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Granular temperature profiles in three-dimensional vibrofluidized granular beds
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The motion of grains in a three-dimensional vibrofluidized granular bed has been measured using the
technique of positron emission particle tracking, to provide three-dimensional packing fraction and granular
temperature distributions. The mean square fluctuation velocity about the mean was calculated through analysis
of the short time mean squared displacement behavior, allowing measurement of the granular temperature at
packing fractions of up tep~0.15. The scaling relationship between the granular temperature, the number of
layers of grains, and the base velocity was determined. Deviations between the observed scaling exponents and
those predicted by recent theories are attributed to the influence of dissipative grain-sidewall collisions.
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I. INTRODUCTION emission particle trackindPEPT [11]. The authors have
recently demonstrated the suitability of PEPT for studies of
The importance of granular materials in industrial andhighly fluidized granular bed§12]. In that article, it was
natural processes has led to a long history of study intéhown that variables such as the mean squared displacement
granular behavior. Over the last 20 years this interest hagnd self-diffusion coefficient could be measured, and that for
steadily increased, as the complexity and variety of granulayery dilute systemspacking fractions~0.05 the granular
phenomena have become apparent. The similarities betweé@mperature could be measured over the whole altitude range
granular materials and classical fluids have been noted freaf amplitudes.
quently(e.g., Ref[1]). There are, however, fundamental dif-  In this paper, results from the recently upgraded PEPT
ferences between these states of matter; for example, disdacility are presented. The new facility provides an improve-
pation of kinetic energy during collisions, not observed inment in temporal resolution by a factor of 3—4 compared to
simple thermal fluids, is a dominant feature of granularthe system used in RdfL2]. As a result granular temperature
gases. Despite this, the use of kinetic theory analogs h#&n be measured in significantly denser flows than was pre-
resulted in the first tentative steps towards the construction ofiously possible. In particular, granular temperature profiles
a framework in which a hydrodynamic theory of granularWill be presented for packing fractions up to about 15% for
flows can be formulatefL]. the first time. An introduction to the PEPT and shaker system
Much of the progress in understanding granular flows haés given in Sec. Il. In Sec. lll, the PEPT location data are
been through theoretical and numerical approac¢aes, see analyzed to determine the packing fraction and velocity
Ref. [3]). Recently though, a number of experimental tech-fields thrqughout the whole of the qell, and granular temperq—
niques have been developed to investigate two- and thredure profiles for a range of experiments are presented. Fi-
dimensional vibrofluidized granular beds. In two dimensionsnally, scaling laws in three-dimensional fluidized beds are
a series of experiments by Warr and co-workers, using highdiscussed in Sec. IV, where experimentally determined scal-
speed digital photography, demonstrated that highly Vibromg_relatmnshlps are compared to the two-dimensional ex-
fluidized two-dimensional2D) granular beds can operate Perimental results of Warr, Huntley, and Jacqiigs the
near to equilibrium, i.e., the granular velocities broadly fol- numerical results of Luding, Herrmann, and Blumiti],
low Maxwell distributions[4,5], and that the local structure and the theoretical predictions of Kumari#].
of the granular bed is similar to that seen in a thermal fluid
[6]. Later, a novel method of calculating granular tempera-
ture was developeld] based upon the short-time behavior of
the mean squared displacement, which does not require de- Whole field methods of analyzing highly fluidized three-
tection of the collision events. This method was used to meadimensional granular beds at the single particle level are not
sure granular temperature concurrently with measurementgenerally available. In this paper we present results using the
of the self-diffusion coefficien{8]. This subsequently al- recently upgraded Birmingham PEPT facility. Although
lowed simple kinetic theory approaches to granular beds t®EPT tracks only a single particle, the automated facility
be validated 8]. allows experimental data to be logged for a considerable
The visualization of the internal dynamics of three-length of time(up to 6 B, resulting in pseudo-whole-field
dimensional granular flows is obviously more challengingdata for steady state systems. The technique has recently
than for two-dimensional arrays. A number of techniquesbeen used to investigate a number of experimental situations,
have recently been developed to probe flows in threee.g., rotating bedgl3] and paste floWy14] and more recently
dimensional geometries, including diffusive wave spectrosit has been used to successfully analyze three-dimensional
copy [9], magnetic resonance imagirid0], and positron vibrofluidized granular bedgl2]. The technique uses a ra-

Il. EXPERIMENTAL PROCEDURE
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-a}—= —Pp» Back-to-back 511 keV photons from
positron-electron annihilation FIG. 2. Typical positron emission particle tracking traces for the
(a) x coordinate,(b) y coordinate, andc) the z coordinate, forN
FIG. 1. Schematic of the positron emission particle tracking and=350.
shaker facility. The polymethyl methacrylate cylindrical cell was

