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In this paper we investigate a two-dimensional dilute granular flow around an immersed cylinder
using discrete element computer simulations. Simulation measurements of the drag force acting on
the cylinder, Fy, are expressed in terms of a dimensionless drag coeffici€,

=F4/[$pr.U2(D+d)], wherep is the upstream particle mass density, is the upstream solid
fraction, U, is the upstream velocity, and(d) is the sum of the cylinder diametdp, and
surrounding particle diameted. The drag coefficient increases rapidly with decreasing Mach
number for subsonic Mach numbers, but remains insensitive to Mach number for supersonic values.
The drag coefficient is also a strong function of the flow Knudsen number, with the drag coefficient
increasing with increasing Knudsen number and approaching an asymptotic value for very large
Knudsen numbers. The drag coefficient decreases with decreasing normal coefficient of restitution
and is relatively insensitive to the friction coefficient. Bow shock structures and expansion fans are
also observed in the simulations and are compared to similar structures observed in compressible
gas flows. ©2003 American Institute of Physic§DOI: 10.1063/1.1608937

I. INTRODUCTION (6) Size segregation of particulate materials often involves

A granular material consists of an assembly of solid par- ~ the relative motion of a large immersed impurity in an
ticles dispersed in a surrounding fluid or vacuum. In a granu-  Otherwise homogeneous bed of surrounding partftles.

lar flow, the momentum transport due to particle motion and . ) o
particle—particle interactions is a significant component to ~ Having a better understanding of the flow dynamics in

the overall momentum transport. Granular flows are commof€se and other applications is critical for improving particle

in a number of industries including those that manufacture op@ndling and processing equipment. In particular, designers

process chemicals, pharmaceuticals, powdered ceramicdf€ interested in predicting the forces, wear, and flow pat-

food stuffs, ores, and building materials. Granular flows arderns around immersed objects. Clearly, having a better un-

also observed in many natural processes such as avalanchégrstanding of the dynamics of an object immersed in a

landslides, dune formation, and planetary ring formation. ~granular flow will have ramifications in a wide range of ap-
Of particular interest in this paper is the flow of a granu-plications.

lar material around an immersed object. Such flows are com-

monly observed in devices used to store, handle, or probBackground

granular materials. For example: Wieghardf was one of the first to study granular flow

(1) Agitating blades or bars are routinely used in mixing andaround an immersed object. He performed a series of experi-
granulating devices. ments in dense granular flows consisting of partially im-

(2) Inserts are often used as structural supports and flownersed rods dragged through beds of sand. A dense granular
deflection devices for reducing the dynamic stresses thdtow is defined as one in which momentum transfer between

occur during filling and emptying of grain biss. grains occurs primarily through long-lasting, multiple par-
(3) Agricultural tilling and earth-moving construction equip- ticle contacts. Wieghardt found that the drag on an immersed
ment push or drag surfaces through granular soils.  rod has a weak dependence on the translational velocity and
(4) Impact probes have been used to determine soi¢ross-sectional shape of the rod, although there is a square-
characteristicS. root dependence on the rod’s projected diameter. He rea-
(5) Fluidized beds and chute flows often contain immersedpned that the weak velocity dependence is due to the fact
pipes that serve as heat transfer surfdces. that the drag acting on the rod at slow velocities is caused by
sliding friction interactions with the surrounding patrticles, a
dAuthor to whom correspondence should be addressed. mechanism that is independent of velocity. Recently, Albert
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et al® revisited this problem but used much slower veloci- iz, %%
ties, on the order of 1 mm/s rather than the 1-100 cm/s usee 3
by Wieghardt, and found similar results although they ob-
served a linear dependence on the object’s projected diamet
rather than the square-root dependence observed b
Wieghardt. i
Atkinsonet al? also investigated the drag on objects im- &
mersed in a slow moving, dense granular flow. Their experi-
ments focused primarily on the force on long surfaces ori-
ented parallel to the flow in a vertical chute. They also found#
that the drag force is insensitive to the flow velocity and .‘_'
again attributed this to frictional interactions. Atkinsenal. e
compared their measurements with models based on Jangj :
sen’s method of differential slicEsand found reasonable e hldns ar e :
o 9 éa,—eé"w e 0
T i
> s

the leading edge of the object is immersed in the flow, thess
model under-predicts the drag force by an order of magni-LE
tude. They attributed the large discrepancy to the formationsss:
of a stagnant zone and stress discontinuity upstream of th&
object, a feature similar to the bow shock that forms in frontric. 1. A snapshot from a soft-particle, periodic boundary simulation with
of a blunt object in a supersonic gas fl&t. d=1mm, D=20 mm, p=2500 kg/ni, U..=1.0 m/s, ».,=0.26, T.,/U2

