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Flow Past Stationary Spherical Particles
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A. Dasgupta¤

Quest, Inc., Flint, Michigan 48507
and

T. I-P. Shih†

Michigan State University, East Lansing, Michigan 48824

Computationswere performed to investigate� ow past stationaryspherical particles with and withoutan imposed
sinusoidal � uctuation in the streamwise velocity upstream of the particles at two different particle Reynolds
numbers (50 and 100). When there is an imposed velocity � uctuation, the amplitude of the velocity � uctuation was
kept at 0.05of the mean velocity magnitude,and � ve wavelengths (2D, 4D, 5D, 7D, 10D; D is particle diameter) were
investigated. The focus of the computations is to understand how wavelength of velocity � uctuation affects drag,
surface pressure, and surface shear for the following three particle problems: 1) an isolated single particle, 2) four
particles-in-tandem along the � uctuating-� ow direction, and 3) an array of particles arranged in a nonstaggered
fashion. Results show the drag, friction, and pressure coef� cients to be strong functions of the wavelength of
velocity � uctuation. Also, the � uctuating velocity was found to change the point of � ow separation. For the single
particle problem, velocity � uctuations were found to increase the drag coef� cient. For the problems involving
particles in tandem and an array of particles, velocity � uctuations were found to decrease the drag coef� cient due
to particle interactions. This study is based on the conservation equations of mass, momentum (full compressible
Navier–Stokes), and energy for three-dimensional, unsteady, laminar � ows of an ideal gas with constant speci� c
heats. Solutionswere generated by using a second-order-accurate � nite volumemethod based on Newton–Raphson
iteration and a diagonalized alternating-direction implicit scheme on overlapped grids.

Nomenclature
Ac = particle cross-sectionalarea (Ac D ¼D2=4)
CD = drag coef� cient (CD D total drag= 1

2
½u2

0 Ac/
NCD = drag coef� cient averaged over one

� uctuation period
CD; f = friction drag coef� cient

(CD ; f D friction drag= 1
2 ½u2

0 Ac/
NCD; f = friction coef� cient averaged over one

� uctuation period
CD;p = pressure drag coef� cient

(CD ;p D pressure drag= 1
2 ½u2

0 Ac/
NCD;p = pressure coef� cient averaged over one

� uctuation period
C f = friction coef� cient (C f D local shear= 1

2
½u2

0/

C p = pressure coef� cient (Cp D local pressure= 1
2
½u2

0/
D = particle diameter
Re = particle Reynolds number (Re D ½u0 D/¹)
t = time
U = vector of dependent variables

(U D [½ , ½u, ½v, ½w, e]T )
u, v, w = x , y, z component of the velocity
u0 = mean x component velocity at in� ow boundary
u 0 = amplitude of velocity � uctuation about mean

at in� ow boundary [Eq. (1a)]
x , y, z = Cartesian coordinate system
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® = particle volume fraction for the particle-array
problem (® D .¼D3=6/=`3, ` D spacing between
particles measured from particle center; Fig. 3)

¸ = wavelength of velocity � uctuation at in� ow
boundary [Eq. (1b)]

¹ = dynamic viscosity
»; ´; ³ = boundary-� tted coordinates
½ = density
¿ = time in boundary-� tted coordinate system (¿ D t )
! = frequency of velocity � uctuation at in� ow boundary

[Eq. (1b)]

Introduction

L IQUID sprays and particle-laden � ows are utilized in many
applications of practical importance. For these � ows, it is im-

portant to understand the interactionsbetween the particles (liquids
or solids) and the � uid (gases or liquids) in which they are dispersed.
Many investigators have studied particle/particle and particle/� uid
interactionsby using both experimentaland mathematicalmethods.
Experimental studies of such � ows have provided lumped overall
effects such as drag, but have not yet reported the detailed � ow
around each particle because of measurement dif� culties (see, e.g.,
Refs. 1–4, and the referencescited there). Mathematicalstudies that
reveal detailed � ow about each particle can be classi� ed accord-
ing to the range of the particle Reynolds number investigated (i.e.,
the Reynolds number based on particle diameter and particle-� uid
relative velocity). When the particle Reynolds number is either ex-
tremely low (creeping � ow) or extremely high (potential � ow), cer-
tain asymptotic approximationscan be invoked. For these extreme
limits of the particle Reynolds number, considerable capabilities
have been developed.5¡7 But, many � ows of practical importance
involve particle Reynolds numbers in the low to the intermediate
range,where the asymptotic approximationscannotbe invoked,and
the full Navier–Stokes equations must be used.

