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Abstract

The evolution of the thermal field around a rotating/spinning sphere interacting with an advecting vortex is
investigated using numerical methods in the Reynolds number range 20 < Re < 300 for particle angular velocities of
0<Q<0.5. It is found that particle rotation and the presence of the vortex significantly influence the heat transfer
distribution locally but the time-averaged values are less affected as compared to classical laminar flow over a solid
sphere. Computations in combination with surface blowing indicate that blowing significantly reduces overall heat
transfer rates but has a very limited influence in damping out the transients caused by an advecting vortex. A heat
transfer correlation for the vortex interaction is also provided.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer to spherical particles in uniform flow is
a fundamental problem, most aspects of which are well
understood and documented (e.g., [1-3]). There is
however limited literature on heat transfer to small
particles, such as droplets, when the flow field experi-
ences temporal and/or spatial fluctuations. For example,
in spray combustion, droplets with Reynolds numbers of
the order of 10-100 [4] interact with a wide spectrum
of turbulent eddies which may be viewed as a collection
of vortex tubes in random walk [5].

Literature reviews on the effects of ambient turbu-
lence on transport rates, especially in the parametric
range relevant to spray combustion, indicate significant
inconsistencies in the experimental observations (e.g.,
[6-8]). In order to identify the fundamental physics in-
volved, an isolated vortex past a sphere in an otherwise
uniform flow may be considered as a basic model, which
was used by Masoudi and Sirignano [9] for the study of
heat transfer to non-vaporizing droplets. They solved
the Navier—Stokes and energy equations for both the gas
and liquid phases numerically in the Reynolds number
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range of 20-100. Their results show that the time-aver-
aged Nusselt number varies monotonically with vortex
circulation strength and offset position. A heat transfer
correlation containing the relevant variables was also
proposed. It was also speculated that, in a spray com-
bustion system, the vortex—droplet interactions at the
Kolmogorov scale might have significant effects on the
associated heat transfer rates. More recently, the same
authors [10] reconsidered the problem for a vaporizing
droplet and found that with surface blowing due to
evaporation (Stefan flux), temporal variations in the
Nusselt number due to vortex advection are usually
small, suggesting that the Stefan flux effectively damps
out the vortical perturbations at the droplet surface.

In spray applications, particularly when air-blast
atomizers are used, droplets can acquire significant
amounts of angular momentum at the time of forma-
tion, as well as in the shear layers present in the flow
field. Recently, Niazmand and Renksizbulut [11] inves-
tigated the transient fluid dynamics of an isothermal
interaction between a vortex tube and a rotating sphere.
The associated literature has been reviewed therein, and
therefore, will not be repeated here. It was shown in
detail that the lift and drag coefficients are significantly
influenced by the presence of the vortex. In the present
work, the simultaneous effects of particle rotation, vor-
tex interaction, and surface blowing on heat transfer to a
sphere are investigated in the Reynolds number range
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Nomenclature

a initial vortex core radius
G, pressure coeflicient, (p — p)/(pU%/2)
cp specific heat at constant pressure
D diameter of sphere
h heat transfer coefficient
k thermal conductivity
L latent heat of vaporization
Nu Nusselt number, hD/k
Nu time-averaged Nu
i normal unit vector
p pressure
Pr Prandtl number, v/«
r, 8, ¢ spherical coordinates
R radius of sphere
Re Reynolds number, U,D/v
t time
temperature, (7t — 7..)/(Ts — Ty)
u, v, w velocity components in the x, y, z directions

Uy free-stream velocity
14 velocity vector
Vinax maximum tangential vortex velocity

Xy Ve initial vortex position

Greek symbols

o thermal diffusivity

£ vortex offset distance, y./R
I initial vortex circulation strength, 27 Vyax
v kinematic viscosity

o vortex radius, a/R

T non-dimensional time, tU,, /R
Q rotational speed, Rw /Uy

w angular velocity

Subscripts

f fluid

S surface

o0 free-stream

from 20 to 300 with Pr = 1. A composite heat transfer
correlation is also proposed, which may be incorporated
to droplet models used in spray codes.

2. Problem statement and formulation

Consider a sphere of radius R and a cylindrical vortex
tube parallel to the z-axis, with a core radius of ¢ and an
initial offset distance of ¢ from the x-axis as shown in
Fig. 1. The vortex tube is initially located 10 radii up-
stream from the center of the sphere and is advected
with the background laminar flow in the positive
x-direction. Throughout this paper, particle angular
velocities around the x and z axes are referred to as spin
and rotation, respectively. The vortex circulation direc-
tion is specified as counterclockwise unless otherwise
stated. In order to avoid mirror image cases, particle
rotation is taken clockwise in all cases.

