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Dense granular flow around an immersed cylinder
D. Chehata and R. Zenita)

Instituto de Investigaciones en Materiales, Universidad Nacional Auto´noma de Me´xico,
Apdo. Postal 70-360, Ciudad Universitaria, Coyoaca´n D.F. 04510, Me´xico

C. R. Wassgren
School of Mechanical Engineering, Purdue University, West Lafayette, Indiana 47907-2088

~Received 17 July 2002; accepted 10 March 2003; published 5 May 2003!

The flow around a fixed cylinder immersed in a uniform granular flow is studied experimentally.
Experiments are performed in a tall vertical chute producing a quasi two-dimensional granular flow.
A storage bin at the top of the chute feeds glass particles into the channel while the mean velocity
of the flow is controlled by varying the exit width of a hopper located at the channel bottom.
Measurements of the drag force acting on a fixed cylinder are made using a strain gauge force
measurement system. The flow velocity field is measured through a transparent wall using a particle
image velocimetry analysis of high speed video recordings of the flow. Experiments are performed
for a range of upstream particle velocities, cylinder diameters, and two sizes of glass particles. For
the range of velocities studied, the mean drag force acting on the cylinder is independent of the
mean flow velocity, contrary to what is expected from any ordinary fluid. The drag force increases
with cylinder diameter and decreases with particle diameter. The drag force scales with the
asymptotic static stress state in a tall granular bed. The drag coefficient, defined in terms of a
dynamic pressure and an effective cylinder diameter, scales with the flow Froude number based on
the hydraulic diameter of the channel. This analysis indicates that the drag acting on the cylinder is
strongly affected by the surrounding channel geometry. Although the drag force on the cylinder does
not change with the upstream flow velocity, the flow streamlines do change with velocity. A large
stagnation zone forms at the leading edge of the cylinder while at the trailing edge an empty wake
is observed. The wake size increases with flow velocity. Measurements of the flow vorticity and
granular temperature are also presented and discussed. ©2003 American Institute of Physics.
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I. INTRODUCTION AND BACKGROUND

Interest in granular material dynamics has increased
nificantly in recent years. Although many aspects of the g
erning mechanics of granular flows are now well understo
there are still many areas that have not yet been explore
particular, the problem of flow around immersed objects s
has many unresolved questions.

Fluid flow around immersed objects has been an imp
tant subject in the development of modern fluid mechan
Many phenomena such as drag forces, boundary layers,
the transition to turbulence have advanced with the stud
flow around obstacles. This geometry can also be consid
a benchmark for investigations of particulate flow mech
ics. Such flows are of great importance in many enginee
applications and natural phenomena. A recent recoun
these can be found in Wassgrenet al.1

Granular flow around obstacles was studied early on
Wieghardt.2–4 In these studies, partially immersed cylinde
were dragged through a static bed of sand to obtain meas
ments of the drag force. It was found that the drag on
rods had a weak dependence on the translational velocity
the cross-sectional shape of the rods, although there w
square-root dependence on the rods’ projected diame

a!Author to whom correspondence should be addressed.
1621070-6631/2003/15(6)/1622/10/$20.00
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Wieghardt reasoned that the weak velocity dependenc
slow velocities resulted from sliding friction interaction
with the surrounding particles; a mechanism that is indep
dent of velocity. Wieghardt was also able to predict the d
force to within 10% at slow speeds using Coulomb’s theo
for passive failure in a Mohr-Coulomb material~see, for ex-
ample, Nedderman5!.

Recently, Albertet al.6 revisited this experiment with a
similar apparatus but using much slower velocities, of
order of 1 mm/s rather than the 1–100 cm/s used
Wieghardt. Albertet al. found similar results although a lin
ear dependence on the object’s projected diameter was fo
rather than the square-root dependence observed
Wieghardt.

Note that in both Wieghardt’s and Albertet al.’s studies
the dragged objects were partially immersed in a sta
granular bed. In such a configuration, the cylinder is sub
to a stress field that varies with depth and free surface eff
must be considered. Moreover, it was not possible to ex
ine the flow fields around the object.