A numberof investigatorshave used the full Navier–Stokes equa-
tions to study the � ow past or induced by multiple particles.8¡17
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When the full Navier–Stokes equations are used, it is not feasi-
ble at this time to perform rigorousanalysis on complete sprays and
particle-laden� ows becauseof theirenormouscomplexities.4;18 The
approach, taken to understand the nature of the � ow around indi-
vidual particles, has been to study a few particles in well-de� ned
arrangements(e.g., alonga line parallelor perpendicularto the main
� ow) and in idealized environments (e.g., uniform � ow or uniform
shear). So far, no computational studies have been reportedon � uc-
tuating � ow past multiple particles based on the full Navier–Stokes
equations. Such a study can lead to better understanding of parti-
cle/particle and particle/� uid interactionsunder turbulent � ow con-
ditions. Here, it is noted that a study on oscillating � ow about a
single particle was reported by Duvvur et al.19 In their study the
focus was on vaporizationof a fuel droplet.

The objective of this study is to investigate � uctuating � ow past
single and multiple solid particles that are stationary and spherical
in shape. The focus is on understanding how wavelength of veloc-
ity � uctuations in the streamwise direction affect drag, shear, and
pressure for three particle problems: 1) an isolated single particle,
2) four particles in tandem along the main � ow direction, and 3) an
array of particles arranged in a nonstaggered fashion.

The remainder of this paper is organized as follows. The three
particle problems investigatedare described in the next section.The
subsequent sections give the problem formulation, the numerical
methodof solution, the validationprocess,and the resultsgenerated.

Description of Problem
All particle problems investigated involve air � owing past per-

fectly insulated, stationary, spherical particles of the same diameter
D with the � ow in the laminar regime. The � rst problem investi-
gated is depicted in Fig. 1. It entails � uctuating� ow past an isolated,
singleparticle.Henceforth,this problemis referredto as the “single-
particle problem.”

The second problem investigated is depicted in Fig. 2. This prob-
lem entails � uctuating � ow past four particles that are all located
along one line parallel to the directionof the main � ow. Henceforth,
this problem is referred to as the “particles-in-tandem problem.”

Fig. 1 Schematic diagram of single-particle problem.

Fig. 2 Schematic diagram of particles-in-tandem problem.

Fig. 3 Schematic diagram of particle-array problem.

For this problem the particles in tandem are always equally spaced
with the separation distance, measured between the centers of the
particles, being two dimensional.

The third probleminvestigatedis depicted in Fig. 3. This problem
entails � uctuating � ow past an array of equally spaced particles
that are arranged in a nonstaggered fashion in which each particle
(except for those on the boundaries of the array) is surrounded by
particles both along and in two directionsperpendicularto the � ow.
Henceforth, this problem will be referred to as the “particle-array
problem.” For this problem several different spacings between the
particles that give rise to different particle volume fractions were
investigated as explained in the Results section.

The computational domain for each of the three problems just
described and depicted in Figs. 1–3 is the region bounded by the
dashed lines. The sizes of the domains for the � rst two problems,
depicted in Figs. 1 and 2, were arrived at by numerical experiments
to ensure that they are suf� ciently large to mimic uniform � ow past
particles in an in� nitely large domain as explained in the section
on validation. For the third problem, depicted in Fig. 3, because of
symmetry only one row of particles along the � ow direction needs
to be analyzed.

For all three problems the � uctuating � ow was induced at the
in� ow boundary through the following boundary condition (BC)
for the streamwise velocity:

u D u0 C u0 cos.!¿ /; v D w D 0 (1a)

! D 2¼u0=¸ (1b)

In this study u0/u0 was � xed at 0.05; u0 was varied to give particle
Reynolds numbers (Re D ½u0 D=¹) of 50 and 100; ! was varied to
give wavelengths of the velocity � uctuations (¸) of 2D, 4D, 5D,
7D, and 10D. D is chosen so that the Keulegan–Carpenter number
(2¼u 0=D/ is always much less than unity.

