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Dense granular flow around an immersed cylinder
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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 discusse@00® American Institute of Physics.
[DOI: 10.1063/1.1571826

I. INTRODUCTION AND BACKGROUND Wieghardt reasoned that the weak velocity dependence at
slow velocities resulted from sliding friction interactions
Interest in granular material dynamics has increased sigwith the surrounding particles; a mechanism that is indepen-
nificantly in recent years. Although many aspects of the govdent of velocity. Wieghardt was also able to predict the drag
erning mechanics of granular flows are now well understoodforce to within 10% at slow speeds using Coulomb’s theory
there are still many areas that have not yet been explored. liar passive failure in a Mohr-Coulomb materiakee, for ex-
particular, the problem of flow around immersed objects stillample, Neddermai
has many unresolved questions. Recently, Albertet al® revisited this experiment with a
Fluid flow around immersed objects has been an imporsjmilar apparatus but using much slower velocities, of the
tant subject in the development of modern fluid mechanicserder of 1 mm/s rather than the 1-100 cm/s used by
Many phenomena such as drag forces, boundary layers, agfieghardt. Albertet al. found similar results although a lin-
the transition to turbulence have advanced with the Study Oéar dependence on the object’s projected diameter was found
flow around obstacles. This geometry can also be considergdther than the square-root dependence observed by
a benchmark for investigations of particulate flow meChanWieghardt.
ics. Such flows are of great importance in many engineering  Note that in both Wieghardt's and Albegt al’s studies
applications and natural phenomena. A recent recount ahe dragged objects were partially immersed in a static
these can be found in Wassgrenal* granular bed. In such a configuration, the cylinder is subject
Granular flow around obstacles was studied early on byg 3 stress field that varies with depth and free surface effects
Wieghardt™ In these studies, partially immersed cylinders myst be considered. Moreover, it was not possible to exam-
were dragged through a static bed of sand to obtain measurgye the flow fields around the object.
ments of the drag force. It was found that the drag on the  gehitfer and co-workef€ have recently studied the fluc-
rods had a wer_:lk dependence on the translational velocity arigating nature of the granular drag. They measured the drag
the cross-sectional shape of the rods, alth(_)ugh the.re Was, a partially immersed rod moving slowly in a bed of grains
square-root dependence on the rods’ projected diametergng found that the force-time trace showed a characteristic
stepped sawlike fluctuation. The nature of these fluctuations
dAuthor to whom correspondence should be addressed. was explained in terms of the formation and rupture of force

1070-6631/2003/15(6)/1622/10/$20.00 1622 © 2003 American Institute of Physics

Downloaded 16 Feb 2004 to 132.248.12.227. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 15, No. 6, June 2003 Dense granular flow around an immersed cylinder 1623

chains within the material and the stick-slip behavior of theconcerning the drag force on a cylinder in a dilute flow
contacts between grains and the object. In a more recemegime!
contributior? they have also analyzed the effects of the ob-
ject’s shape on the granular drag and its fluctuations. Il. EXPERIMENTAL APPARATUS

Neddermaret al.® and Tizin and Nedderman™®stud- A vertical chute was built to generate a quasi two-
ied the flow kinematics and wall stresses around silo inserts,. : . 9 . 9 .

) . . imensional flow. A schematic of the experiment is shown in

Stagnant zones of material on the upstream side of the inser

. o . . : Ig. 1. The channel is 1000 mm tall=300 mm wide, and
were observed in addition to a large void region behind the[he ap width between the front and back alass walld/is
objects. Recently Amarouchere al 13 reported on flow pat- gap 9

. . o =50 mm. A storage bin at the top of the chute feeds glass
terns around various objects in dilute granular flows. Tsai - ; . .
ot al 14 particles into the channel while the mean velocity of the flow

also reporteq a few.s.,ample experiments to demoni- controlled by varying the exit width of a hopper located at
strate correlated grain velocities for the case of a flow arounﬁ
an object in a 2-D channel flow. Tait al® reported the

e channel exit. To obtain a measurement of the mean flow
formation of shock like structures for the flow of avalanchesveIOC'ty’ th(_a mass flow rate is calculated b)_/ measuring .the
) o total emptying time of a known mass of particles. Assuming
past obstructions. Similar shock structures have been "$hat the initial and final transients are short, the mean up-
ported for the case of collisional-dilute granular flots. . . . ' P
. X L . stream grain velocityJ., , is calculated as