Schiffer and co-workers7,8 have recently studied the fluc
tuating nature of the granular drag. They measured the d
on a partially immersed rod moving slowly in a bed of grai
and found that the force-time trace showed a character
stepped sawlike fluctuation. The nature of these fluctuati
was explained in terms of the formation and rupture of fo
2 © 2003 American Institute of Physics

P license or copyright, see http://pof.aip.org/pof/copyright.jsp



he
ce
b

rt
se
th

sa
on
un

e
r

gi
c

u
. I

o
de
ba

i

w

ve
o
in
si

ia
ri
r
o

e
v
is

th

ra
ow
o
fr
an
n
l-
t

e
he
ra
m
ev
ud

w

o-
in

ass
w
at
ow

the
ng
up-

s

e
es
spe-
nt
-
ade

t is
ined

he
the
nd

m.
ted
ated
ed
Fig-

ent.
the
lts

anu-
alue
hat

w
ond
little
re-
the

o-
igh
are

1623Phys. Fluids, Vol. 15, No. 6, June 2003 Dense granular flow around an immersed cylinder
chains within the material and the stick-slip behavior of t
contacts between grains and the object. In a more re
contribution9 they have also analyzed the effects of the o
ject’s shape on the granular drag and its fluctuations.

Neddermanet al.10 and Tüzün and Nedderman11,12 stud-
ied the flow kinematics and wall stresses around silo inse
Stagnant zones of material on the upstream side of the in
were observed in addition to a large void region behind
objects. Recently Amaroucheneet al.13 reported on flow pat-
terns around various objects in dilute granular flows. T
et al.14 also reported a few sample experiments to dem
strate correlated grain velocities for the case of a flow aro
an object in a 2-D channel flow. Taiet al.15 reported the
formation of shock like structures for the flow of avalanch
past obstructions. Similar shock structures have been
ported for the case of collisional-dilute granular flows.1

Penetration tests are routinely performed by civil en
neers to probe the properties of soils. There have been re
attempts to model the flow around penetrometers16,17 of dif-
ferent geometries, in particular for symmetric cavity config
rations, and for different types of soils like clays or sands
particular, the geometry of the t-bar penetrometer18 is very
similar to that in the present study. Many authors in the s
mechanics community concur it is not yet possible to mo
accurately the flow of a sandlike material around a t-
penetrometer.16,19,20

The previously discussed studies were performed
dense flow conditions. In a companion paper,1 we studied a
similar problem but for the case of a dilute granular flo
Buchholtz and Po¨schel21 and Zenit and Karion22 have previ-
ously studied the problem in the same regime. These in
tigations found that the drag force on an object is prop
tional to the square of the upstream flow velocity,
accordance to what is expected from molecular-gas con
erations.

It is well known that the behavior of a granular mater
changes when particle collision effects, as opposed to f
tional effects, dominate the flow.23 For the case of granula
flow around objects, the transition between dense, slow fl
and dilute, rapid flow behavior manifests itself as a chang
the dependence of the drag force, changing from being
locity independent to velocity-squared dependent. We w
ultimately to investigate the conditions that determine
transition between these two states.

In this paper we present experimental results for the d
force acting on a cylinder immersed in a dense granular fl
With the experimental apparatus used in this study, it is p
sible to eliminate both the depth dependence and the
surface effects found in the experiments by Wieghardt
Albert et al.We present measurements of the drag force o
cylinder for a wide range of velocities and for different cy
inder and particle diameters. A good agreement between
present results was found with measurements by Albertet al.
despite the fact that the experimental conditions were v
different. Additionally, we are able to directly observe t
flow fields around the cylinder and relate these to the d
force. We also present the flow vorticity and granular te
perature fields that, to our knowledge, have not been pr
ously reported. This paper complements our recent st
Downloaded 16 Feb 2004 to 132.248.12.227. Redistribution subject to AI
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concerning the drag force on a cylinder in a dilute flo
regime.1