Fig. 1. Flow geometry and coordinates.

The laminar constant-property viscous flow under
study is governed by the usual set of continuity,
momentum and energy equations as follows:
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These equations have been non-dimensionalized using R,
U, and (R/U,,) as the characteristic length, velocity and
time scales, respectively. The inflow boundary condi-
tions correspond to a uniform flow such that: u =1,
v=w=0,0p/0( =0and T = 0. For outflow (0 > 120°),
zero-gradients along the streamlines are applied to all
velocity components and temperature, while pressure is
set to zero. On the surface of a sphere rotating with a
non-dimensional speed of Q, = Rw./U,, the velocity
components are

u=Q.cospsinf, v=Q.cospcost, w=0 4)
Similarly, the velocity components for a sphere

spinning with Q, around the x-axis are

u=0, v=Q.singsind, w=Q,cosesinl (5)
The instantaneous heat transfer rate averaged over

the surface is represented by the transient Nusselt
number:
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Nu(r):hTD:%/AﬁT-ﬁdA (6)

and the time-averaged Nusselt number during the vor-
tex/sphere interaction period (7, — 7;) is given by:

—_ 1 R
Nu :m /n Nu(t)dr (7)

2.1. Vortex characteristics and initial conditions

The vortex has the same features as described by Kim
et al. [12]. It contains a central core with a non-dimen-
sional radius of ¢ = a/R, and its axis is oriented in the
z-direction (Fig. 1). The initial velocity distribution
within this core is that of solid body rotation, which
reaches its maximum tangential value at » = a, denoted
by Viax (normalized by the U,). For r > a, the vortex
core induces a velocity field that vanishes as » — oo.
This two-dimensional vortex tube (Rankin vortex [13]) is
represented by the following stream function [12]:

Wiz =0) = — 2L nf(x 2 + (- 3 + o)

(®)

Here I'g = 216 V. 18 the initial non-dimensional vortex
circulation at radius g, which is assumed to be positive
for clockwise rotation. The initial location of the vortex
center in the (x—y) plane is denoted by x, and y. as shown
in Fig. 1. Maximum velocity at the vortex core (V)
represents the velocity fluctuation imposed on the uni-
form background flow and is taken to be less than the
free-stream velocity. The vortex structure and its
strength are fully characterized by V.« and ¢ at time
v = 0. At later times, the advection, diffusion and dis-
tortion of the vortex are obtained as part of the flow
field solution. The initial pressure field imposed by the
vortex tube can be obtained from a balance of the cen-
trifugal acceleration with the pressure gradient in the
radial direction and has the following form [12]:

I !
2 [()C - xr)z + (y _yc)z + 62]

p()(xvyvz7t = 0) =

The initial velocity and pressure fields are determined
by the superposition of the flow field induced by the
vortex tube on the uniform free-stream as:

0 0
Mt:o:1+—w, Ur:o:—a—f7 W0 =0, po=pm

dy
(10)

3. Solution method and accuracy

The governing equations given in Section 2 were
solved numerically. A control-volume based integration

technique was used in performing the discretization
process in a generalized coordinate system (&, n,{),
which in the present case lies along the spherical coor-
dinates (6, ¢,r). The transient terms were discretized
using a second-order accurate three-point backward
scheme. A linear profile was assumed in the evaluation
of diffusion fluxes at the control volume faces. For
convective terms, a central differencing scheme with
deferred correction was employed after linearizing using
the best available estimates of velocity components from
the previous iteration. The details of the numerical
solution procedure and evidence of its accuracy are gi-
ven elsewhere [11,14,15] and therefore, will not be re-
peated here.

4. Results and discussion

The velocity and thermal boundary layers are both
affected by sphere rotation and the presence of a vortex
in close proximity to the particle. Both effects break
down the symmetry of the flow pattern around the
sphere and influence the development of the wake dra-
matically, which leads to the formation of a transient
three-dimensional flow around the particle.

