 are 8.4 and 43%, respectively,
compared with that without entrainment at r=0.375 and that
with entrainment at r= 0.125. At r= 0,5 the oscillating veloc
ity and the relative velocity without entrainment have a peak
value of -10m/s. The relative velocity with entrainment at r
=0,5 is 9m/s which is the same magnitude as the relative
velocity with entrainment at r=O.O and 10% lower than the
relative velocity without entrainment at r=O. 5. Nuo-2 with
entrainment at r=0.5 has a symmetric shape around 8=90,
compared with NUe-2 with entrainment at r=O, and is lower
than NUo-2 without entrainment at r=O, 5 with 7.5% differ
ence at a stagnation point. The distribution of Nu.-2 with and
without particle entrainment at a dimensionless time from r
=0.5 to 0.75 is very similar to that from r=O.O to 0.25, and
that at a dimensionless time from r=0.75 to 1.0 is very
similar to that from r=0.25 and 0.75 except that they are
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Fig. 10 Space-averaged Nusselt number with and without parti
cle entrainment as a function of quasi·steady dimension
less time: Reo=O, Re,=62.9,S=0.0005U=50Hz)
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5. SUMMARY AND CONCLUSIONS

The axisymmetric and laminar conservation equations for
mass, momentum and energy are solved numerically in order
to investigate the effects of particle entrainment on the heat
transfer past a single spherical particle entrained in an oscil
lating flow with and without a steady velocity component.
The results with particle entrainment are compared with the
case without particle entrainment. The followings are the
major findings of the present studies.

The moving particle in the presence of an oscillating flow
with a steady velocity is entrained in the steady velocity Uo
and the relative velocity close to the oscillating velocity U,
cos 2IT!! can be used for heat transfer past particles. How
ever, for the stationary particles fixed in the atmosphere, the
sum of oscillating and steady velocity is used for heat trans
fer past particles. This results in the lower space-averaged
Nusselt number with particle entrainment compared with
that without paticle entrainment, corresponding to almost the
steady velocity.

In the presence of the oscillating flow, the magnitude of
particle entrainment decreases and the phase lag between the
particle movement and the oscillating flow increases with
increasing frequency. At 50 Hz, the particle is entrained in the
oscillating flow with a phase lag. Due to this phase lag, the
relative velocity between the flow and the particle has an
amplitude slightly lower than that of oscillating flow U,
giving slightly lower space-averaged Nusselt number with
entrainment compared with the case without entrainment.
The difference in the maximum value of Nur2 with and
without particle entrainment is about 5.2% for Reo=O, ReI
=062.9 and 5=0.0005(f=50Hz) and the phase lag between
NUe-2 with and without entrainment is about 18'. If the fre
quency is increased to 2000 Hz, the particle entrainment is
very small and the relative velocity with and without particle
entrainment is almost the same, resulting in the same space
averaged Nusselt number with and without particle entrain
ment.

Andres, ].M. and Ingard, U., 1953a, "Acoustic Streaming at
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anti-symmetric.
The space-averaged Nusselt number with and without

particle entrainment is shown in Fig. 10 for Re, =62.9 and
Reo=O.O for 5=0 0005(f=50Hz) as a function of dimension
less time. Nus-2 with and without entrainment has two high
and low peak values over one cycle corresponding to the
maximum and minimum values of the relative velocity with
and without entrainment, respectively. Nu s-2 with entrain
ment varys in the range of 0.68-3.84 over one cycle after the
quasi-steady state has been reached, whereas NUe-2 without
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