II. EXPERIMENTAL APPARATUS

A vertical chute was built to generate a quasi tw
dimensional flow. A schematic of the experiment is shown
Fig. 1. The channel is 1000 mm tall,L5300 mm wide, and
the gap width between the front and back glass walls isW
550 mm. A storage bin at the top of the chute feeds gl
particles into the channel while the mean velocity of the flo
is controlled by varying the exit width of a hopper located
the channel exit. To obtain a measurement of the mean fl
velocity, the mass flow rate is calculated by measuring
total emptying time of a known mass of particles. Assumi
that the initial and final transients are short, the mean
stream grain velocity,U` , is calculated as

U`5
ṁ

rnmaxA
, ~1!

whereṁ is the mass flow rate~measured as the total mas
divided by the total discharge time!, r is the particle density,
A5LW is the channel cross-sectional area, andnmax is the
maximum packing solid fraction. A value of 0.64 for th
maximum solid fraction was used. The solid fraction do
not remain constant as the particle velocity increases, e
cially in the vicinity of the cylinder. Hence, the measureme
obtained from Eq.~1! is an approximation. This velocity es
timate is also corroborated with velocity measurements m
using particle image velocimetry~PIV! software. The error
involved in considering that the packing remains constan
less than 8% when compared to the measurements obta
by the image processing software.

An aluminum cylinder is positioned at the center of t
channel and is held fixed by a pin that passes through
cylinder’s axis. The pin also passes through the front a
back glass walls without making direct contact with the
One of the pin ends is held fixed while the other is connec
to a force transducer. The transducer consists of a calibr
strain gauge array. The voltage from the array is digitiz
and recorded using a PC-based data acquisition system.
ure 2 shows a force trace obtained from a typical experim
A residual nonzero force on the cylinder is observed at
beginning of each experiment. This residual force resu
from filling the channel. When the flow starts~at approxi-
mately t55 s in the figure! an initial rapid transient is ob-
served. Since the mass flow rate is independent of the gr
lar head,5 the measured force reaches a steady mean v
about which fluctuations occur. Note that the fluctuations t
occur appear to be random. Other investigators7,8 have ob-
served sawtoothlike fluctuations but for much smaller flo
velocities. Near the end of the emptying process, a sec
transient is observed that corresponds to when there is
material remaining upstream of the cylinder. The measu
ment of the drag force is performed, for all cases, over
region where the mean drag force is constant.

In addition to the force measurements, the flow is vide
taped through the front glass wall of the channel using a h
speed videocamera. The images are stored digitally and
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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1624 Phys. Fluids, Vol. 15, No. 6, June 2003 Chehata, Zenit, and Wassgren
processed using PIV software to obtain velocity fields arou
the cylinder. Other quantities of interest, such as the gran
temperature and the vorticity, are also calculated.

Many experiments were performed. The drag force a
the velocity fields were obtained for a range of upstre

FIG. 1. A schematic of the experimental apparatus.

FIG. 2. Force as a function of time for a typical flow. The dashed line sho
the value of the mean drag force.
Downloaded 16 Feb 2004 to 132.248.12.227. Redistribution subject to AI
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particle velocities,U` ~from nearly zero to 470 mm/s!, for
three different cylinder diameters (D538.1 mm, 25.4 mm,
and 12.7 mm! and two different sizes of glass particles (d
56 mm and 3 mm,r52500 kg/m3!. The particles used in al
of the experiments were nearly mono-disperse glass sph
~Jayco Co.!.

III. RESULTS

A. Drag force and drag coefficient

Measurements of the drag force acting on the cylin
were obtained directly using a strain gauge attached to on
the pinned ends of the cylinder. Figure 3 plots the mean d
force as a function of particle velocity~which varies from
nearly zero to approximately 470 mm/s! for three cylinders
and two particle diameters. The most striking characteri
of these results is that, for all cases, the drag force is in
pendent of the particle velocity. These results are simila
those reported by Wieghardt3 and Albertet al.6 and indicate
that the contacts between the cylinder and the particles ar
a frictional and enduring nature.