145 mm in diameter and 300 mm in height. placed between the photon detect@fgy. 1). The cell was

constructed of polymethyl methacrylate to limit the attenua-
dionuclide that decays by positron emission, and relies ofion of the gamma rays as they traveled through the experi-
detecting the pairs of back-to-back gamma rays producethental apparatus, and the walls were coated with conducting
when positrons annihilate with electrons. These gamma raysopper tape to reduce electrostatic charging of the grains.
are very penetrating and an accurate location can be deteThe cell was vibrated at a frequency of 50 Hz. The amplitude
mined from detection of a small number of back-to-backof vibration,Ag, was varied throughout the range 0.74, 0.94,
pairs. Coincident detection of two gamma rays in a pair of1.14, 1.34, and 1.54 mm. Glass ballotini balls of diameter,
position sensitive detectors defines a line passing close to the=5.0+0.2 mm(with an intergrain restitution coefficiert
point of emission without the need for collimation. The Uni- measured using high-speed photography, of 0.91 and mass,
versity of Birmingham Positron Camera is a Forte dualm=1.875<10 “#kg) were used as the granular medium.
headed gamma camer@dac Laboratories, CA, USA At grain speeds of aboat=1 ms * the PEPT camera has
Each head contains a single crystal of Nal scintillator,an accuracy, in the-y plane, of about=1 mm. However, the
500X 400 mnt, 16 mm thick, optically coupled to an array accuracy in the direction is substantially worse as the grain
of photomultiplier tubes. The current maximum count rate ofneeds to be located in a direction normal to the faces of the
4% 10* s~ enables an ideal temporal resolution of 2 ms withdetectors. When calculating the granular temperatSe.
a spatial accuracy of 1 mm. In the following experiments a |11D), the average behavior in tiedirection was therefore
tracer particle was created by irradiating a glass ballotinessumed to be equivalent to that in thedue to cylindrical
sphere with a beam ofHe, which leads to a bead that is symmetry. During each experiment, the motion of a grain
physically indistinguishable from the remaining beads withinwas followed for about 1 h, resulting in up to 20 million
the experimental cell. This radiolabeling process converts thipcation events. Each location event was ascribed a coordi-
available O nuclei to a radioisotope of F, which decays renate in space and timg, y, z, §. The number of grainsy,
sulting in the emission of positrons. In a dense medium suchlaced within the cel(including the tracer particjavas cho-
as ballotini, a positron quickly annihilates with an electron,sen to be 350, 700, and 1050 corresponding to a total number
producing two back-to-back 511 keV gamma rays. These aref close-packed grain layers of about 0.5, 1, and 1.5, respec-
detected in the pair of diametrically placed camera headgvely. Figures 2a)—2(c) show typicalx, y, andz trajectories
(Fig. 1). Through triangulation of successive location eventspver a 1 stime interval forN=2350 andAg=1.34 mm.
the position of the tracer particle can be located in three
dimensions.

A three-dimensional granular gas was generated using a lll. DATA ANALYSIS

Ling Dynamic SystemdLDS) vibration system. A sinu-
soidal signal was fed through a field power sughS FPS
1] and power amplifie{LDS PA 1004 into a wide fre- In any dissipative system, energy has to be continually
guency band electrodynamic transdu€ebS V651]. This  injected into the system to maintain the steady state. In the
system has a frequency range of 5-5000 Hz, a maximurnase of vibrofluidized beds, the main energy source is the
acceleration of 100 g and maximum amplitude of 12.5 mmuyvibrating lower boundary of the cell. As this motion is con-
A cell of dimensions 140 mm diameter and 300 mm heightfined to the vertical direction, the energy transferred to the
was placed on the upper surface of the vibrating piston, itselfrains also flows in the direction; subsequent intergrain