Penetration tests are routinely performed by civil engi-
neers to probe the properties of soils. There have been recent m
attempts to model the flow around penetroméfersof dif- U= : (1)
ferent geometries, in particular for symmetric cavity configu- PVmah
rations, and for different types of soils like clays or sands. Inwherem is the mass flow ratémeasured as the total mass
particular, the geometry of the t-bar penetrom@tés very  divided by the total discharge timep is the particle density,
similar to that in the present study. Many authors in the soilA=LW is the channel cross-sectional area, afg, is the
mechanics community concur it is not yet possible to modemaximum packing solid fraction. A value of 0.64 for the
accurately the flow of a sandlike material around a t-bamaximum solid fraction was used. The solid fraction does
penetrometef®1%2° not remain constant as the particle velocity increases, espe-

The previously discussed studies were performed ircially in the vicinity of the cylinder. Hence, the measurement
dense flow conditions. In a companion papere studied a obtained from Eq(1) is an approximation. This velocity es-
similar problem but for the case of a dilute granular flow. timate is also corroborated with velocity measurements made
Buchholtz and Pschef! and Zenit and Karioff have previ-  using particle image velocimetr§P1V) software. The error
ously studied the problem in the same regime. These invesnavolved in considering that the packing remains constant is
tigations found that the drag force on an object is proporiess than 8% when compared to the measurements obtained
tional to the square of the upstream flow velocity, inby the image processing software.
accordance to what is expected from molecular-gas consid- An aluminum cylinder is positioned at the center of the
erations. channel and is held fixed by a pin that passes through the

It is well known that the behavior of a granular material cylinder’s axis. The pin also passes through the front and
changes when patrticle collision effects, as opposed to fricback glass walls without making direct contact with them.
tional effects, dominate the flof%.For the case of granular One of the pin ends is held fixed while the other is connected
flow around objects, the transition between dense, slow flowo a force transducer. The transducer consists of a calibrated
and dilute, rapid flow behavior manifests itself as a change istrain gauge array. The voltage from the array is digitized
the dependence of the drag force, changing from being veand recorded using a PC-based data acquisition system. Fig-
locity independent to velocity-squared dependent. We wislure 2 shows a force trace obtained from a typical experiment.
ultimately to investigate the conditions that determine theA residual nonzero force on the cylinder is observed at the
transition between these two states. beginning of each experiment. This residual force results

In this paper we present experimental results for the dragrom filling the channel. When the flow startat approxi-
force acting on a cylinder immersed in a dense granular flommatelyt=5 s in the figurg an initial rapid transient is ob-
With the experimental apparatus used in this study, it is posserved. Since the mass flow rate is independent of the granu-
sible to eliminate both the depth dependence and the frelar head? the measured force reaches a steady mean value
surface effects found in the experiments by Wieghardt an@bout which fluctuations occur. Note that the fluctuations that
Albert et al. We present measurements of the drag force on accur appear to be random. Other investigdtdisave ob-
cylinder for a wide range of velocities and for different cyl- served sawtoothlike fluctuations but for much smaller flow
inder and particle diameters. A good agreement between theelocities. Near the end of the emptying process, a second
present results was found with measurements by Alitest.  transient is observed that corresponds to when there is little
despite the fact that the experimental conditions were verynaterial remaining upstream of the cylinder. The measure-
different. Additionally, we are able to directly observe the ment of the drag force is performed, for all cases, over the
flow fields around the cylinder and relate these to the dragegion where the mean drag force is constant.
force. We also present the flow vorticity and granular tem-  In addition to the force measurements, the flow is video-
perature fields that, to our knowledge, have not been previtaped through the front glass wall of the channel using a high
ously reported. This paper complements our recent studgpeed videocamera. The images are stored digitally and are
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FIG. 3. Force as a function of particle velocity for different particle and

A cylinder diameterggiven in mm. @: D=12.7,d=3; B: D=25.4,d=3;