The drag force increases nearly linearly with the cylind
diameter. A secondary, weaker dependence on the par
diameter is also observed where a larger drag force occu
particle size decreases for a given cylinder size and par
velocity. The linear dependence of the drag force on the c
inder diameter is in agreement with the measurements
Albert et al.6 but disagrees with Wieghardt3 who found a
square root dependence on the cylinder diameter.

To present the results in dimensionless terms, we use
classical definition of the drag coefficient,CD ,

CD5
FD

1
2 rnmaxU`

2 ~D1d!~L2d!
, ~2!s

FIG. 3. Force as a function of particle velocity for different particle a
cylinder diameters~given in mm!. d: D512.7,d53; j: D525.4,d53;
.: D538.1, d53; s: D512.7, d56; h: D525.4, d56; ,: D538.1,
d56. Scatter bars corresponding to6 one standard deviation in the forc
measurements are shown on one of the data sets. Scatter bars for the re
ing data sets are left off for clarity.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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1625Phys. Fluids, Vol. 15, No. 6, June 2003 Dense granular flow around an immersed cylinder
whereFD is the drag force,r is the particle mass density
nmax is the maximum solid fraction, and (D1d)(L2d) is
the effective frontal projected area of the cylinder whereL is
the length of the cylinder,D is the cylinder diameter, andd is
the particle diameter. Figure 4 presents the drag coeffic
as a function of the flow’s Froude number, Fr, based on
upstream velocity and effective cylinder diameter:

Fr5
U`

Ag~D1d!
. ~3!

Since the measured drag force is independent of the
velocity, the drag coefficient decays with the veloc
squared. Using the given scaling, however, does not colla
the data very well. It must be noted that by presenting
data in these terms, an artificialU`

22 dependence is intro
duced. We present the data in this manner to preserve
classic definition of the drag coefficient intact so that t
results can be compared and contrasted with those of o
nary fluids.

To find a more appropriate scaling law, we consider
stress state within a granular material in a vertical bin. T
stress in a tall bin is known to asymptote to a constant va
that is independent of the depth of the granular head
proportional to the bin’s hydraulic diameter,Dh

54Abin /Pbin where Abin and Pbin are the bin’s cross-
sectional area and perimeter, respectively.5 For a vertical
channel with a rectangular cross-section, the wall stresses,
asymptote to

s}rngDh5rng
2~L2d!~W2d!

~L1W22d!
, ~4!

where (L2d)(W2d) and 2(L1W22d) are the effective
cross-sectional area and perimeter of the channel~including
finite particle size effects!, respectively,L and W are the
length and width of the channel respectively, andg is the
acceleration due to gravity. Neglecting the variations of

FIG. 4. Drag coefficient as a function of Froude number based on
effective cylinder diameter. The drag coefficient,CD , is defined in Eq.~2!;
the Froude number, Fr is defined in Eq.~3!. Symbols as in Fig. 3.
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solid fraction,n, around the cylinder and assuming that t
stress acts equally around the entire surface of the cylin
the drag force is of the form

FD}Dh~D1d!~L2d!

5
2~L2d!~W2d!

~L1W22d!
~D1d!~L2d!. ~5!

To represent the measured drag forces in terms of this s
ing, and keeping the classical definition of the drag coe
cient intact@Eq. ~2!#, we define a Froude number based
the hydraulic diameter of the channel,Dh :

Fr5
U`

AgDh

5
U`A~L1W22d!

A2g~L2d!~W2d!
. ~6!

Figure 5 plots the drag coefficient as a function of t
Froude number defined using Eq.~6!. Compared to the pre
vious Froude number scaling shown in Fig. 4, the Frou
number scaling using a hydraulic diameter does a better
of collapsing the data. It is interesting to note that this sc
ing of the drag force was obtained by considering a sta
stress state in a tall granular bin. It can be argued that des
the fact that the material is flowing, the static stress distri
tion remains unchanged. It will be seen in the next secti
however, that the flow field does change significantly w
the flow velocity; a seemingly contradictory observati
when considering the independence of the drag force on
flow velocity.

Note that for the case whenL!W, Eq. ~5! can be sim-
plified using the binomial expansion theorem,

FD}~L2d!2~D1d!S 12
L2d

W2d
1S L2d

W2dD 2

2¯ D . ~7!