A. Center-of-mass motion
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0.16 T T T y y During experiments on two-dimensional systemscan be
determined using whole field techniques such as high-speed
0.14f photography{5]. With a pointwise technique such as PEPT,
packing fraction can only be calculated by making use of the
~=0.12f ergodicity of the system. This method was developed in a
£ previous publicatiorf12], and will only be described briefly
£ o1 here.
§ The experimental cell is discretized into segments, the
&o.08f shape of which depends on the analysis being performed. For
g example, to measure the packing fraction, averaged over the
£ 0.06} cross-sectional area of the cell, the experimental cell is sub-

divided into horizontal slices, and packing fraction is calcu-
lated as a function of heighy, The large number of location
events means that each of these slices can be subdivided
0.02 , . , . . further, so that, for example, packing fraction can be mea-
20 30 40 50 60 70 80 sured as a function of the distance from the axis, as well as
Frequency (Hz) . . . . .
a function ofy. Following this segmentation, each location
FIG. 3. Average power spectrum of thecoordinates fon  €vent is assigned to the appropriate segment, resulting in a
=1050,Ag=0.74 mm. location density. To accurately determine the packing frac-
tion, the system is assumed to be ergddig], i.e., a time

collisions transfer the kinetic energy into the orthogonal di-average is equivalent to an ensemble average, leading to the

0.04f

rections, and a form of energy partition occ{it$]. expression:

It is well known that sinusoidal excitation can, under cer- NF, (y) md?
tain circumstancessuch as low frequency, low, and high 7= L, (3)
N), result in significant correlations between the center-of- 6V;

mass motion of the grains and the motion of the base. Typi- . : .
cally, the center of mass moves at some integral fraction o‘f\’.here V.i s the v_olume qf the'th. segment and(y) is
the driving frequency{16]. Granular temperature specifies d|str|_but|on OT residence times. F|gure(sg)4—4(d) .ShOW the
the magnitude of the velocity fluctuations about the mea acking fraction as a fqnctlon of the aIt|tuc'ge,F|g.ure 4a)
flow, and it is therefore important for the calculations in Sec.lllustrates Fhe changes_ln the papklng fraction with the num-
IV that the center-of-mass motion is determined. ber of particlesN, at a fixed amplitudé¢1.34 mn). The form

Figure 3 shows part of the frequency spectrud(f ), of the curve is similar in each case: a sharp rise in packing

defined by fraction near the base, reaching a peak value and then decay-
ing exponentially. Figure @) demonstrates the influence of
N; 2 the vibration amplitude, foN=350, andAy=0.74, 0.94,
P(f)= 21 yj(tpexp —i2nt;f)| (1) 1.14, and 1.34 mm. Clearly at low amplitudes the grains are
i<

less energetic and accumulate close to the base. At higher

) ) _ amplitudes the base velocity is increased and the bed is ex-
whereN; is the number of coordinate locationg,andt; are  panded. One can see in Figchthat a log-linear represen-
the height and time associated with tfth location event, tation of Fig. 4b) confirms the tendency of the packing frac-
andf is the frequencyP(f) was calculated for thg motion  tjon profile to become exponential at high altitudes.
of the tracer particle under conditions potentially most prone Figure 4d) shows the packing fraction plotted as a func-
to systematic center-of-mass motiofiN=1050, Ao  tion of the radial distance for y=2.5 to 22.5 mm, and for
=0.74 mm, for grains in the interval-0y <5 mm above the  N=350, A,=1.34 mm. There is a significant increase in
base¢. The plot in Fig. 3 was obtained by dividing the entire packing fraction near the wall compared to that on the axis,
run into sequences lasting 1 s, subtracting the meealue  of around 50% fory~ 12.5 mm. This “boundary layer” ex-
from each sequence to remove the dc peak from the spegsnds inwards by about 30-40 mm, or about 6—8 grain di-
trum, and finally averaging over the resulting 3600 spectragmeters. The rise in packing fraction could be attributed to a
No significant peak is visible at either 50 Hz, or at any har-compination of two mechanisms. First, the particles inside
monic or subharmonic of this driving frequency. It was the cylindrical cell exert an unbalanced pressure on the
therefore assumed that the center-of-mass motion could Rgains near the outer surface, pushing the latter towards the

this paper. fraction leads to greater collision rates with the wall. This
causes enhanced dissipation, reduced granular temperature,
B. Packing fraction and hence, further increases in density near the wall.

In three dimensions, the packing fractigns defined as o
C. Mean velocity fields

Volume of particles

7= ) Convection in vibrated granular beds is a well-known

Total volume phenomenon, particularly for low-amplitude regimes. Re-
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FIG. 4. Packing fraction profiles determined using B}. (a) Packing fraction vy for a range oN, Ag=1.34 mm,(b) packing fraction
vsy for a range ofAg, N=350, (c) logarithm of packing fraction vy. Ag=1.34 mm,N=350, 700, and 10504d) Packing fraction vs

distance from the axis, as a function of heighty. Ag=1.34 mm,N=350.