Tuzin and Nedderm&n? studied the flow patterns =0.022, W=H=100 mm, ey=0.95, andu=0. Velocity vectors are also
around silo inserts and the wall stresses resulting from thei FQZ}NI?L.SThe flow field is similar to those reported in Buchholtz anscRel
presence. They conducted experiments in a dense, vertical
channel flow with square and triangular obstacles. They
found that stagnant zones of material form on the upstreamelocity-independent Coulomb sliding friction component.
side of the insert and a large void region forms downstreantHowever, this explanation is not entirely satisfactory since
of the object. Similar observations have been made bgimple analyses and recent computer simulatidode dis-
Pearce and Saberskin their investigations of heat transfer cussed in Sec. IJlindicate that the inertial drag force should
from an immersed cylinder. “in and Nedderman also be proportional to the square of the flow velocity.
found that “switch” stresses, a phenomenon associated with  More recently, Buchholtz and "Bohet® and Zenit and
transition from an active to a passive failure state in a Mohr—Karion'® used discrete element computer simulations to ex-
Coulomb materiat® occur in the surrounding material as a amine the interaction of two-dimensional, dilute granular
result of the inserts. Hernandez-Cordetoal® also investi-  flows with immersed obstacles. A dilute granular flow is one
gated the use of inserts in grain silos. They found that graimn which momentum transfer between grains occurs prima-
losses due to crushing are significantly reduced when insertdly through near-instantaneous, binary collisions. Both
are used since the inserts carry most of dynamic stress durirgyoups of researchers found that the drag force on an object,
hopper discharge. Fq4, is proportional to the square of the upstream flow veloc-

Recently Chehata&t al® investigated dense, frictional ity, U.., the object’s projected diameté, and the upstream
granular flow around a cylinder in a quasi-two-dimensionalbulk density,pv., :
vertical chute. They observed stagnant and void regions 2
similar to those reported by Fun and Nedderm&rt? and Faxpr.U:D, @
Pearce and Saberskyn addition, Chehatat al. found that ~ wherep is the surrounding particle mass density andis
the drag coefficient for the cylinder decays inversely with thethe upstream solid fraction. Buchholtz andsElel also re-
square of the flow Froude number based on the chute’s hyported that for slow, but still dilute, flows the drag force is
draulic diameter. They also observed that the granular temproportional toU¥? rather thanU? . This trend was not ob-
perature and vorticity of the granular flow are non-zero onlyserved in Zenit and Karion’s simulations despite using a
in the vicinity of the cylinder surface. wide range of velocities.

The drag force acting on a sphere dragged horizontally Both Buchholtz and Pachel and Zenit and Karion, in
through a vibro-fluidized granular bed was investigated byaddition to Rerichaet al.!” have observed the formation of
Zik etal* They found that the drag force acting on the bow shock waves forming upstream of immersed objects in
sphere is proportional to the sphere’s velocity; an observadilute flows (refer to Fig. 3. These structures are analogous
tion in contrast to the previously discussed observationso shock waves found in supersonic flows of gaes, for
where the drag force is independent of the flow velocity. Thisexample, Shapirfd). Indeed, a typical speed of sound in a
discrepancy can be attributed to the fact that the surroundindilute granular flo#? is of the order 0.1-1 m/s; thus, most
granular material in the experiments of Zé al. was in a  dilute granular flows are in the supersonic regime. Measure-
fluidized state and thus there is expected to be a velocityments in the experiments of Rerichaal. indicated granular
dependent inertial component to the drag in addition to @ach numbers of 43 just upstream of the object while Buch-
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holtz and Pechel’s simulations had infinite upstream Mach TABLE |. Baseline soft-particle simulation parameters.
numbers due to a zero upstream granular temperature. The
evolution and propagation of a granular shock has also been
studied previously by Kamenetsigt al!® and by Harliek Number of particlegperiodic boundaries/free jetN 1000/11111
and Dimon?® Relations for the flow conditions across a Particle diameterd L mm