Hence, whenL!W, the drag force is directly proportional t
the effective diameter of the cylinder,D1d, and the square
of its effective length,L2d.

e
FIG. 5. Drag coefficient as a function of the Froude number based on
hydraulic diameter of the channel. The drag coefficient,CD , is defined in
Eq. ~2!; the Froude number, based onDH , is defined in Eq.~6!. Symbols as
in Fig. 3. The additional symbols are the data from Albertet al. ~Ref. 6!
~given in mm!: j: D538, d50.41; * , D54.7,d53; 3, D519, d53; 1,
D54.7, d50.88.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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1626 Phys. Fluids, Vol. 15, No. 6, June 2003 Chehata, Zenit, and Wassgren
Along with the scaled measurements, the data from
bert et al.6 are presented, scaled according to Eqs.~2! and
~6!. To calculate the corresponding hydraulic diameter
Albert’s data set, we consideredW to be the radius of the
container andL the bar immersion depth. The scaling wor
remarkably well. The data collapses onto the same line
the present experiments but for a much smaller range
Froude numbers. There is a slight shift between the bes
line of the two experimental data sets, which may result fr
differences in particle-cylinder surface roughness for the
experiments.

B. Drag force fluctuations

Figure 2 shows a typical force trace obtained from
experiment. Clearly, there is a characteristic fluctuation in
force as the material flows around the cylinder. Previo
studies of fluctuations in the granular drag have revea
information about the dynamics of the particle contacts, f
mation of force chains, and many other rich phenomena6,8

Figure 6 shows the power spectrum of the force fluctuati
~arbitrary units!, from the data shown in Fig. 2, as a functio
of the frequency. The force fluctuations occur over a w
range of frequencies. The spectra shows a decay slig
smaller than the typicalf 22, which has been reported to b
associated with stick-slip phenomena in granular flows.8

The mean force fluctuation was calculated for all t
experiments. Figure 7 shows the standard deviation of
drag force for the cases shown in Fig. 3 as a function of
mean upstream grain velocity. The fluctuation of the d
force increases monotonically with velocity despite the f
that the mean drag is independent of the grain velocity.
the flow velocity increases, the formation and destruction
force chains, responsible of the drag force fluctuations,
curs at a higher rate. Hence, it is expected that the fluc
tions would increase with velocity. Note also that the for
fluctuations do not approach a zero value for small velo
ties. For a given grain velocity, the fluctuations increase w

FIG. 6. Power spectrum of the force fluctuations as a function of freque
for a typical flow ~data from Fig. 2!. The solid line shows anf 22 decay.
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the cylinder diameter and appear to increase slightly w
particle diameter.

C. Visualization and flow fields

A photograph of a typical flow is shown in Fig. 8. Th
camera shutter remained open for a fraction of a second
that moving particles traced flow streamlines. The velocity
nearly uniform upstream from the cylinder~as will be dis-

yFIG. 7. Standard deviation of the force as a function of particle velocity
different particle and cylinder diameters. Symbols as in Fig. 3.

FIG. 8. Photograph of a typical flow. The camera shutter remained open
a fraction of a second so that the flow streamlines were traced by the mo
particles.U`5470 mm/s,d53 mm, andD538.1 mm.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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1627Phys. Fluids, Vol. 15, No. 6, June 2003 Dense granular flow around an immersed cylinder
cussed in Sec. III C 1!. A stagnation region forms on th
upstream side of the cylinder while an empty wake occ
downstream of the cylinder. The appearance of the wake
result from a combination of two effects. First, tens
stresses may exist at the cylinder’s trailing edge and since
cohesionless glass spheres cannot sustain tensile load
empty wake forms. Second, the wake may result because
flow’s granular temperature at the cylinder’s trailing edge
too small to overcome the particles’ inertia. Hence, partic
cannot move into the empty wake region. The size and sh
of the stagnation region remains approximately constant o
the range of flow velocities examined, but the size of
wake increases monotonically with particle velocity. Ts
et al.14 also observed an empty wake behind a cylinder
mersed in a two-dimensional granular flow. They observ
of zones in which the fluctuating velocity had similar valu
termed ‘‘velocity correlation zones.’’ They explained the a
pearance of the wake in terms of these correlation zo
However, they showed just one result for a particular con
tion; a more in depth analysis was not performed. Hence
explanation of our measurements cannot be formulated
these terms.