Transient effects of the vortex/rotating—particle
interaction are characterized by five parameters: vortex
core size (), vortex offset position (&), vortex maximum
tangential velocity (¥.x), Reynolds number (Re), and
particle rotational speed (). Calculations were per-
formed for Reynolds numbers up to 300 with non-
dimensional angular velocities in the range 0 < 2<0.5.
Rotation in the clockwise direction is considered as
positive for both the vortex and the sphere. The maxi-
mum tangential velocity at the edge of the vortex core is
taken in the range of 0.1 < V. <0.4, which can be
interpreted as the level of velocity fluctuations imposed
on the otherwise uniform background flow due to the
presence of the vortical structure. This range for V. is
chosen in accordance with turbulence intensities
encountered in spray combustion, which are typically in
the range of 10-40% [4]. The vortex is initially located at
x. = —10R and y, = &R with an offset range of -6 <e< 6
and a core radius range of 0.5< g <4.

Clearly, many possibilities for the vortex—particle
interaction are conceivable based on the vortex param-
eters and Reynolds number, especially, when different
axes of rotation are considered for the sphere. It is
known that the most severe effects on the forces acting
on the particle occur when the vortex interacts with a
sphere rotating around an axis normal to the flow
direction [11]. Furthermore, the effects of particle rota-
tion and spin on the heat transfer rates in the absence of
a vortex interaction are somewhat different. Numerical
results [14] and experimental observations [16] have
shown that increasing rotational speed at moderate
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Reynolds numbers initially decreases the heat transfer
rates, while an opposite trend appears at higher rota-
tional speeds. On the other hand, present calculations
for flow over a spinning sphere indicate a gradual in-
crease in the Nusselt number with increasing spin.

In the following sections, first a general view of the
temperature field variations due to particle rotation and
the presence of the vortex is presented; then the role of
the different vortex parameters on the heat transfer rates
are analyzed. The primary focus will be on particle
rotation around the z-axis, which is normal to the flow
direction. Other possibilities for the orientation of the
particle rotation axis are discussed in Section 4.6. It
should be noted that the initial numerical disturbances
in the flow parameters due to the sudden introduction of
the vortex and the sphere into the uniform background
flow dissipate rather fast and are not shown in the time-
dependent figures discussed hereafter.

4.1. Thermal flow structure

A global view of the transient thermal patterns dur-
ing a vortex interaction with a rotating sphere can be
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gained from Fig. 2(a—), which show a sequence of the
instantaneous isotherms and pressure coefficient con-
tours for the case of Re =100, Q. = 0.25, Vpu = 0.4,
e=0,0=1and I <0, henceforth called the base-case.
For a particle rotating around the z-axis, symmetry is
maintained with respect to the (x—y) plane since the
cylindrical vortex advects with its axis remaining parallel
to the z-axis. Hence, the isotherms in Fig. 2(a) are
symmetric with respect to the x-axis. The vortex is ini-
tially introduced to the flow field at the same tempera-
ture as the background flow, and therefore, does not
produce thermal disturbances in the flow field. Conse-
quently, the vortex position with respect to the particle
in the thermal field is only traceable when the vortex
interacts with the particle thermal boundary layer and
its wake. However, the motion of a low-pressure region
associated with the vortex core makes the pressure
coefficient contours shown in Fig. 2(c) a suitable tool for
tracing the vortex behavior.

As stated earlier, the sphere is suddenly placed in a
uniform flow and at the same time the vortex is intro-
duced 10R upstream of the particle. Initially the vortex
advects with the superimposed uniform flow; thus at

=15
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Fig. 2. Flow over a clockwise rotating sphere at Re = 100 and Q. = 0.25 interacting with a counterclockwise rotating vortex at
Viax = 0.4, ¢ =0 and o = 1: (a) isotherms in (x-—z) plane, (b) isotherms in (x—y) plane, both with AT = 0.07 for 0.07 <7 <0.91; (¢)
pressure contours in (x—y) plane with AC, = 0.178 for —0.7 < C, < 0.9 (dashed lines used for negative values).
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1=1.5, the center of the counterclockwise rotating
vortex tube has moved about less than a diameter to-
ward the particle, while a thin thermal boundary has
formed around the particle. The edge of the vortex core
almost reaches the front stagnation region of the sphere
at about t = 8. During this time, the thermal boundary
layer has developed further around the sphere and the
wake has extended downstream. Particle rotation causes
the (x—) plane isotherms to develop a non-symmetrical
pattern with respect to the principal flow axis. Later,
with its center still approaching the sphere surface, the
vortex starts passing around the lower hemisphere at
about 7 = 10. It is clear from the pressure contours in
Fig. 2(c) that the center of the vortex remains below the
principal flow axis as it moves downstream into the
wake region. This causes the isotherms to shift towards
the bottom of the particle in the (x—y) plane, while in the
(x—z) plane the position of the vortex can be identified
from the expansion of the isotherms along the axis of the
vortex tube. This cross-flow expansion in the (x—z) plane
is discernable in Fig. 2(a) at 1 = 12 and becomes more
clear at T = 15. At later times, t > 18, the isotherms in
the (x—y) plane are displaced farther towards the
underneath of the particle such that a separated thermal
region emerges in the (x—z) plane, which disappears at
later times as the vortex moves sufficiently far down-
stream. More details about the fluid dynamical aspect of
the vortex interactions with rotating spheres can be
found in Refs. [11,12].