V: D=38.1,d=3; O: D=12.7,d=6; [0: D=25.4,d=6; V: D=38.1,

d=6. Scatter bars corresponding toone standard deviation in the force
measurements are shown on one of the data sets. Scatter bars for the remain-
ing data sets are left off for clarity.

v particle velocitiesU., (from nearly zero to 470 mmysfor
g three different cylinder diameter©E38.1 mm, 25.4 mm,

flow control and 12.7 mmand two different sizes of glass particled (
hopper =6 mm and 3 mmp=2500 kg/ni). The particles used in all
computer ) :
of the experiments were nearly mono-disperse glass spheres
300 mm (Jayco Co.
FIG. 1. A schematic of the experimental apparatus.
Ill. RESULTS

processed using PIV software to obtain velocity fields around®. Drag force and drag coefficient
the cylinder. Other quant@@s of interest, such as the granular Measurements of the drag force acting on the cylinder
temperature and the vorticity, are also calculated. were obtained directly using a strain gauge attached to one of

Many experiments were performed. The drag force ange hinned ends of the cylinder. Figure 3 plots the mean drag
the velocity fields were obtained for a range of upstreanyyce as a function of particle velocitgwhich varies from

nearly zero to approximately 470 mmfer three cylinders
and two particle diameters. The most striking characteristic

20 ‘ ' ' ' ' ' ' of these results is that, for all cases, the drag force is inde-
18 D = 38.1 mm 1 pendent of the particle velocity. These results are similar to
w6l d=6mm | those reported by Wieghafdand Albertet al® and indicate

U, =60 mm/s that the contacts between the cylinder and the particles are of
14y 1 a frictional and enduring nature.

12} . The drag force increases nearly linearly with the cylinder
i_ diameter. A secondary, weaker dependence on the particle
gm‘ | diameter is also observed where a larger drag force occurs as
o8k oA particle size decreases for a given cylinder size and particle

Al | velocity. The linear dependence of the drag force on the cyl-
inder diameter is in agreement with the measurements of
af 1 Albert et al® but disagrees with Wieghardvho found a
ol | square root dependence on the cylinder diameter.
To present the results in dimensionless terms, we use the
% 5 10 15 20 25 30 35 40 classical definition of the drag coefficier@y ,

time, s

FIG. 2. Force as a function of time for a typical flow. The dashed line shows Cp=

the value of the mean drag force.

Fo
Lprma2(D+d)(L—d)’

@
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FIG. 5. Drag coefficient as a function of the Froude number based on the

FIG. 4 Dra}g coeﬁicient as a function O.f _Froud(_a ”““?ber ‘based on thenydraulic diameter of the channel. The drag coeffici€@y,, is defined in
effective cylinder diameter. The drag coefficie@t; , is defined in Eq(2); Eq. (2); the Froude number, based By , is defined in Eq(6). Symbols as

the Froude number, Fris defined in B@). Symbols as in Fig. 3. in Fig. 3. The additional symbols are the data from Albetrtal. (Ref. 6
(given in mm: B: D=38,d=0.41;*, D=4.7,d=3; X, D=19,d=3; +,
D=4.7,d=0.88.

Froude number, Fr

whereFp is the drag forcep is the particle mass density,

Vmax 1S the maximum solid fraction, andD(+d)(L—d) is ] ) ) )

the effective frontal projected area of the cylinder wheiie solid fraction, v, around the cyllndgr and assuming that' the
the length of the cylinde is the cylinder diameter, ardlis ~ Stress acts eqqally around the entire surface of the cylinder,
the particle diameter. Figure 4 presents the drag coefficierh® drag force is of the form

as a function of the flow’s Froude number, Fr, based on the FpxDy(D+d)(L—d)

upstream velocity and effective cylinder diameter:

_2(L=d)(W=d) D)L —d 5
U _(L+\N——2d)( +d)( ). )
Fr= Jg(D+d)’ @ To represent the measured drag forces in terms of this scal-

ing, and keeping the classical definition of the drag coeffi-
Since the measured drag force is independent of the flowient intact[Eq. (2)], we define a Froude number based on
velocity, the drag coefficient decays with the velocity the hydraulic diameter of the chann®l,,:
squared. Using the given scaling, however, does not collapse

the data very well. It must be noted that by presenting the . Us U V(L+W-2d) ©
. g - 72 . . = = .
data in these terms, an artificial,,© dependence is intro- JgD,  V2g(L—d)(W—d)

duced. We present the data in this manner to preserve the o .