The length of the wake was obtained by directly meas
ing the distance between the trailing edge of the cylinder
the position at which the wake closed. Figure 9 plots
wake length,l, as a function of the flow velocity,U` , for
various cylinder and particle diameters. Assuming that
wake length is a function of the upstream velocity, grav
and particle and cylinder diameters, the Buckingham
theorem states that the dimensionless wake length will
pend on two other dimensionless parameters. Figure 10 p
the wake length normalized by the effective cylinder dia
eter,l/(D1d), as a function of the dimensionless partic
velocity expressed in terms of the Froude number define
Eq. ~3!. Plotting the data in terms of these parameters c
lapses the data to two curves with the wake length increa
monotonically with Froude number. The wake is sligh
larger for larger particles at a given value of the Frou

FIG. 9. Wake length as a function of upstream flow velocity. Measurem

error bars corresponding to6
1
2d are shown on two of the data sets. Err

bars for the remaining data sets are left off for clarity. Symbols as in Fig
Downloaded 16 Feb 2004 to 132.248.12.227. Redistribution subject to AI
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number, presumably due to the effect of increased iner
forces.

Although inertial forces are more significant as the flo
velocity increases, the drag force remains independent of
mean flow velocity. Therefore, the drag force on the cylind
appears to be determined solely by the compressive stre
acting on the leading edge of the object where the stagna
zone forms. Since a large void region occurs at the trail
edge of the cylinder, the force contribution from the re
edge of the cylinder is zero. Furthermore, the drag indep
dence on the velocity suggests that the stresses acting o
stagnation zone are very similar to the static stresses in a
granular bed.

1. Flow velocity fields

The velocity field around the cylinder was obtained
digitally processing the flow images from a high speed vid
camera using PIV software. Pairs of images are cro
correlated to obtain displacement fields that are then use
obtain the velocity fields for a known frame rate.24 For all
cases, at least 100 pairs of images are averaged to obtai
velocity fields. The processed images are those corresp
ing to the constant mean drag force time interval. Figure
shows an image of a typical flow onto which its correspon
ing velocity vector map has been overlaid. The velocity p
file upstream of the cylinder is uniform. The particle veloci
decreases gradually along the channel centerline to for
large stagnation zone at the cylinder’s leading edge. T
changes in the particle velocity are observed more clearl
Fig. 12~a! which presents the velocity field in terms of th
particle speed defined as

uuu5Aux
21uy

2, ~8!

whereux anduy are, respectively, the horizontal and vertic
components of particle velocity,u. Additionally, line plots of
the crosswise change of the particle speed for fixed stre
wise positions are shown in Fig. 12~b!. The numbered verti-
cal lines in Fig. 12~a! depict the different stream wise pos
tions at which the line plots are shown.

t

.

FIG. 10. Dimensionless wake length as a function of Froude number b
on the effective cylinder diameter. Symbols as in Fig. 3.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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1628 Phys. Fluids, Vol. 15, No. 6, June 2003 Chehata, Zenit, and Wassgren
The velocity increases as the particles move around
cylinder. The velocity on either side of the cylinder is si
nificantly larger, up to 40% larger, than the upstream vel
ity. This increase could be explained, in part, from ma
conservation: the obstruction caused by the cylinder cau
an increase in the flow around it~assuming an incompress
ible flow!; however, the velocity increase is only observed
the vicinity of the cylinder. The local velocity increase
around the sides of the cylinder indicates that the flow s
in these regions since, if the flow behaved in a viscous m
ner, the flow disturbance would manifest itself as a deca
the speed near the surface of the stationary cylinder.