4.2. Effects of vortex strength

The effects of vortex strength on the heat transfer
coefficient are studied by varying V. in the base-case
identified in Section 4.1. For a vortex with a given core
size, the vortex strength I' is directly proportional to the
maximum tangential core velocity V.. Clearly, vortices
with larger V., induce stronger fluctuations in the
background flow and are potentially more influential on
the heat transfer rates.

Fig. 3 shows the temporal variation of the Nusselt
number for V., = 0.1, 0.2, 0.3 in addition to the base-
case value of Vp,x = 0.4. The Nusselt number history for
classical laminar flow past a solid sphere (non-rotating
sphere and no vortex interaction, henceforth called the
classical-flow) is also included in this figure for com-
parison. All cases show a reduction in the Nusselt
number when the vortex is in the vicinity of the particle
(t & 9). This can be explained by the fact that a coun-
terclockwise rotating vortex (I' < 0) initially located on
the flow axis (¢ = 0), passes underneath the particle [11],
and in the process, reduces the convective effects around
the front stagnation region. After passing the particle at
about t = 12, the vortex resides in the lower part of the
wake and enhances convective effects in the wake region,
which increases the heat transfer rates from the rear

8 Re=100, 6=1, e=0, Q= 0.25
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Fig. 3. Time histories of the heat transfer coefficient for dif-
ferent vortex strengths. Classical flow is uniform laminar flow
past a non-rotating solid sphere without any vortex interaction.

hemisphere. As the vortex moves further downstream, it
becomes less influential and for all vortex strengths, the
Nusselt numbers approach a constant value corre-
sponding to ©Q, = 0.25, which is slightly lower than the
classical-flow value.

In Fig. 4, the effects of both particle rotation and
vortex circulation direction on the transient behavior of
the Nusselt number are shown. For a non-rotating
sphere, positive and negative I produce mirror image
solutions; however, for a rotating particle, two inde-
pendent solutions are obtained based on the vortex
circulation direction. For uniform flow (no vortex
present) over a clockwise rotating sphere, it is known
[14] that the location of the high heat transfer region
shifts to the upper hemisphere. Since, a clockwise
rotating vortex (I' > 0) also increases convective trans-
fer in this region, an increase in the Nusselt number is
observed during the approach time, 7 < 8. At later times,
the vortex passing over the upper part of the particle
leads to a decrease in the heat transfer rates because of

8.1 ‘\\ Re=100, o=1,¢=0, V=04
8 \t\._
L \\.. )
7.9 \\ classical flow
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T

Fig. 4. Effects of vortex circulation direction.



2274 H. Niazmand, M. Renksizbulut | International Journal of Heat and Mass Transfer 47 (2004) 2269-2281

the opposing nature of the vortex circulation direction
to the flow in this region. Note that this reduction is
larger than the corresponding value for a counter-
clockwise rotating vortex because a counterclockwise
rotating vortex passes around the lower hemisphere
where the region of lower heat transfer is located due to
particle rotation. As expected, the transient distribution
of Nu for a non-rotating particle lies in between the
above cases, except for late times, when it approaches
the case with no vortex interaction, whereas the rotating
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particle cases stay slightly below the cases with no vortex
interaction.