The other BCs at the in� ow boundary were constant static tem-
perature and pressure, which imply the stagnation temperature and
pressureoscillateat the in� ow boundary.Becauseall variableswere
speci� ed at the in� ow boundaryand the � ow is subsonicthroughout
the domain, all variables at the out� ow boundarywere extrapolated
(i.e., the second derivative of velocity, temperature, and pressure
were set to zero). At both the in� ow and the out� ow boundaries
density was computed by using the ideal gas equation of state. The
BCs used at the in� ow and out� ow boundaries allow the velocity
� uctuations to be controlled in an easy manner. With Eq. (1) the
� ow must be compressible in order to satisfy the continuity equa-
tion. Thus, the velocity � uctuations at the in� ow boundary induce
oscillations in pressure, temperature, and density throughout the
� ow� eld.

Additionaldetailson the geometry, � ow conditions,as well as the
range of parameters investigated,about the three problems depicted
in Figs. 1–3, are given in the sections on problem formulation and
results.

Problem Formulation
The equations governing the oscillating � ow past stationary par-

ticles are taken to be the unsteady, three-dimensional form of
the conservation equations of mass (continuity), momentum (full
Navier–Stokes), and total energy for compressible, laminar � ow
of a thermally and calorically perfect gas with Sutherland’s model
for viscosity and constant Prandtl number. These equations can be
written in generalized coordinates and cast in the following strong
conservation-lawform:

@ JU

@¿
C @ F

@»
C @G

@´
C @ H

@³
D 0 (2)

In the preceding equation, J D j@.x; y; z; t/=@.»; ´; ³; ¿ /j is the
determinant of the Jacobian of the transformation from the
(x; y; z; t ) coordinate system to the (»; ´; ³; ¿ ) coordinate system;
U D [½; ½u; ½v; ½w; e]T is the vector of dependent variables (su-
perscript T denotes transpose); e is thermal and mechanical energy



186 DASGUPTA AND SHIH

per unit volume; and F , G , and H are the � ux vectors, represent-
ing inviscid and viscous transport of mass, momentum, and energy.
Because the preceding representationof the conservationequations
is well known,20 further details are not given.

To obtain solutions to the conservation equations, boundary and
initial conditionsare needed.The BCs employedin this study for the
differentboundariesshown in Figs. 1–3 are as follows.The BCs im-
posedat the in� ow and out� owboundariesaregivenin thepreceding
section. The BCs imposed on the inviscid walls are slip surface and
adiabaticwall. The BCs imposed at the particle surfaces are the no-
slip condition and adiabatic wall. The BCs imposed at symmetry
boundaries are zero derivatives of the dependent variables except
for the velocity componentnormal to those boundaries,which is set
equal to zero. The initial conditions imposed are uniform � ow at u0

with constant density and pressure.

Numerical Method of Solution
Solutions to the conservationequationsof mass, momentum, and

total energy given by Eq. (2) were obtainedby using a modi� ed ver-
sion of the OVERFLOW code.15;21 The OVERFLOW codecontains
many algorithms.The one used in this study is as follows: All invis-
cid and viscous terms were centrallydifferenced.The central differ-
encing of the inviscid terms was stabilized by adding fourth-order
arti� cial dissipation.Because transient solutions are of interest, the
time-derivativeterms were approximatedby the second-orderaccu-
rate, three-point backward formula. The system of nonlinear equa-
tions that resulted from the aforementioned approximations to the
spaceand time derivativeswas analyzedby using Newton–Raphson
iteration with a diagonalizedalternating-directionscheme.22

For each of the three particle problems, an overlapping chimera
grid system23;24 was employed to represent the domain. Each
chimera grid involves two types of grids—a main grid and a number
of minor grids that overlap the main grid. The main grid covers the
entire domain (region enclosed by the dashed lines) as if there are
no particles in the domain.The minor grids are for the particleswith
one minor grid for each particle. Thus, for the single-particleprob-
lem depicted in Fig. 1, there are one main grid and one minor grid.
For the particles-in-tandemand particle-array problem depicted in
Figs. 2 an 3, there is one main grid and four minor grids.