Fore-aft asymmetry in the velocity field is not observ
in the vicinity of the cylinder; however, the velocity profil
recovers its uniform distribution within a cylinder diamet
downstream of the object. Note that the irregularities o
served in the flow field near the surface of the cylinder res
from the finite size of the velocity measurement grid. T
grid size was approximately 2.532.5 and 535 particle diam-
eters for the 6 and 3 mm particles, respectively.

Figures 13~a!, 14~a!, and 15~a! show line plots of the
speed for different flow parameters. To make direct comp
sons between different cases, these plots are present
dimensionless terms. The dimensionless particle speed is
fined as

û5
uuu

U`

, ~9!

whereU` is the mean particle velocity upstream of the c
inder @defined in Eq.~1!#. The vertical and horizontal dis
tances are made dimensionless using the cylinder diam
x̂5x/D and ŷ5y/D. The figures indicate that the velocit
fields are similar for most cases when presented in term
these dimensionless quantities. Some differences can be
served for the case of the smallest cylinder,D512.7 mm and
for the large particles,d56 mm.

FIG. 11. Flow image with its corresponding vector map.U`5336 mm/s,
D538.1 mm,d53 mm.
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2. Vorticity field

In the previous section it was noted that the flow appe
to slip around the cylinder. It is, therefore, of interest
calculate the flow vorticity and to compare it, in a qualitati
manner, to the ideal fluid flow case. The vorticity,v, is de-
fined as the curl of the velocity field:

v5¹Ãu. ~10!

In the present, two-dimensional flow, only the compone
perpendicular to the flow,vz , is nonzero. Figure 16 show
the vorticity field and vorticity line plots of the typical flow
shown in Fig. 11. The flow is nearly irrotational upstrea
and downstream of the cylinder. A narrow region of nonze
vorticity appears in the vicinity of the cylinder. Hence, th
rotation of regions of particles is only important near t
cylinder. It is interesting to note that the vorticity created
the cylinder-flow interaction remains confined to a small

FIG. 12. Velocity magnitude field. The vertical lines in~a! depict the
streamwise positions at which the cross-stream variation of the par
speed is shown in~b!: line ~1!, x/D523.0; line ~2!, x/D522.0; line ~3!,
x/D521.0; line ~4!, x/D520.6; line ~5!, x/D50.0; line ~6!, x/D50.5;
line ~7!, x/D51.1; line ~8!, x/D52.1. Flow parameters as in Fig. 11.
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1629Phys. Fluids, Vol. 15, No. 6, June 2003 Dense granular flow around an immersed cylinder
gion near the cylinder and is not diffused nor convected
the rest of the flow domain. Also, the vorticity field appea
to be approximately fore-aft symmetric with respect to t
cylinder despite the fact that the velocity field is asymmet

To compare the vorticity fields for different experimen
we define the dimensionless vorticity as

v ẑ5
vzD

U`

. ~11!

Figures 13~b!, 14~b!, and 15~b! show dimensionless vorticity
line plots for different flow parameters. For all cases,
flow vorticity remains confined to a region near the sides
the cylinder. The dimensionless magnitude of the vortic
field appears to increase as the cylinder diameter decre
but appears to be independent of the flow velocity and
particle diameter. Also, the zone of nonzero vorticity b
comes thinner as the cylinder diameter decreases.

FIG. 13. Cross-stream variation of dimensionless particle speed and di
sionless vorticity for different upstream velocities, for a fixed cylinder a
particle diameter (D525.4 mm,d53 mm!. The different line types show
different streamwise positions: continuous line~—!, x/D'21.1; dashed
line ~- - -!, x/D'0.0; dashed-dotted line~- • -!, x/D'11.1. The thin lines
correspond toU`5345 mm/s, the medium thick lines correspond toU`

5131 mm/s; the thick lines correspond toU`536 mm/s.
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3. Granular temperature field

Another quantity of interest in the study of granular ma
terials is the granular temperature,T, defined as

T5 1
2~^ux8&

21^uy8&
2!, ~12!