It is also worth examining the surface distribution and
the average values of the heat transfer rates for one of the
above cases. However, a non-rotating case is considered
first for reference. Fig. 5 shows the surface distribution of
the Nusselt number for flow over a non-rotating sphere
interacting with a counterclockwise rotating vortex at
three time levels: T = 7.5 when the vortex center is lo-
cated about 2.5R upstream, 7 = 10 when the vortex is
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Fig. 5. Local Nusselt number distributions for Re = 100, Q. = 0, V;,.,x = 0.4, ¢ = 0 and ¢ = 1 at three time levels: 1(a,b) T = 7.5, 2(a,b)
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located under the sphere, and 7 = 15 when the vortex
almost leaves the attached wake. In this figure, frame
combinations (a,b) show the three-dimensional front and
rear views of the Nu distributions. For classical flow over
a solid sphere, it is well known that the maximum heat
transfer region is located around the front stagnation
point, and that Nu continuously decreases towards the
separation point, beyond which an increase in the heat
transfer rate is observed owing to the convective effects of
the recirculating wake. In contrast, during its approach
(r < 10), a counterclockwise rotating vortex causes the
front stagnation point to move significantly downward
[11]. As shown in Fig. 5(1a), at T = 7.5, the region of
maximum heat transfer has shifted to the lower hemi-
sphere (0 = —30°) while the local high heat transfer re-
gion in the rear hemisphere has moved slightly upwards.
During the passage of the vortex around the bottom of
the sphere (t > 9), the pressure distribution in the front
hemisphere undergoes an important change, which re-
sults in the gradual displacement of the stagnation region
from the lower part to the upper part. At t = 10 the re-
gion of the maximum Nu has moved to 0= —10° as
shown in Fig. 5(2a), while its value has decreased slightly
(as explained earlier in relation to Fig. 3). Note that
surface-averaged Nu is minimum at 7 ~ 10. At 7 =15,
the region of highest local heat transfer has moved to the
upper hemisphere (6 =2 10°) and the local high Nu at the
back has moved to the lower hemisphere. As the vortex
moves farther downstream, the Nu distribution ap-
proaches that of the classical flow as expected.

In Fig. 6(1-3), the surface distributions of the Nusselt
number for the same flow conditions as in Fig. 5(1-3)
but for a rotating particle (2, = 0.25) are shown. Evi-
dently, particle rotation influences the local Nu distri-
bution significantly. At t = 7.5 in Fig. 6(1a), a region of
high heat transfer rate in the lower front half at almost
the same location as the non-rotating case is discernable.
In addition, two new regions of the same Nusselt num-
ber have appeared on the upper front hemisphere, lo-
cated symmetrically with the (x—y) plane. Furthermore,
the regions of lowest Nu are also located symmetrically
on the upper hemisphere as seen in Fig. 6(1b). Both the
front and rear views of the Nusselt number distributions
are entirely different from the corresponding views for a
non-rotating particle. More details about the fluid flow
and physics behind this rather unusual thermal pattern
can be found in Ref. [14]. At t = 10, similar to the non-
rotating case, the region of the local high Nu in the lower
front half has moved upward, while its value has de-
creased. No major changes have occurred in the rear
hemisphere. Finally, at T = 15, only two regions of high
Nu are located in the upper half, while the conditions on
the rear hemisphere have changed significantly as com-
pared to the previous time level. Now the regions of
lowest heat transfer rate are located on either side of the
rear stagnation point.

Despite the fact that particle rotation brings about
drastic changes in the heat transfer distribution locally,
the surface-averaged values of Nu are quite insensitive to
particle rotation. Furthermore, calculations for the
present case show that the time-averaged Nusselt num-
bers for 0.1 < V. < 0.4 are very close to the Nu values
of the classical flow. As shown in Fig. 3, decreases in the
Nusselt number are followed by increases, and therefore,
the time-averaged variation is small.

4.3. Effects of vortex size

The effects of the vortex core size on heat transfer are
studied by performing computations with 7;,,, = 0.3 and
five different core sizes: ¢ = 0.5, 1, 2, 3, 4. The temporal
behavior of the Nusselt number is presented in Fig. 7,
where two non-rotating cases are also included for
comparison. This figure shows that the Nusselt number
distributions for all core sizes follow a similar trend, and
that increasing the vortex size to sphere diameter ratio
intensifies the deviation of the Nu distribution from that
with no vortex interaction. The fact that the Nusselt
number distribution for o = 4 essentially coincides with
that for ¢ = 3 indicates that larger vortices will not be
more influential on the heat transfer rates. For a given
Vimax» the vortex strength is directly related to the vortex
core size, and therefore, vortices with larger radii
introduce stronger secondary flows and thus create
stronger convective effects. However, with large vortices,
the particle is essentially embedded inside the vortex and
the local flow field around it is weakly modified by the
superimposed convection associated with the vortex.
Fig. 7 also shows that, for the case of ¢ = 4, the tem-
poral variation of the heat transfer coefficient for a non-
rotating particle approximately follows its rotating
counterpart. This indicates that particle rotation does
not play an important role on the transient behavior of
Nu when the vortex size is in the range of its maximum
effectiveness.