A representative chimera grid system employed in this study is
shown in Fig. 4a for the particle-arrayproblem. The main grid has
an H-H grid structure in which the grid spacing in the x , y, and z
directions are all the same in the region that included the particles
but became larger as the distance from the leading or trailing par-
ticle increased. The minor grid that surrounds each particle has an
O-O structurewith grid points clustered next to the particle surface.
The O-O structure has a periodic boundary along which periodic
boundary conditions were imposed. The O-O grid also has a line
of singularity, which can cause numerical dif� culties. This line of
singularitycan be eliminatedby overlappingan H-H grid to cover it,
but was found to be unnecessary in this study because the � ne grid

a) Overlapped major and minor grids

b) Major grid with holes punched in it

Fig. 4 Chimera grid system in the region about the particles.

employed permitted an averagingboundary condition to be applied
there.

After the main and the minor grids have been generated, holes
are punched into the main grid, one for each minor grid, at locations
where the particles are to be located (see Fig. 4b). Because the
hole boundaries in the main grid and the outer boundaries of the
minor grids are internal boundaries, where data should � ow across
freely, these boundaries are completely embedded in each other
(i.e., the hole boundaries are embedded in the appropriate minor
grids, and the boundary of the minor grids are all embedded in
the main grid) so that data can be transferred between the grids by
interpolation. Additional details, about the grid systems employed
for the three problems studied including the number of grid points
and their distribution, are given in the section on validation.

During computations,the � ow� eld in each grid was analyzedone
at a time. Information from one grid was passed to another grid via
trilinear interpolationat grid boundaries.The required interpolation
coef� cients were obtained by using the PEGSUS code.23;24 This
process of analyzing the � ow in one grid at a time until all grids are
analyzedwas repeated for each time step until a convergedunsteady
solution has been obtained for that time step.

Validation
Before the modi� ed OVERFLOW code, which embodies the for-

mulation and the numericalmethodof solutiondescribed in the pre-
ceding two sections, can be used to study � ow past particles, it must
be validated. The validation of this code was made by performing
computations of steady � ow past an isolated single spherical parti-
cle. This problemwas selectedbecause experimentaland numerical
data exist in the literature(see, e.g., Refs. 25–28), which can be used
for comparison.

The validationprocess is as follows. First, steps were taken to de-
termine the minimum dimensions for L1 , L2, and H (see Fig. 1)
needed to mimic uniform � ow past an isolated single particle.
Next, the number and distribution of grid points needed to obtain
grid-independentsolutions were determined. Finally, computed re-
sults were compared with experimental and numerical data in the
literature.

With regard to domain size, it was found that L1 , L2, and H must
be greater than or equal to 25D, 10D, and

p
.50¼/D, respectively.

In this study the minimum values were used for the three problems
depicted in Figs. 1–3.

With regard to grid-independentsolutions, it was found that the
computeddrag and point of separationon the particle varied by less
than1%,whengridspacingswerehalvedif theminorgridaroundthe
particle and the major grid that covered the entire domain satis� ed
the following conditions.For the minor grid with an O-O structure,
the minimum number of grid lines needed are IL D 12 in the radial
direction, JL D 37 in the latitudinal direction (spanning ¼ radians),
and KL D 73 in the longitudinaldirection(spanning2¼ radians). For
this O-O grid, grid lines were equally distributed in the latitudinal
and longitudinaldirections,but clustered in the radial directionnext
to the particle surface in a geometric progression according to

1ri D ri ¡ ri ¡ 1 D a P i ¡ 1; i D 1; 2; : : : ; IL (3)

wherea D 0:005D and P must be less thanor equal to 1.24with i D 1
correspondingto the particle surface (i.e., r1 D D=2). For the major
grid with an H-H structure, the grid spacingwas small over a region
close to the particle and became larger as the distance from the par-
ticle increased. In the region closest to the particle, grid lines were
equally spaced in all directions with 1x D 1y D 1z D b, where b
must be less than or equal to (D=2 C 1r2 C 1r3 C ¢ ¢ ¢ C 1r I L /1µ
with 1µ D 2¼=72. This grid spacing ensures that in the region,
where the major and the minor gridsoverlapped,grid spacingsin the
two different grids would be comparable. Away from this region,
grid spacings steadily increased from b to 7.5b. In this study the
number of grid points and their distributions were determined by
using the minimum values just stated for IL, JL, KL, P , and b.