Parameter Value

. . Particle densi 1000 kg/ni
granular shock in a rapid granular flow have been proposegylinder diamtharD 5 mm 9
by Goldshteiret al** and by Ocone and Astaritdhowever,  upstream velocityl., 100 mm/s
these relations have not been applied to the study of flowvorkspace width{periodic boundaries onlyw 100 mm
conditions around an immersed object. Workspace heightif - 100 mm
Despite the previously discussed investigations, there reZPstream solid fractiony.. 0.079
. lack of fund | d di he d . Normal coefficient of restitutioney 0.95
mains a fack or fun amenta un ersta_n ing on t e_ ynam'C§article/particle loading spring constakt,, 1.05x 10* N/m?
of granular flows around immersed objects. In particular, thearticle/cylinder loading spring constafity. 2.09% 10¢ N/m?
parameters governing the transition from a velocity indepenparticle/particle tangential spring 1
dent drag force to one that is velocity dependent are poorl\é constant ratiokspp/knpp
understood. This paper examines granular flow around a cy[>2"iclé/cylinder tangential spring !
inder in the velocity dependent, dilute flow regime while a . co"S2" fat0kspc/Kupe
. .y p v g . Friction coefficient,u 0.0
companion papén3 investigates flow in the velocity indepen-  simulation time stepAt 266x10°6s
dent regime. Knudsen number, Kn 1.0
Mach number, Ma 0

II. SIMULATION METHODOLOGY

Two-dimensional discrete elemef®E), soft- and hard-
particle computer simulations were used to investigate the
drag force and flow past a cylinder in a dilute granular flow.
Details on the soft- and hard-particle DE techniques can b
found in a number of papers such as those by Cundall al
Strack?® Campbell and Brennetf,and Walton and Brauf?
Two different simulation approaches were used to ensure th
the results presented here are independent of the simulaticm
details.

The forces acting on particles in the simulation consist
only of normal and tangential contact forces; gravity is not
onsidered. The normal contact model consists of a latched,
nﬂwear spring giving a constant coefficient of restitution as
described by Walton and Bradhwhile the tangential con-
ct model consists of a linear spring in series with a sliding
ction element The time step used in the simulations was
determined using the approach described in Corkum and
Ting.?® Halving the time step from the nominal value
changed the simulation results by less than 2%. Table | lists
The soft-particle simulations consist of a rectangularthe range of parameters used in the baseline soft-particle
workspace of widthW, and heightH, containing a fixed simulations.
cylinder of diameterD. Moving through the workspace are Several quantities were measured in the simulations in-
N cylindrical particles with diameted, and mass density, cluding the drag force acting on the fixed cylinder and the
Two different boundary conditions are considered. The firssurrounding particle velocity, solid fraction, and temperature
consists of periodic upper and lower boundari€fy. 1). fields. The drag force was found by averaging the horizontal
When particles leave the workspace downstream of the cylforce acting on the fixed cylinder over a long period of time,
inder, they are “recycled” to the upstream entrance of thetypically for more time than it takes a particle to travel 1000
workspace where they are given a random vertical locatiorylinder diameters, i.e., 1000U,,. These measurements
and random horizontal and vertical velocity components, were started after approximately ID0J.. in order to elimi-
andv, respectively, superimposed on a mean horizontal venate initial transients. A plot of a typical drag force time
locity of U, (the mean vertical velocity is zexan order to  history is shown in Fig. 2. The surrounding patrticle fields
avoid large overlaps between particles in this entrance rewere found by dividing the workspace into square cells with
gion, particles are given a diameter that is 1% of their finala side length of at leastd? within which the various mea-
diameter when placed at the upstream boundary. The pasured parameters were averaged. A test simulation was con-
ticles then “grow” to their final diameter within ten particle ducted in which the averaging cell size was increased from
diameters downstream of the boundary. Several test simul&d to 5d. The upstream velocity, solid fraction, and tempera-
tions, where the initial particle size was halved to 0.5% ofture results varied by less than 4% from thd 2ell size
the final particle diameter and the entrance length was invalues.
creased to 15 particle diameters, were conducted to verify Measurements of the contact duration periods for all
that this particle recycling algorithm did not affect the simu- particle/particle and particle/cylinder collisions were made in
lation results. The second boundary condition consists of #ree simulations with upstream solid fractions of 0.15, 0.33,
free jet of particles similar to the system investigated byand 0.39 and a normal coefficient of restitution of 0.95. For
Buchholtz and Pschet® where particles are randomly each of these cases more than 95% of the contacts had a
placed in a rectangular jet of height, with a horizontal duration equal to that of a binary collision. Hence, these
velocity, U.,, and no velocity fluctuations. flows have few long-lasting and multiple-particle contacts.