classic definition of the drag coefficient intact so that the  Figure 5 plots the drag coefficient as a function of the

results can be compared and contrasted with those of ordf-roude number defined using E). Compared to the pre-

nary fluids. vious Froude number scaling shown in Fig. 4, the Froude
To find a more appropriate scaling law, we consider the"Umber scaling using a hydraulic diameter does a better job

stress state within a granular material in a vertical bin. Thedf collapsing the data. It is interesting to note that this scal-

stress in a tall bin is known to asymptote to a constant valué'g Of the drag force was obtained by considering a static

that is independent of the depth of the granular head bu3lress state in a tall granular bin. It can be argued that despite
proportional to the bin's hydraulic diameterD,, the fact that the material is flowing, the static stress distribu-

— 4A, /Py, Where A, and Py, are the bin’s cross- 1ion remains unchanged. It will be seen in the next section,
sectional area and perimeter, respectieRor a vertical however, that t'he flow fielq does changg significantly vyith
channel with a rectangular cross-section, the wall stresses, the flow velocity; a seemingly contradictory observation

asymptote to when considering the independence of the drag force on the
flow velocity.
2(L—d)(W—d) Note that for the case whdn<W, Eq. (5) can be sim-
oxprg Dh=pvgm, (4 plified using the binomial expansion theorem,
. L—d [L-d\?
where (—d)(W—d) and 2(+W-—2d) are the effective Fox(L—d)*(D+d)| 1— w—a \w=d — (7

cross-sectional area and perimeter of the chafineluding
finite particle size effecjs respectively,L and W are the Hence, wher.<W, the drag force is directly proportional to
length and width of the channel respectively, ands the the effective diameter of the cylinddd,+d, and the square
acceleration due to gravity. Neglecting the variations of theof its effective lengthL. —d.
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FIG. 7. Standard deviation of the force as a function of particle velocity for

FIG. 6. Power spectrum of the force fluctuations as a function of frequen(:)aiﬁerent particle and cylinder diameters. Symbols as in Fig. 3

for a typical flow(data from Fig. 2 The solid line shows ah~2 decay.

the cylinder diameter and appear to increase slightly with
particle diameter.
Along with the scaled measurements, the data from Al-
bert et al® are presented, scaled according to E@$.and  C. Visualization and flow fields
(6). To calculate the corresponding hydraulic diameter for

Albert’'s data set, we consideralf to be the radius of the . .

container and. the bar immersion depth. The scaling works camera §hutter remamed open for a frapﬂon of a seco'nd.so
remarkably well. The data collapses onto the same line fotrhat moving particles traced flow streamllnes. T_he velo_cny IS
the present experiments but for a much smaller range Orf_nearly uniform upstream from the cylindéas will be dis-
Froude numbers. There is a slight shift between the best fit
line of the two experimental data sets, which may result from
differences in particle-cylinder surface roughness for the two

experiments.

A photograph of a typical flow is shown in Fig. 8. The

B. Drag force fluctuations

Figure 2 shows a typical force trace obtained from the
experiment. Clearly, there is a characteristic fluctuation in the
force as the material flows around the cylinder. Previous
studies of fluctuations in the granular drag have revealed
information about the dynamics of the particle contacts, for-
mation of force chains, and many other rich phenonféha.
Figure 6 shows the power spectrum of the force fluctuations
(arbitrary unit$, from the data shown in Fig. 2, as a function
of the frequency. The force fluctuations occur over a wide
range of frequencies. The spectra shows a decay slightly
smaller than the typical 2, which has been reported to be
associated with stick-slip phenomena in granular fldws.