With the domain size and grid distribution just given, the com-
puted drag coef� cient and point of separation compare very well
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Fig. 5 Drag coef� cient CD as a function of particle Reynolds number
Re for steady uniform � ow past a single particle.

Fig. 6 Angle of separation as a function of particle Reynolds number
Re for steady uniform � ow past a single particle.

with those in the literature. Figures 5 and 6 show that for particle
Reynolds number ranging from 10 to 200 the computed results are
within 1% of the data published in Refs. 25–28. This close agree-
ment gives some con� dence to the modi� ed OVERFLOW code for
computing � ow past particles.In these � gures the symbols represent
the Reynolds number at which computationsare made and data are
available. The lines through the symbols are based on linear inter-
polation.

Recall that grid spacings in the streamwise directionare constant
in the region about the particles but became larger as the distance
from the leadingor trailingparticleincreased.Becausevelocity� uc-
tuations in terms of frequency/wavelength and amplitude imposed
at the in� ow boundary can change as it is propagated into the do-
main when grid spacings change in the streamwise direction, it is
important to assess the effects of smoothness in grid spacing (i.e.,
S D 1xi C 1=1xi / on frequency/wavelength and amplitude. Numer-
ical experiments conducted with the particles removed showed that
when S D 1.2 the amplitude reduced by less than 10% from in� ow
to out� ow. The frequency/wavelength was found to be within 1%.
Finally, the wave form was found to be nearly sinusoidal in the re-
gion about the particles because the � uctuations were small (5% of
mean � ow). In this study S was set equal to 1.2.

Results
Numerical solutions were obtained to investigate the effects of

� ow past stationary spherical particles with and without � uctua-
tion to understand how wavelength of velocity � uctuation affect
drag, surface pressure, and surface shear for three particle prob-
lems: single-particle, particles-in-tandem, and particle-array. The
results generatedfor each of these problems are given in Figs. 7–14
and Tables 1–3.

Table 1 Summary of drag,a pressure drag,
and friction drag coef� cients for the
single-particle problem at Re = 100

¸ NCD NCD;p NCD; f

2D 1.17 0.578 0.591
4D 1.26 0.649 0.601
5D 1.25 0.641 0.601
7D 1.22 0.618 0.597
10D 1.18 0.591 0.595

aCD D 1.10, if there is no � uctuating velocity.

Fig. 7 Drag coef� cient CD as a function of time and ÅCD: Re = 100,
single-particle problem. ÅCD = CD = 1:10 for steady uniform � ow.

Fig. 8 Pressure drag coef� cient CD; p as a function of time and ÅCD; p:
Re = 100 and single-particle problem.

Single-Particle Problem

For the single-particleproblem the Reynolds number was kept at
100, and the following ¸ were investigated: 2D, 4D, 5D, 7D, and
10D. Results for the single-particleproblemare given in Figs. 7–11
and Table 1. Figures 7–9 show CD , CD; f , and CD;p as a function of
time. Figures 10 and 11 show C f and Cp on the particle surface as a
functionof azimuthalanglealonga planethat cuts throughthecenter
of the particle,where 0 and 180 deg correspond to forward and rear
stagnationpoints, respectively.Only the time periodic solutions are
given.

From Figs. 7–11 and Table 1, several observations can be made.
The � rst observation is that the velocity � uctuationgiven by Eq. (1)
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Fig. 9 Friction drag coef� cient CD; f as a function of time and ÅCD; f :
Re = 100 and single-particle problem.

a) ¸ = 2D

b) ¸ = 10D

Fig. 10 Pressure coef� cient Cp as a function of azimuthal angle for the
single-particle problem.

a) ¸ = 2D

b) ¸ = 10D

Fig. 11 Friction coef� cient as a function of azimuthal angle at several
!¿ for the single-particle problem.

causes CD , CD; f , and CD;p to oscillate (Figs. 7–9). This is expected
because � uctuating velocity about a particle can induce oscillations
in surface pressure and shear stress.