4.4. Effects of vortex offset position

To examine the effects of initial vortex offset distance
from the principal flow axis, computations were per-
formed with ¥,.x = 0.2 and —6 <e< 6. Since positive
and negative offset positions lead to different temporal
behavior, they are presented separately in Fig. 8.

Fig. 8(a) shows the temporal changes in Nu for po-
sitive offset distances, 0 < ¢< 6 for flow over a rotating
sphere (2. =0.25) at Re =100, interacting with a
counterclockwise rotating vortex of core radius o = 1.
The Nu variation for flow over a non-rotating sphere in
the absence of a vortex is also included for comparison.
This figure indicates that the strongest Nu temporal
variations occur when the initial vortex position is about
a diameter away from the flow axis. Furthermore, there
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is a striking difference between the cases of positive offset
and ¢ = 0. This is because a vortex introduced upstream
with ¢ = 0 has a head-on collision with the sphere and
travels around the lower side of the particle [11,12],
while for positive offset distances, the vortex naturally
passes over the upper side of the particle. For a coun-
terclockwise rotating vortex this leads to an increase in
convective effects over a large portion of the front
hemisphere, and thus, vortex circulation augments par-
ticle heat transfer.

Cases involving negative offset positions are shown in
Fig. 8(b). Note that the initial vortex offset position
during the approach time remains almost constant, and
therefore at T = 10, when the vortex nearly reaches the
particle, a counterclockwise rotating vortex with a neg-
ative offset reduces velocities along the stagnation

streamline as compared to that of classical flow over a
solid sphere. Consequently, due to the reduction in
convective effects over the front hemisphere, Nu de-
creases. At later times, when the vortex moves far down
stream, Nusselt numbers for all offset positions ap-
proach that of a rotating sphere at Q. = 0.25. Again, the
strongest deviation from the base flow occurs with offset
positions of about a diameter from the principal flow
axis.

In spite of the clear temporal sensitivity of the Nus-
selt number to the vortex passage (Fig. 8(a,b) when
¢ # 0), the deviations of the time-averaged Nu from that
of classical-flow are small. The largest deviation ob-
served in the present work is approximately 12%,
whereas the largest deviation for a rotating sphere in the
absence of a vortex interaction is less than 3% [14].
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Fig. 7. Time histories of the heat transfer coefficient as a
function of vortex core size.
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4.5. Effects of particle rotation speed

As discussed earlier, sphere rotation significantly
influences the local heat transfer distribution; however,
the surface-averaged values are almost independent of

Re=100,6=1,6=0,V,, =02, I'<0
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Fig. 9. Time histories of the heat transfer coefficient as a
function of particle rotation speed for: (a) counterclockwise
rotating vortex, (b) clockwise rotating vortex.

particle rotation as long as Q2 < 0.25. Fig. 9(a) shows the
transient changes in Nu as a function Q. for Vi, = 0.2,
while other flow parameters remain the same as in the
base-flow case. Fluid dynamics around a rotating sphere
with no vortex interaction indicate that the entrainment
of the flow around the particle increases with rotational
speed and causes thickening of the thermal boundary
layer, which in turn reduces the heat transfer rates. The
case with Q. = 0.5 shows that the heat transfer rates
remain continuously below the classical-flow case.

In Fig. 9(b), the temporal behavior of the Nusselt
number for the same flow conditions but for clockwise
vortex rotation is shown. A comparison of Fig. 9(a) and
(b) shows that Nu variations show more temporal sen-
sitivity to rotational speed for cases with positive vortex
circulation. As indicated earlier, a counterclockwise
rotating vortex when initially placed on the flow axis
(e =0) will travel around the bottom of the rotating
particle, in contrast to the clockwise rotating vortex,
which passes over the topside. Different flow features
over the top and bottom hemispheres of a clockwise
rotating sphere during the interaction with the vortex
[11] lead to these temporal heat transfer characteristics.
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4.6. Effects of Reynolds numbers