where^ux8& and ^uy8& are the horizontal and vertical particle
velocity fluctuations, respectively. The granular temperatu
or variance of the particle velocity, is calculated by measu
ing the mean square deviation of the velocity with respect
the local meanfor each spatial point. The granular tempera
ture is a measure of the fluctuating kinetic energy of the flo
Figure 17 shows the calculated granular temperature of
flow field shown in Fig. 11. The granular temperature h
nonzero values only in the vicinity of the cylinder indicatin
that it is the interaction with the cylinder that creates th

n-

FIG. 14. Cross-stream variation of dimensionless particle speed and dim
sionless vorticity for different cylinder diameters, for an approximately fixe
particle speed and fixed particle diameter (d53 mm!. The different line
types show the same stream-wise positions as in Fig. 13. The thin li
correspond toU`5113 mm/s,D538.1 mm; the medium thick lines corre-
spond toU`5131 mm/s,D525.3 mm; the thick lines correspond toU`

5120 mm/s,D512.7 mm.
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1630 Phys. Fluids, Vol. 15, No. 6, June 2003 Chehata, Zenit, and Wassgren
source of particle velocity fluctuations. In particular, t
‘‘hot’’ spots occur primarily in the vicinity of the wake wher
a free surface exists. The granular temperature damps
immediately after the particles move away from the cylind
Temperature fields for the different flow conditions were a
obtained and similar characteristics were found for all cas

IV. CONCLUSIONS

We have obtained direct measurements of the drag fo
on a cylinder immersed in a granular flow. The experimen
apparatus eliminates the bed depth dependence and free
face effects found in previous drag studies.3,6 Direct mea-
surements of the velocity field around the cylinder were a
made by digitally processing high speed video images of
flow.

FIG. 15. Cross-stream variation of dimensionless particle speed and di
sionless vorticity for different particle diameters, for an approximately fix
particle speed and fixed cylinder diameter (D538.1 mm!. The different line
types show the same stream-wise positions as in Fig. 13. The thin
correspond toU`5120 mm/s,d56 mm; the thick lines correspond toU`

5113 mm/s,d53 mm.
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The granular drag force was found to be independen
the mean, upstream particle velocity. This is an indicat
that frictional drag forces are dominant over inertial effec
The drag force depends strongly on the cylinder diame
with a secondary, weaker dependence on the surroun
particle diameter. Expressed in dimensionless terms, the
coefficient for the cylinder@Eq. ~2!# varies inversely with the
square of the flow Froude number based on the hydra
diameter of the channel@Eq. ~6!#. This study indicates tha
the measured drag force is strongly influenced by the c
taining walls of the channel. We may expect that the d
force would be different if the experiments were perform
in a very wide channel where the granular stresses beha
hydrostatically (s}rng). We found that the present dra
measurements agree well with other studies when prese
in terms of the drag coefficient and the Froude number ba
on the hydraulic diameter of the flow.

Flow visualization and velocimetry show that a larg
stagnation zone forms on the upstream side of the cylin
with particles accelerating as they move around the surf

n-

es

FIG. 16. Vorticity field. The line plots in~b! are for the same positions as i
Fig. 12. Flow parameters as in Fig. 11.
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1631Phys. Fluids, Vol. 15, No. 6, June 2003 Dense granular flow around an immersed cylinder
of the cylinder. An empty wake forms on the downstrea
side of the cylinder and grows with the mean flow veloci
Since the downstream flow around the cylinder changes w
mean particle velocity but the drag force remains unchang
the granular drag must result from the compressive stre
acting on the upstream stagnation region. The vorticity a
granular temperature of the flow have significant magnitu
only in the vicinity of the cylinder.

A more in depth analysis of the velocity profiles in th
vicinity of the cylinder is needed to determine the extent
the stagnation zone and its transition to flow. Measureme
of the stress field around the cylinder are required to confi
the hypothesis that the granular drag is dominated by
compressive stresses acting on the stagnation zone. It w
also be of interest to increase the range of particle veloc
since, for larger velocities, inertial effects are expected
become more significant. The transition from a purely fr
tional drag force to a frictional/inertial drag force has not y
been identified.

FIG. 17. Granular temperature field. The line plots in~b! are for the same
positions as in Fig. 12. Flow parameters as in Fig. 11.
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