The second observation is that the amplitude of oscillation in CD

and CD;p decreases as ¸ increases from 2D (Figs. 7 and 8). This is
also expected because higher ¸ implies lower energy content in the
� ow.

The third observation is that the amplitude of oscillation in CD; f

has a maximum near ¸ D 4D (Fig. 9). In the legend of Fig. 9, it can
be seen that NCD; f (the average CD; f over its period of oscillation)
also has a maximum near ¸ D 4D with NCD; f droppingfaster in value
when ¸ decreases than when ¸ increases.These results for CD; f and
NCD; f indicate that below a certain ¸ the � ow tends to dissipate the
energy more rapidly than does the particle.

The fourth observationis that NCD and NCD;p (averageCD and CD;p

over the period of oscillation), given in the legendsof Figs. 7–9, also
exhibita maximumaround¸ D 4D. This maximumcan beattributed
in part to the difference between the pressure at the forward and
rear stagnation points caused by the oscillating velocity, which is
maximum at ¸ D 4D.

The � fth observation is that when ¸ ¸ 5D, CD;p > 0 during the
entire period. But, when ¸ D 2 and 4D; CD;p can be negativeduring
part of the period. To understand why CD;p can be negative when
(u0 ¡ u 0/ > 0, Cp and C f need to be examined. From Fig. 10a it
can be seen that when ¸ D 2D, C p shows almost complete pressure
recovery at the rear stagnation point at !¿ D 0. As !¿ increases,
the recovery drops then rises in a periodic manner. This higher than
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Table 2 Summary of drag coef� cient
for the particles-in-tandem problem

Which NCD CD
particle? � uctuating (¸ D 2D/ non� uctuating

1st 1.059 1.065
2nd 0.474 0.528
3rd 0.496 0.585
4th 0.546 0.691

Table 3 Summary of drag coef� cient for the 3rd
particles in the particle-array problem

® Re ¸ NCD CD
a

0.0198 50 2D 1.28 1.28
0.0198 100 2D 0.77 0.81
0.0198 100 10D 0.78 ——
0.065 50 2D 1.73 1.76
0.065 100 2D 1.00 1.05
0.065 100 10D 1.01 ——
0.098 50 2D 2.07 2.10
0.098 100 2D 1.22 1.29
0.098 100 10D 1.23 ——

aCD is drag coef� cient with no � uctuating � ow (i.e., ! D 0).

Fig. 12 Drag coef� cient CD as a function of time for single-particle
and particles-in-tandem problems at Re = 100 and ¸ = 2D.

expected pressure recovery implies that the � uctuating velocity is
pushing the point of � ow separation further downstream. This can
be veri� ed by examining C f because C f D 0 is the point of � ow
separation. In Fig. 11a, however, the point of separation is given by
the minimum in C f because the point of � ow separation may not
be captured at a grid point. Figures 10a and 11a for ¸ D 2D should
be contrasted with Figs. 10b and 11b for ¸ D 10D. Clearly, when
¸ D 10D both the pressure recovery and the point of separation are
not signi� cantly affected by the oscillating velocity.

Finally, for the ¸ investigated,the averageCD for oscillating� ow
is always higher than the CD for uniform � ow (Table 1).

Particles-in-Tandem Problem

For the particles-in-tandem problem the following parameters
were investigated: Re D 50 and 100 with and without velocity � uc-
tuation. When there is � uctuation, ¸ D 2D and 10D. Results for
the particles-in-tandem problem are given in Figs. 12 and 13 and
Table 2. Only the time periodic solutions are presented.

Figures12 and 13 show that similar to the single-particleproblem
the oscillatingvelocity causes oscillations in CD , and the amplitude
of that oscillationdecreases as ¸ increases and as Reynolds number
decreases.The differencesbetween the single-particleproblem and

Fig. 13 Drag coef� cient CD of the third particle in the particles-in-
tandem problem as a function of time.

the particles-in-tandemproblem are as follows. First, NCD for � uc-
tuating � ow is lower instead of higher than that for uniform � ow
(Table 2). Second, when Re D 100 and ¸ D 2D, CD can be negative
during part of the period. For the single-particleproblem CD is pos-
itive during the entire period (only CD;p could be negative). These
two results indicate that particle/particle interactions affect how a
� uctuatingvelocity affects the point of � ow separationand the pres-
sures at the forward and rear stagnation points through changes in
the local � ow velocity.