To examine the effects of Reynolds numbers on the
heat transfer rates, five different Reynolds numbers
Re = 20, 50, 100, 200, 300 with V;,,x = 0.3 and Q. = 0.25
are considered for a vortex core radius of ¢ =3 and
offset position ¢ = 2. Fig. 10 shows the results along with
the Nu variations for the classical flow. Earlier consid-
erations indicate that more significant vortex-induced
fluctuations in the transient surface-averaged Nu occur
for larger vortex sizes and an offset distance of about
one particle diameter. Therefore, the above-chosen
vortex core size and offset position can provide an esti-
mate of the upper limit of these changes for different
Reynolds numbers. Apparently, the heat transfer fluc-
tuations induced by the vortex at a given vortex strength
are stronger at higher Reynolds numbers. Since viscous
effects are more dominant in low Reynolds number
flows, the inertial variations induced by the vortex are
relatively damped. Note that the flow at Re = 300 has
not developed into a vortex shedding wake yet. The
periodic wake patterns are established after a certain
period of time depending on particle rotation and other
perturbations (see [14,15] for details).

4.7. Effects of the particle rotation axis

In many spray systems, droplets acquire angular
velocity because of atomizer design (e.g., air-blast noz-
zles). Particles can also gain rotation due to the presence
of boundary layers or shear layers in different engi-
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Fig. 10. Time histories of the heat transfer coefficient as a
function of Reynolds number.

neering applications. Prior numerical computations of
the flow field around a rotating sphere indicate that the
strongest dynamical effects occur when the axis of
rotation is normal to the main flow direction [11]. For
this reason, the emphasis of the present study has been
on this type of particle rotation. Yet, almost all cases
considered for particle rotation (£,) have been repeated
for particle spin (Q,), which will be discussed here. In
addition, a few cases involving simultaneous particle
rotation and spin have been examined.

Present calculations indicate that at low spin
(2, =0.25), the time variation of the heat transfer
coeflicients are essentially the same as the non-spinning
cases, even when different vortex strengths, vortex
positions and core sizes are applied. However, there are
slight increases in heat transfer rates owing to particle
spin, which are more pronounced at late-times. This is in
contrast to rotating cases, where reductions in heat
transfer rates are observed.

In Fig. 11(a), time histories of the heat transfer
coefficients for four different spinning speeds are plotted
for Re =100, 6 =1, Vyax = 0.3 and ¢ = 0. The corre-
sponding cases without particle spin and vortex inter-
action are also shown for comparison. Thermal
behavior typical of head-on collisions discussed earlier is
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Fig. 11. Time histories of the heat transfer coefficient for: (a)
different spinning speeds, (b) rotation around different axes.
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observed. The positive contributions of large particle
spin (Q, = 1) shift the Nusselt number values to higher
levels at all times. Furthermore, the heat transfer rates
are almost insensitive to particle spin for angular
velocities Q, <0.5.

In Fig. 11(b), the time variations of the Nusselt
number for three particle rotation axes with different
orientation (x-axis, z-axis, and an axis at 135° to the
x-axis in the (x—z) plane) are compared. In addition,
the classical-flow results are included for comparison.
The base-flow conditions with V., = 0.2 and Q = 0.25
for each axis are considered. At this angular velocity,
Nusselt number variation is not influenced by particle
spin (Fig. 11(a)); however, particle rotation reduces the
heat transfer rates and also causes Nu to be more sen-
sitive to the fluctuations caused by the vortex during the
interaction time (10 <t < 13). The case with Q, =
—0.17 and Q. =0.17 follows the one with particle
rotation around the z-axis only, especially, during the
approach and interaction times (v < 13).

4.8. Effects of the surface blowing

In the present work, surface blowing is prescribed as
V, = C(1 + K cos 0), where 0 is measured form the front
stagnation point. Coefficient C is a measure of the
strength of blowing and is chosen in the range
0.01 < C <0.04 based on experience with droplet evap-
oration in high temperature flows. For non-uniform
surface blowing, K is set equal to 1, resulting in much
larger surface blowing from the front hemisphere.