The mean force fluctuation was calculated for all the
experiments. Figure 7 shows the standard deviation of the
drag force for the cases shown in Fig. 3 as a function of the
mean upstream grain velocity. The fluctuation of the drag
force increases monotonically with velocity despite the fact
that the mean drag is independent of the grain velocity. As
the flow velocity increases, the formation and destruction of
force chains, responsible of the drag force fluctuations, oc-
curs at a higher rate. Hence, it is expected that the fluctua-
tions W_OUId increase with velocity. Note also that the forC?FIG. 8. Photograph of a typical flow. The camera shutter remained open for
fluctuations do not approach a zero value for small veloCi- fraction of a second so that the flow streamlines were traced by the moving
ties. For a given grain velocity, the fluctuations increase withparticles.U..= 470 mm/s,d=3 mm, andD =38.1 mm.
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FIG. 9. Wake length as a function of upstream flow velocity. Measuremen¥IG. 10. Dimensionless wake length as a function of Froude number based

error bars corresponding to 3d are shown on two of the data sets. Error on the effective cylinder diameter. Symbols as in Fig. 3.
bars for the remaining data sets are left off for clarity. Symbols as in Fig. 3.

number, presumably due to the effect of increased inertial

cussed in Sec. Il C)1 A stagnation region forms on the forces.

upstream side of the cylinder while an empty wake occurs A!thqugh inertial forces are more si.gnificant as the flow
downstream of the cylinder. The appearance of the wake ma:fﬂplocny increases, the drag force remains independent of the
ean flow velocity. Therefore, the drag force on the cylinder

result from a combination of two effects. First, tensile be d ired solely by th )
stresses may exist at the cylinder’s trailing edge and since tHEPPears to be determined solely by the compressive stresses

cohesionless glass spheres cannot sustain tensile loads, afjing on the Igadlng edge of Fhe Ob_JECt where the stagn'a.tlon
empty wake forms. Second, the wake may result because tH&"€ forms. Sln_ce a large void region occurs at the trailing
flow’s granular temperature at the cylinder’s trailing edge isegge Off Lhe C?(I'gder_’ the force ﬁontnbunoE fré)m thed rear
too small to overcome the particles’ inertia. Hence, particle€d9€ Of the cylinder is zero. Furthermore, the drag indepen-
cannot move into the empty wake region. The size and Shap%ence on the velocity suggegts that the strgsses actmg on the
of the stagnation region remains approximately constant oveitagnation zone are very similar to the static stresses in a tall

the range of flow velocities examined, but the size of thegranular bed.
wake increases monotonically with particle velocity. Tsai
et all* also observed an empty wake behind a cylinder im-
mersed in a two-dimensional granular flow. They observed The velocity field around the cylinder was obtained by
of zones in which the fluctuating velocity had similar valuesdigitally processing the flow images from a high speed video
termed “velocity correlation zones.” They explained the ap-camera using PIV software. Pairs of images are cross-
pearance of the wake in terms of these correlation zonesorrelated to obtain displacement fields that are then used to
However, they showed just one result for a particular condiobtain the velocity fields for a known frame réfeFor all
tion; a more in depth analysis was not performed. Hence, apases, at least 100 pairs of images are averaged to obtain the
explanation of our measurements cannot be formulated iselocity fields. The processed images are those correspond-
these terms. ing to the constant mean drag force time interval. Figure 11
The length of the wake was obtained by directly measurshows an image of a typical flow onto which its correspond-
ing the distance between the trailing edge of the cylinder anéhg velocity vector map has been overlaid. The velocity pro-
the position at which the wake closed. Figure 9 plots thdile upstream of the cylinder is uniform. The particle velocity
wake length\, as a function of the flow velocity),., for ~ decreases gradually along the channel centerline to form a
various cylinder and particle diameters. Assuming that thdarge stagnation zone at the cylinder’s leading edge. The
wake length is a function of the upstream velocity, gravity,changes in the particle velocity are observed more clearly in
and particle and cylinder diameters, the Buckingham-PFig. 12a) which presents the velocity field in terms of the
theorem states that the dimensionless wake length will departicle speed defined as
pend on two other dimensionless parameters. Figure 10 plots N v
the wake length normalized by the effective cylinder diam- |ul= Uy Uy, )
eter,\/(D+d), as a function of the dimensionless particle whereu, andu, are, respectively, the horizontal and vertical
velocity expressed in terms of the Froude number defined ikomponents of particle velocity, Additionally, line plots of
Eq. (3). Plotting the data in terms of these parameters colthe crosswise change of the particle speed for fixed stream-
lapses the data to two curves with the wake length increasingise positions are shown in Fig. @. The numbered verti-
monotonically with Froude number. The wake is slightly cal lines in Fig. 12a) depict the different stream wise posi-
larger for larger particles at a given value of the Froudetions at which the line plots are shown.