Finally, the variations in NCD and CD can be very different from
each other (see Fig. 12). For NCD , the variation is as follows: it drops
sharply from the � rst to the second particle; rises slightly from the
second to the third particle; and rises sharply from the third to the
last particle. This observed variation in NCD from particle to particle
is the same whether the � ow is � uctuating or not. The high drag
coef� cient associated with the � rst or leading particle is because it
sees the highest stagnationpressureon the part of the surface facing
the oncoming � ow (leading surface). The drag coef� cient drops
sharply on the second particle because the stagnation pressure on
its leading surface is considerably lower. The drag coef� cient rises
on the last or trailing particle because the wake behind that particle
can develop fully giving rise to higher pressure drag.

As mentioned, the variation in CD (the instantaneous drag co-
ef� cient) can be quite different from that of NCD , when there is a
� uctuating � ow. For CD , the variation depends on time. For exam-
ple, at nondimensional time D 0.212 (Fig. 12) CD is a monotonic
function of the particle with CD being the highest for the � rst par-
ticle and the lowest for the last particle. At nondimensional time D
0.214, the fourth or last particle has the highest CD , and this is fol-
lowed by the third particle, the � rst particle, and � nally the second
particle. This observed difference between NCD and CD results be-
cause different particles along the � ow direction see different parts
of the � uctuating � ow� eld.

The variation in drag coef� cient and hence drag from particle to
particlehas importantconsequenceson whether the particlescollide
or separate. Because the particles in this study do not move, only
the initial tendency to collide or separate can be inferred.

Particle-Array Problem

For the particle-array problem, the following parameters were
investigated:Re D 50 and 100; ¸ D 2D and 10D; ® D 0:0198,0.065,
and 0.098.Results for the particle-arrayproblemare given in Fig. 14
and Table 3.

Figure 14 shows CD as a function of time. From this � gure,
it can be seen that similar to the single-particle and particles-
in-tandem problems, � uctuations in the velocity induce oscilla-
tions in CD . The amplitude of this oscillation in CD was found to
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® = 0.0198

® = 0.065

® = 0.098

Fig. 14 Drag coef� cient CD of the third particle in the particle-array
problem as a function of time.

decrease as ¸ increases, as the Reynolds number decreases, and
as ® increases. NCD was found to increase as ¸, Reynolds number,
and ® increase (Table 3). However, the dependence on ¸ is very
weak; i.e., the changes in NCD are small as ¸ is varied. In fact, at
Re D 50, NCD for � uctuating and non� uctuating � ows are about the
same.This is markedlydifferentfrom thatobservedfor the particles-
in-tandem problem. This difference is caused by the difference in
particle/particle interactions from different particle arrangements.

Not shown is that particles can create considerable distur-
bances on the � ow. Deviation from the mean freestream velocity,
kp D [.u ¡ u0/

2 C v2 C w2]1=2, can be interpretedas the turbulentki-
netic energy producedby the particles (i.e., turbulencemodulation).
Results obtained show that k p can be as high as 5% for the volume
fractions and particle Reynolds numbers investigated. For a given
Reynolds number and different ® the length scales of the disturbed
� ow were found to be proportional to the particle diameter and the
spacing between particles.The deviation from the freestream mean
x-component velocity, u ¡ u0, is useful in revealing how particles
disturb the � ow.

Conclusions
Velocity � uctuationscan affect signi� cantly CD , CD;p , CD; f , C p ,

and C f by shifting the point of � ow separation and by altering the
pressure at the forward and rear stagnation points. When there are
neighboringparticles, � uctuating � ow can producenegativeCD be-
cause of particle/particle interactions.Finally, particles can produce
considerabledisturbances to the � ow (turbulencemodulation) with
the length scales proportional to the particle diameter and spacing
between particles.
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