A. Soft-particle simulations
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4.0 presented here are collected after the first 100 particle/
a5 cylinder impacts and continue for more than 500 impacts
' with many of the simulations including more than 1000 im-
3.0 pacts. Note that the force acting on the cylindgrover time
E T is related to the momentum impulse acting on the cylinder
£ 25 due to particle impacts], by
20 Lo
o
8 E J. 2)
o 1.5
S
T
1.0
IIl. RESULTS AND DISCUSSION
051 A. Drag force and drag coefficient
0.0 ‘ ‘ ; First we discuss how the cylinder drag force varies with
0.0 0.5 1.0 1.5 2.0 25

the flow parameters. It is helpful to consider the following
simple two-dimensional analysis of a horizontal stream of
FIG. 2. The drag force acting on the cylindger unit depth, F4, plotted ~ non-interactingparticles colliding with a fixed cylinder. The
against timet, from a soft-particle, periodic boundary simulation. The drag magnitude of the momentum impuls&, for an impact be-

force is averaged over a period of 2 ms. The simulation parameters are: tween a single particle and the cyIinder is given by
=1mm, D=5mm, p=2500 kg/ni, N=4000, U.,=1.0 m/s, ».,.=0.30,

T../U2=0.024, ey=0.9, andu=0. o d? . )
J=m(x"—x )=pT(X —-U.l), 3

time, t [s]

B. Hard-particle simulations where m is the mass of the particle per unit deptm (

In order to ensure that the flow measurements are inde= P (7d*/4) for a cylindey, X" andx~ are the particle ve-
pendent of the simulation technique, a hard-particle simulalocities immediately after and before contact with the cylin-
tion was also used to investigate dilute granular flow aroundler, respectively, and™ =U..i is the particle velocity just
an immersed cylinder. The hard-particle method is generallpefore impact(equal to the upstream velocity since the re-
more efficient than the soft-particle method for very diluteflected and incoming particles do not intejadthe particle
granular flows where the time between particle collisions isvelocity after the collision is related to the incoming velocity
large. It is an event-based algorithm and, hence, is typicallfpy @ normal and tangential coefficient of restitutieq, and
applied to granular flows in which only binary, nearly instan- €s, respectively:
taneous collisions occur. The current hard-particle algorithm wF A= — eni— 4)
follows the general approach described by Campbell and ¢ N%e 0
Brenner’” Additional details can be found in Wassgren s+ 5— — .5 )

27 : : ; c c >
et al~’ Table Il lists the baseline parameters used in the hard-
particle simulations. wherex. is the particle surface velocity at the point of con-

The algorithm is implemented here in two dimensionstact, i= — coséi +sin ¢ and3= —sin ¢ —coséj are the unit
and without gravity. The workspace consists of a fixed cyl-vectors normal and tangential to the cylinder at the contact
inder of diameterD, immersed in a free jet of circular par- point (Aix 8=Kk), respectively, and is the angle measured
ticles (infinitely long cylinders of uniform diameterd, and  with respect to the upstream horizontal to the collision con-
density,p. The workspace geometry is identical to the soft-tact point. The particle surface velocity at the contact point is
particle free jet simulation discussed previously. The datgjiven by

X.=X— 3dwS. (6)
TABLE Il. Parameters used in the baseline hard-particle simulation.

Note that the incident particles are assumed to have a hori-

Parameter Value zontal velocityx™ =U..i and no rotationw ™~ =0.
Number of particlesN 30000 Following the approach described in WaltShthe tan-
Particle diameterd 1mm gential coefficient of restitution is given by
Particle densityp 1000 kg/ni
Cylinder diameterp 5 mm 3u(l+ey)
Upstream velocityl... 100 mm/s -1+ ——— for|g|> 6,
Workspace height 100 mm €s= tand ) (7)
Upstream solid fractiony.. 0.079 €so for| 9| <0,
Normal coefficient of restitutiongy 0.95
Friction coefficient,u 0 wherew is a sliding friction coefficient andg, is a constant
Rolling tangential coefficient of restitutiore -1 corresponding to the rolling tangential coefficient of restitu-
Esjg::?n%ﬁ’;‘;'f‘r}gﬁmperat“’-ﬁ” 0 1o tion. Note that for a frictionless contaetgy=—1 (or u
Mach number, Ma - =0), for a pure rolling contactg;=0, and for a perfectly

elastic tangential rebounesy=1. The critical angled, is
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1+ €N
1+ 630.

tanf,=3u (8)

The rate at which collisions occur with a small arc length

100.0 4
of the cylinder,dn, is equal to the number flow rate of par- E
ticles sweeping through the projected vertical width of the%
arc length: w

8 10.0

D+d S
vo,U,| ——|dé o
) 2 e

dn= —d2 , 9 0]

4

where v,, is the upstream solid fractior) is the cylinder
diameter, andl is the particle diameter.

The drag force acting on the cylinder is equal to the
collision rate multiplied by the horizontal component of the

Wassgren et al.