Fig. 12 shows the simultaneous effects of surface
blowing and particle rotation on the transient behavior
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Fig. 12. Time histories of the heat transfer coefficient with and
without surface blowing and particle rotation.

of Nu during the interaction of a vortex with the sphere.
Non-uniform surface blowing with the strength of
C=04 is considered for Re=100, Q. =0.25,
Vimax = 0.3, and ¢ = 3, with two different vortex offset
positions of ¢ =0 and 2. Furthermore, classical flows
over a solid sphere with and without surface blowing are
included for reference. As expected, surface blowing
reduces the heat transfer rates owing to the thickening of
the thermal boundary layer, and therefore, a shift to-
wards lower heat transfer rates is observed. However,
the qualitative transient behavior of the heat transfer
perturbations are not influenced by surface blowing as
compared to the corresponding non-blowing cases.
Slight changes, particularly for the case of ¢ = 0 are due
to the particle rotation effects as discussed earlier with
respect to Fig. 4. This is in contrast to the speculation of
Masoudi and Sirignano [10] that surface blowing may
damp out the vortical perturbations in heat transfer
rates at the droplet surface.

4.9. A composite heat transfer correlation

Surface blowing, sphere rotation/spin, and ambient
vortical structures are all expected to influence heat
transfer from a sphere at varying levels. The effects of
surface blowing are well established within the context
of droplet vaporization and a number of reliable Nusselt
number correlations exist. As for particle rotation, it is
established [14] that even a low level of rotation signif-
icantly changes the heat transfer distribution locally, yet
for 2<0.5, rotation or spin has negligible affect on the
time-averaged Nu as indicated earlier. Therefore, corre-
lations developed for non-rotating vaporizing droplets
are applicable to rotating spheres with a high degree of
accuracy.

Heat transfer rates from a sphere can increase or
decrease during a vortex encounter depending on the
vortex parameters. Starting with a heat transfer corre-
lation developed by Renksizbulut and Yuen [17] for
vaporizing droplets, the following composite correlation
including the effects of vortex interaction is established
here:

(1+B)"7
1 — (0.03VyueRe*) /(|6 — 3| + 1)
=2+ 0.57Re" 2P/ (11)

where B = ¢,(T — T;)/L is the transfer number. Since
the present study does not actually consider the vapor-
ization of a liquid droplet, this definition of B is not
applicable here. However, for prescribed surface blow-
ing, it can be shown that B = CRePr/Nu, where C is the
average non-dimensional blowing velocity and Nu is the
computed average Nusselt number. As shown in Fig. 13,
the numerical data correlated well (within £10%) with
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Fig. 13. A composite heat transfer correlation for flow over a rotating sphere with surface blowing and vortex interaction.

this equation. It should be noted that V., is positive for
clockwise vortex circulation and vice versa. Similarly, ¢
can be positive, negative or zero. Data originating from
cases with rotation, surface blowing and their simulta-
neous application are taken from [14].

5. Conclusions

Transient thermal interactions between isolated vor-
tices and rotating/spinning spheres have been studied
using numerical methods. The effects of vortex features,
particle angular velocity and axis of rotation, as well as
simultaneous surface blowing on heat transfer have been
analyzed. It is observed that the presence of the vortex
and particle rotation significantly influence the heat
transfer distributions locally, and to some extent, the
surface-averaged transient behavior, while the time-
averaged values of the Nusselt number are less affected
as compared to the classical case of uniform laminar
flow over a solid sphere.

It is observed that increasing in the vortex circulation
strength at fixed core size results in increasingly larger
deviations in the thermal behavior from that of classical-
flow, whereas increasing the vortex circulation strength
by increasing the vortex size at a constant V. leads to a
different behavior in the Nusselt number temporal
behavior. Strongest deviation from base flow occurs at a
certain vortex size (o ~ 3). Obviously, for the case of
very large vortices, the local flow field around the
embedded sphere is very weakly modified by the advec-
ting vortex. Similarly, a vortex passing at a far distance
hardly influences the near particle flow pattern. Present
calculations show that Nu deviations from base flow start

to level out for vortices passing more than two diameters
away from the principal flow axis, while the strongest
temporal variations occur for the offset distance of about
one diameter (¢ = £2). It is also found that with simul-
taneous surface blowing, the temporal variations in
Nusselt number due to the advecting vortex are quali-
tatively similar to those when surface blowing is absent,
although there is a reduction in the heat transfer rates
because of the thickening of the thermal boundary layer.

The aforementioned effects appear to be stronger at
higher Reynolds numbers, since viscous effects that are
more dominant at low Reynolds numbers dampen the
inertial fluctuations caused by the advecting vortex. It is
also interesting to note that similar dependences on the
vortex parameters have been observed for the drag
coefficient variations [11].
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