1. Flow velocity fields
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(a) Map of velocity magnitude (in cm/s)
FIG. 11. Flow image with its corresponding vector map,=336 mm/s,
D=38.1 mm,d=3 mm. ' ' ' ' ' ' '
5001 b

The velocity increases as the particles move around theg 400r
cylinder. The velocity on either side of the cylinder is sig- €
nificantly larger, up to 40% larger, than the upstream veIoc—g 300
ity. This increase could be explained, in part, from massg
conservation: the obstruction caused by the cylinder causeg
an increase in the flow around (@ssuming an incompress-
ible flow); however, the velocity increase is only observed in
the vicinity of the cylinder. The local velocity increases ~ '%0]
around the sides of the cylinder indicates that the flow slips
in these regions since, if the flow behaved in a viscous man- o
ner, the flow disturbance would manifest itself as a decay in
the speed near the surface of the stationary cylinder.

Fore-aft asymmetry in the velocity field is not observed
in the vicinity of the cylinder; however, the velocity profile
recovers its uniform distribution within a cylinder diameter FIG. 12. Velocity magnitude field. The vertical lines {a) depict the
downstream of the object. Note that the irregularities ob-zgzzgqg'ssioﬁ:'itgs":; (VX;‘"fgDtie_%r%s;Sl‘if]:?;'?x)’gr':at_'ozﬁo?fli;2(?356‘””6
served in the flow field near the surface of the cylinder resuli,p - 1 0: line (4), x/'D=—0.6: line (5), x/D=0.0; line (6), x/D=0.5;
from the finite size of the velocity measurement grid. Theline (7), xD=1.1; line(8), x/D=2.1. Flow parameters as in Fig. 11.
grid size was approximately 2&.5 and 55 particle diam-
eters for the 6 and 3 mm particles, respectively.

Figures_ 18a), 14(a), and 1%a) show line pl_ots of the 2. Vorticity field
speed for different flow parameters. To make direct compari-
sons between different cases, these plots are presented in In the previous section it was noted that the flow appears
dimensionless terms. The dimensionless particle speed is dt slip around the cylinder. It is, therefore, of interest to
fined as calculate the flow vorticity and to compare it, in a qualitative
manner, to the ideal fluid flow case. The vorticity, is de-
fined as the curl of the velocity field:

200

velocity

80 -60 -40 -20 O 20 40 60 80
y, mm

(b) Cross-stream variation of velocity magnitude (in cm/s)

N
u=g- ©) w=VXU. (10)

In the present, two-dimensional flow, only the component
whereU., is the mean particle velocity upstream of the cyl- perpendicular to the flowy,, is nonzero. Figure 16 shows
inder [defined in Eqg.(1)]. The vertical and horizontal dis- the vorticity field and vorticity line plots of the typical flow
tances are made dimensionless using the cylinder diameteshown in Fig. 11. The flow is nearly irrotational upstream
x=x/D andy=y/D. The figures indicate that the velocity and downstream of the cylinder. A narrow region of nonzero
fields are similar for most cases when presented in terms oforticity appears in the vicinity of the cylinder. Hence, the
these dimensionless quantities. Some differences can be ofwtation of regions of particles is only important near the
served for the case of the smallest cylind2e12.7 mm and  cylinder. It is interesting to note that the vorticity created by
for the large particlesg=6 mm. the cylinder-flow interaction remains confined to a small re-
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FIG. 13. Cross-stream variation of dimensionless particle speed and dimei -3 -2 -1 0 1 2 3

sionless vorticity for different upstream velocities, for a fixed cylinder and dimensionless vertical position, y/D

particle diameter D =25.4 mm,d=3 mm). The different line types show
different streamwise positions: continuous lifie-), x/D~ —1.1; dashed
line (- - -), x/D~0.0; dashed-dotted ling - -), x/D~ +1.1. The thin lines
correspond tdJ,,=345 mm/s, the medium thick lines correspondUg
=131 mm/s; the thick lines correspond b, =36 mm/s.