1000.0

0.1 1.0 10.0 100.0

upstream velocity, U, [m/s]

collision impulse integrated over the upstream side of the'C: 3: The drag force acting on the cylindger unit depth Fq, plotted

cylinder (collisions do not occur on the downstream $ide

6=m/2

Fd: j
0=—ml2

1 2
= EPVwUx(Der)

J-idn

4 2 ,
3(ent 1)+ g (esot 1)sir® 6, |.

(10

against the upstream velocity).,. Data are for soft-particle, periodic
boundary simulations with d=1mm, D=10mm, »,=0.14, p
=1000 kg/ni, ey=0.95, =0, andT,./U2=0. A best fit quadratic trend
line to the data is also shown.

simulation techniques gave essentially identical results indi-
cating that the data are independent of the simulation model
details. Identical trends were also reported by Buchholtz and

This analysis demonstrates that for a cylinder of negligiblePcschel® although they reported that the drag force is pro-
diameter but finite particle diameter, the drag does not apportional to the cylinder diameter. Buchholtz andsElel
proach zero; an observation also noted in the computationalso report that the drag force scales with the velocity to the

study by Buchholtz and Behel®® In practical terms, this

3/2 power for small velocities and small cylinder diameters.

result shows that even a very small probe immersed in &lowever, the soft- and hard-particle simulations conducted

granular flow will have a non-negligible effect on the flbw.
Based on Eq(10) it is natural to define a drag coeffi-
cient,Cq, for the cylinder as

Fq

[ R E—
¢ 1pr,U(D+d)

(11)

The coefficients of restitution are not included in the drag
coefficient in order to maintain similarity with the traditional
drag coefficient definition used in fluid mechanfésHow-
ever, both the cylinder and particle diameter are included i
the definition to form an effective cylinder diametér;+d.
From Eq.(10) the drag coefficient for a cylinder immersed in
a uniform, non-interacting stream of cylindrical particles is
expected to be

Ca=3(ent1)+ 3(egpt+1)sir® 6. (12

Note that the drag coefficient for a cylinder in a free molecu-
lar, rarefied gas flow approaches a value€Cgf= 8/3 for very
large Mach numbers and specular collisidhghe same
value predicted by Eq.12) for frictionless, non-dissipative
collisions.

here do not show such a trend as shown in Fig. 3 where
parameters similar to those used in the work by Buchholtz
and Pachet® show theU®? scaling. (Note that Buchholtz
and Pschel did not report the range of solid fractions for
these condition$ A dimensional analysis of the problem in-
dicates that in order for the drag force to scale V\Litﬁfz,
some additional time scale must be significant in the prob-
lem. Since Buchholtz and 'Bohel had no upstream granular
temperature in their simulations, the simulation results must
have been sensitive to the contact model properties in this

r}egime which have the only remaining time scales in the

simulations.

Since a dilute granular flow has similarities with a com-
pressible, rarefied gas floW,it is natural to consider the
functional dependence of the drag coefficient on parameters
appearing in the analysis of rarefied gas dynamics such as the
Mach and Knudsen numbers.

The upstream Mach number, Mais defined as

(13

Ma,= o
aoo_cocy

Simulations performed using both soft- and hard-particle
. . o . . where the upstream speed of souad, for a granular flow
simulations indicate that the drag force does indeed increase .
: . ; : iS given by Ocone and Astarftaas
with the square of the flow velocity and is proportional to
2}

both the solid fraction and particle density. The dependence
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whereT., is the upstream granular temperatufe=(3[x’? 3.0
+Yy'2], wherex’ andy’ are the fluctuating velocities in the
x andy directions and the distribution functionf(v), is 25 1o
given by Jenkins and Savages .
*
f 16— 7v . S20{ o, , .
= = .
ST S A
£ 154 °° °

The upstream Mach number in the present simulations varie:3 *E ews
from 0.10 toe, ranging from subsonic to supersonic flow. An %
infinite Mach number corresponds to the case where the ups '°
stream granular temperature, and hence the speed of soun
is zero. 05 |

The Knudsen number is defined as the ratio of the mi-
croscopic length scale, here the mean free path of the up 4 ‘ ‘
stream patrticlesy, to the macroscopic length scale, here the 0 1 2 3 4 5
cylinder diameterD: upstream Mach number, Ma,

A FIG. 4. The drag coefficienC, plotted against the upstream Mach num-
Kn= 5 (16) ber, Ma,, for Kn=0.6 (¢) and Kn=2.3 (#). The data are from soft-

particle, periodic boundary simulations.
In gas dynamics, four flow regimes are defined depending on

the Knudsen numbéf When Kn< 0.01 the surrounding flow _ _ o
is considered to be in the “continuum regime” where theof fluctuation energy, the flow will tend toward an infinite

fluid can be assumed continuous and there is no-slip betweétWaCh number. thhe_ SOﬁ'Fartt'CIfr'] p,(\a/lrloﬂc bo%ndaéy S|mdula—
the fluid and boundaries. The “slip regime,” where the con-"o"'> WEre used toinvestgate the Mach numoer dependence

tinuum assumption is still reasonable but slip boundary con®'Nc€ there is only a slight decay in the initial gr.anular tem-
ditions are used, occurs for 0.8Kn<0.1. The “free mo- perature from the upstream boundary to the cylinder.

lecular flow” regime, where the continuum assumption Figure 5 plots the drag coefficient against Knudsen num-

breaks down and molecular motion must be considered, ocber for infinite Mach'numpers so that the subsonic Mach
curs when Kn-3.0. A transition regime occurs for G<Kn number dependence is avoided. The data follow a clear trend

<3.0 where the mean free path is of the same order as th\gith the drag coefficient increasing with increasing Knudsen
mac.:roscopic length number and appearing to approach the value predicted for

Following the approach given in Liepmann and ;E_he large Kn ar|1d :\/I? (Ijimi{!Eq. (12).]' The datt)r_:t s?own i? th?.
Roshko®® the mean free path of the upstream particles is Igure were caiculated using various combinations ot cylin-

d

A= 8 (17 3.0

Consequently the Knudsen number for the flow is 25
d o g &S E
Kn= g5 a8 20 ga e .
c=> t:PA°‘g

The Knudsen number in the present simulations varies fromg , A
0.05 to 10, ranging from the slip to the free molecular flow g 2AA‘
regime. o .

The parameters affecting the drag coefficient for rarefied$§ = I
gas flow around a cylinder depend on the flow regime. For
slip flow, the drag coefficient depends on both the Reynolds 05 |
number and Mach numb&t.The drag coefficient for a cyl-
inder in the free molecular flow regime decreases approxi- g¢g & : : ‘ ‘
mately inversely with the Mach numb&with C,—8/3 as 0 2 4 6 8 10 12

Ma,— o, identical to what is predicted by E¢L2) for fric- Knudsen number, Kn
tionless, non-dissipative collisions. IG5 The d ficient, . plotted against the Knud ber. K
. - . . 5. The drag coefficien,, plotted against the Knudsen number, Kn,
The drag coefficient is first plotted as a function of Ivla‘Chfor infinite Mach numbersA = variations in the cylinder diameteR; ¢
nu.mber for Knudsen _ngmb.er?, of @-56 and Kr=2.3  _yariations in the upstream solid fraction, ; [ = variations in the particle
(Fig. 4). The drag coefficient is insensitive to the Mach num- diameterd; x =variations in the particle density; O=variations in the
ber when Ma>1. However, when Ma<1, the drag coeffi- upstream velocityU.,. The black, gray, and white symbols are for the

cient increases rapidly with decreasing Mach number Notéoﬂ-particle periodic boundary, soft-particle free jet, and hard-particle free
’ t simulations, respectively. The baseline simulation parameters are sum-

. e
that the grff‘nu'ar t_emperature of the flow decays over tIménarized in Tables | and Il. The dashed line corresponds to the prediction of
due to particle collisions so that without an external sourceeq. (12.
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3.0 1.6
o [n] =] E
" 1.4 ) A
ol *
2.5 - o )
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T < — 1.0
3 o o ° = =
3] n 2
& 15 o a [ 9 e o
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o ] ] ] [T
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© [
T
0.4
0.5
0.2
0.0 ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0 ;
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normal coefficient of restitution, e
domain height / effective cylinder diameter, H/(D+d)

FIG. 6. The drag coefficienC,, plotted against the normal coefficient of
restitution, ey . /A =soft-particle, periodic boundarie&ata only for 0.6  FIG. 8. The drag coefficientC,, plotted against the domain height,
<ey=<0.95, Kn=1); O=soft-particle, free jet(data only for Kn=1); normalized by the effective cylinder diameteD ¢ d), for various system
¢ =hard-particle, free jet. The closed and open symbols are fer Kand ~ aspect ratiosH/W (O=H/W=0.5; ¢ =H/W=1.0; A=H/W=2.0). The
Kn=10, respectively. Note that the normal coefficient of restitution is the center of the cylinder is located at a distance of W7fsom the upstream
same between the particles and the particles and the cylinder. The remaindegundary. The data are from soft-particle, periodic boundary simulations
of the simulation parameters are given in Tables | and Il. The dashed linavith D=5 mm, d=1 mm, ey=0.95, ©=0, Kn=0.35, and infinite Mach
corresponds to the prediction of Ed.2). number. The remainder of the simulation parameters are given in Table I.