(b) Dimensionless vorticity line plot
FIG. 14. Cross-stream variation of dimensionless particle speed and dimen-
sionless vorticity for different cylinder diameters, for an approximately fixed
particle speed and fixed particle diameter=3 mm). The different line
types show the same stream-wise positions as in Fig. 13. The thin lines
correspond tdJ,,=113 mm/s,D=38.1 mm; the medium thick lines corre-
spond toU,. =131 mm/s,D=25.3 mm; the thick lines correspond td,

. . . . =120 mm/s,D=12.7 mm.
gion near the cylinder and is not diffused nor convected to

the rest of the flow domain. Also, the vorticity field appears
to be approximately fore-aft symmetric with respect to thez, Granular temperature field
cylinder despite the fact that the velocity field is asymmetric.

To compare the vorticity fields for different experiments,
we define the dimensionless vorticity as

Another quantity of interest in the study of granular ma-
terials is the granular temperatuikg,defined as

T=3((ug)?+(uy)?), (12)

w,= . (1) where(u,) and(uy) are the horizontal and vertical particle
Ue velocity fluctuations, respectively. The granular temperature,
Figures 18b), 14(b), and 1%b) show dimensionless vorticity or variance of the particle velocity, is calculated by measur-
line plots for different flow parameters. For all cases, theing the mean square deviation of the velocity with respect to
flow vorticity remains confined to a region near the sides ofthe local meanfor each spatial point. The granular tempera-
the cylinder. The dimensionless magnitude of the vorticityture is a measure of the fluctuating kinetic energy of the flow.
field appears to increase as the cylinder diameter decreasEgyure 17 shows the calculated granular temperature of the
but appears to be independent of the flow velocity and thélow field shown in Fig. 11. The granular temperature has
particle diameter. Also, the zone of nonzero vorticity be-nonzero values only in the vicinity of the cylinder indicating
comes thinner as the cylinder diameter decreases. that it is the interaction with the cylinder that creates the

w,D
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FIG. 15. Cross-stream variation of dimensionless particle speed and dimef=G. 16. Vorticity field. The line plots irib) are for the same positions as in
sionless vorticity for different particle diameters, for an approximately fixed Fig. 12. Flow parameters as in Fig. 11.

particle speed and fixed cylinder diameter= 38.1 mn)j. The different line

types show the same stream-wise positions as in Fig. 13. The thin lines

correspond tdJ..=120 mm/s,d=6 mm; the thick lines correspond td., .
=113 mm/s,d=3 mm. The granular drag force was found to be independent of

the mean, upstream particle velocity. This is an indication
that frictional drag forces are dominant over inertial effects.
The drag force depends strongly on the cylinder diameter

“hot” spots occur primarily in the vicinity of the wake where with a secondary, weaker dependence on the surrounding

a free surface exists. The granular temperature damps oﬂf"rtiq? diameter. Expressed in dime_nsiqnless term_s, the drag
immediately after the particles move away from the cylinder.CoeﬁcICIent for the cylindefEq. (2)] varies inversely with the

Temperature fields for the different flow conditions were alsg>duare of the flow Froude number based on the hydraulic

obtained and similar characteristics were found for all casesdiameter of the channeﬁEq_. (6)]. This _study indicates that
the measured drag force is strongly influenced by the con-

taining walls of the channel. We may expect that the drag
IV. CONCLUSIONS force would_ be different if the experiments were performed

in a very wide channel where the granular stresses behaved

We have obtained direct measurements of the drag forchydrostatically ¢<pvrg). We found that the present drag

on a cylinder immersed in a granular flow. The experimentameasurements agree well with other studies when presented
apparatus eliminates the bed depth dependence and free sirterms of the drag coefficient and the Froude number based
face effects found in previous drag studiésDirect mea- on the hydraulic diameter of the flow.
surements of the velocity field around the cylinder were also  Flow visualization and velocimetry show that a large
made by digitally processing high speed video images of thetagnation zone forms on the upstream side of the cylinder
flow. with particles accelerating as they move around the surface

source of particle velocity fluctuations. In particular, the
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