der diameter, particle diameter, and solid fraction to producgjon, as the same for particle/particle and particle/cylinder

a range of Knudsen numbers. The figure also includes data gfjisions. At a Knudsen number of 10 the drag coefficient

Kn=1 fqr simula.ti.ons using different upstream velocities closely follows the trend predicted by E@.2). However, for

and particle densities. o o Kn=1 the drag coefficient is less sensitive to the normal
The ef'fe'ct of.the normgl cqefflment of restitution on the coefficient of restitution, especially for small values &f.

drag coefficient is shown in Fig. 6 for a flow with no up- Thg giscrepancy with the analysis occurs because the analy-

stream granular temperatuiiefinite Mach numberand fric- g5 455umes that reflected particles do not interact with inci-

tionless particles. Note that the normal coefficient of restitu-yont particles, an assumption that is not satisfied for the

given flow conditions. This assumption has even greater er-

35 ror at smalley since reflected particles remain in the vicinity
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FIG. 7. The drag coefficienC,, plotted against the friction coefficient, 0 2 4 6 8 10
A =soft-particle, periodic boundarieddata only for Kn=1); O jet height / effective cylinder diameter, H/(D+d)

=soft-particle, free jefdata only for Kn=1); ¢ =hard-particle, free jet

with egy=1.0; O=hard-particle, free jet withe,=0.35. The closed and FIG. 9. The drag coefficienCy, plotted against the jet height,, normal-
open symbols are for Ka1l and Kn=10, respectively. Note that the friction ized by the effective cylinder diameteD(+d), for the hard-particle, free
coefficient is the same between the particles and the particles and the cyjet simulations. A=(D,d)=(5,1) mm; 4 =(D,d)=(10,1) mm; H
inder. The dashed line corresponds to the prediction of E2). The remain- =(D,d)=(10,2) mm. The remainder of the simulation parameters is given
der of the simulation parameters is given in Tables | and II. in Table II.
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of the cylinder and interact more frequently with the incom-normal coefficient of restitution oéy=0.95. The particle/
ing stream. Figure 6 also shows that the soft- and hardparticle and particle/cylinder friction coefficients were equal
particle free jet simulations give nearly identical results atin all of the simulations. The tangential spring constant re-
smalley, but give the largest discrepancies at the larggst mained constant in all of the soft-particle simulatiotise
This trend is somewhat counter-intuitive. It is reasonable tovalue is given in Table)lwhile the hard particle simulations
expect that the difference between the drag coefficients wilused two different values of the rolling tangential coefficient
increase agy decreases since the average collision contacof restitution:egy=0.35 andeg,= 1. Note that Drak® found
duration in the soft-particle simulations increases linearlyexperimentally thategy~0.35 for plastic sphere impacts.
with decreasings while in the hard-particle simulations the Equation(12) predicts that the drag coefficient with friction
contact duration is instantaneous, by definition. The cause fat the large Knudsen and Mach number limit will be, at most,
the observed simulation trend remains unclear. only 17% greater than the drag coefficient without friction.
The simulations were also used to investigate the dradrigure 7 demonstrates that the drag coefficient does indeed
coefficient dependence on the friction coefficiept, for  have only a weak dependence on the friction coefficient for
flows with no upstream granular temperature and a constaiitoth Kn=10 and Kn=1. Furthermore, there is little differ-
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ence between theg,=0.35 andegy,=1.0 cases in the hard- +d)>10. The trend appears independent of the domain as-
particle simulations. The analysis used to derive E)  pect ratioH/W. Simulation animations show that when the
indicates that the weak tangential coefficient of restitutiondomain aspect ratio is too small, the bow shock structures
dependence is due to particle rotation over the cylinder suithat form in front of the cylinderto be discussed in Sec.
face for large friction coefficients. _ lI1B) interact across the periodic boundaries. For the hard-
The effect of the workspace dimensioi¥,andH, was  paricle free jet simulations the drag coefficient remains un-
also investigated. Figure 8 plots the drag coefficient as a¢acted by the dimensionless jet widthi/(D+d), for
function of the workspace height normalized by the effectivel_”(Der)>1 as shown in Fig. 9. The effect of jet width was

cylinder diameterH/(D +d), for various domain aspect ra- : . L .
. . . not studied for the soft-particle free jet simulations.
tios, H/W. The cylinder was located along the centerline of P J

the workspace a distance OViSrom the upstream periodic B. Elow fields

boundary. The data indicate that, for the conditions investi-

gated, the drag coefficient increases with increasing domain In addition to the drag force acting on the cylinder, the
height and approaches a nearly constant valueH6(D solid fraction, velocity, and granular temperature fields
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around the cylinder were also measured in the simulationdields are shown in Figs. 11 and 12, respectively. A region of
The results discussed in the following were determined usingow velocity, high temperature particles occurs behind the
the soft-particle simulations. shock wave in front of the cylinders; however, a stagnant

two flows with Kn=0.52 and Ma=0.81 and Ma=1.78 1y giscrepancy is most likely due to the use of frictionless
(the remainder of the parameters are given in the figure ca yarticles in the simulations and the low simulation upstream

tion). Bow shock structures are observed upstream of thsolid fractions(Amaroucheneet al. do not report the solid

cylinder with expansion fan regions observed behind the cyl:

inders. Directly behind the cylinders is a wake region con.fractions in their experiments Note that in most dilute

taining very few particles. Similar shock and eXp(,msiongranuIar flows, the solid fraction and granular temperature

structures have been observed in the dilute granular floire typically inversely dependefft. However, across the

simulations of Buchholtz and Bohet® and the experiments shocks observed here both the solid fraction and granular

of Rerichaet al}” and Amarouchenet al3® temperature increase. A “tail” of moderate temperature is
The corresponding velocity and granular temperatureobserved in the wake region behind the cylinder. This region
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contains few particles so that fluctuations in the particle veimade along a horizontal line crossing the bow shigefer to
locities can be significant. Fig. 13 and are plotted in Fig. 14. The velocity deflection
Surprisingly, the solid fraction, velocity, and temperatureangle is defined as the angle by which the average velocity
fields look similar for both flows despite the Mach numbervector changes across the shock wave. The flow properties
difference. The angle of the “bow shock” with respect to the change over a distance of approximately five to ten particle
horizontal appears to be roughly equal for both Mach numdiameters, comparable to the cylinder diameter Infd
bers. The only significant observable difference between the=10. Downstream of the shock, the solid fraction and ve-
two flows is that the temperature downstream of the bowocity deflection angle remain nearly constant; however, the
shock decays more rapidly for M& 1.78 than for Ma  granular temperature decreases and, as a result, the Mach
=0.81. number increases. The decrease in granular temperature oc-
A typical Mach number field is shown in Fig. 13 for an curs presumably due to the energy dissipated in particle col-
upstream Mach number, Knudsen number, and solid fractiotisions downstream of the shock. For all of the cases shown,
of 1.99, 0.18, and 0.21, respectively. In contrast to typicathe Mach number immediately downstream of the shock is
supersonic gas dynamics flows, the shock structure cannot lseibsonic. Because the normal velocity decreases while the
considered as a discontinuity in the flow and instead changesangential velocity remains constant, a compressible fluid
in flow properties occur over a distance comparable to theéurns toward the shock wave through an angléNote that
cylinder radius. for compressible gas flows, the velocity deflection angle,
The angle the bow shock makes with respect to the upean be determined if the upstream Mach number and shock
stream flow far from the cylinder was measured for fourangle, B8, are known (see, for example, Liepmann and
flows with (Ma,,r.)=(1.99,0.10,(1.07,0.10,(1.96,0.21) Roshkd®. In air with Ma,=1.96 andf=10°, the oblique
and(1.34,0.2). The shock angled, was determined by fit- wave angle isB=40°, a value considerably different than
ting a line to the Ma 1 iso-Mach number line as shown in the 8=29° measured in the granular flow for Ma1.96,
Fig. 13. The shock angle is remarkably insensitive to thev,,=0.21, and#~10°. The velocity deflection angle for
upstream flow Mach number, a situation very different fromMa,,= 1.34 andv,,=0.21 is alsof~10°. A solution for the
typical compressible fluid flows. The bow shock angle de-oblique shock wave angle does not exist for an identical
creases from 292 1° to 26°+1.5° for an increase in Mach Mach number and velocity deflection angle for air, however.
number from Ma=1.34 to Ma,=1.96. For an identical in-
crease in Mach number in a compressible alr_fk_)w, the Obiv. CONCLUSIONS
lique shock angle would decrease by, at the minimum, 18°.
Measurements of the flow Mach number, solid fraction, = The present studies indicate that a cylinder immersed in
granular temperature, and velocity deflection angle were dilute granular flow has many similarities with rarefied gas
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