cently this effect has also been observed for the first time in - ,
highly fluidized bedg12,18. In the present paper, our pri- 0.05ms
mary interest is in the velocity fluctuations, rather than the 100} sl f% / /
mean velocity field, but for completeness we include Fig. 5. f’/; - /7(7;/;:\;:{2\(
This demonstrates that the mean collective speed of the , \/J' ;f ;, ,/’ NS
grains is of the order 0/~0.05 ms?!, and thus that the 80h \ 1/t / ISV INRRLS
convection speed is typically less than 10% of the root mean ' /‘/f/f /; ;//’\\\ 1‘\ W
squared velocity. The mean velocity field can thus be ne- = ’(;}/ /:\\*«\\1\
glected as a significant contributory factor in the measure- £ 60f (/ //(/1/, /l‘f:‘\\' V\‘
ment of granular temperature in most cases explored in this > ’\ /f,lff /:i;\ )
paper. MNT f/ﬁ, AN
" ,\MQ\ i
D. Granular temperature L/ \\\‘ \ Q \’ \, 1’: ; t t
The similarity of granular flows to thermal fluids has led 20 y, ,r:»j\' NN
to the extension of many of the concepts used in the analysis A PO f,
of classical gases and liquids. An analog to the thermody- ’\fJ MO OECINeSd.
namic temperature can be defined in terms of the mean ki- 0 * - —
netic fluctuation energy of the grains, 0 20 r(mr‘:g 60
Eo=3mc?, (4) FIG. 5. Mean velocity field foN=2350 andAg=1.34 mm.
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where Eq is the granular temperaturey is the mass of a x10”

grain, andc is the grain speed. A combination of the dissi- == 2.5 mm
pation and the vertical motion of the base causes the granula , .|| - 12.5mm
temperature to be anisotropic, which can be characterized b= " || = 22.5mm

. . . . -~ 325 mm
defining granular temperature in each direction: L S 42.5 mm

-4 525 mm

=Y

(%)

N
o

Ei = mv_i27 (5)

wherei denotes the directions, y, or zandv is the grain
velocity.

Granular temperature is in principle easiest to measure
through direct calculation of the second moment of the ve-
locity distribution, or by fitting an expected functional form
to the measured velocity distributid®,7]. Applying these 0.5¢
methods to PEPT data presents some difficulties, however
as the collision events are difficult to determine reliably, i )
leading to the likelihood of introducing errors through the time (s)
averaging of the velocity over collision events. A new )
method was developed during experiments on two- F!G- 6. Mean squared displacement =350 and Ao
dimensional systems that allowed both numerical differentia=~ 1-34 MM, as a function of heighy.

tion and collision detection to be avoided, thereby avoiding ) . ) .
several significant error sourc€g]. This method is depen- Cconvection. The velocities associated with the mean flow

dent on being able to measure the mean squared displacféeld are.relatively Iovy magnitud_e and were not taken into
ment accurately for times less than or equal to the meaAccount in the numerical analysis procedL_lres L_Jsed to calcu-
collision time; in two dimensions this procedure was shownlat€ granular temperatures. The effect of ignoring the mean
to give more reliable data at higher packing fractions tharfield on th_e calculated granular_ tempgratgre can b.e estimated
either of the alternatives described above. This approach wd¥ assuming that the velocity distribution is Gaussian about a
applied successfully to 3D PEPT data in Rf2] for very ~ COnstant convection velocity,c, i.e.,

dilute cases(~0.5 layers of beads, giving rise to a peak

packing fraction ofy~0.05 and a minimum Enskog mean m |2 m(vy—vc)?
free time 7e~10 m9. Improvements in the temporal resolu- Ployldoy=|—=-] expg — T Ey
tion from ~7 to ~2 ms with the new PEPT system have
allowed the number of layers to be increased-tb5 for the
current set of experiments.

The measurement of the mean squared displacement has .
been discussed in depth in previous publications and the E:f v2P[vy]doy 7)
reader is referred to these for more detail8,13. Essen- o
tially, each location event is considered as the start of an
independent trace. Then the grain is followed for 200 ms, the 4 19
square of the displacement being recorded for every subse °f
guent location event. Once this has been completed for ever
grain location in each segment, the mean squared displace
ment is binned according to the time of location, and the
ensemble average is calculated. Typical results for this tech
nique are shown in Fig. 6. The mean squared speed, and tht
the granular temperature, is extracted from 2nd order pon-A3'

nomial regression applied to the short-time ballistic behavior2

of the mean squared displacemént g \M
Figures 7 and 8 show granular temperature profiles for 2f

N= 1050 grains for both thg andy directions. These figures w

clearly show that the granular temperature is anisotropic;
granular temperature in thedirection is larger than that in 1r
the x. This has been observed consistently in both experi-
mental and numerical studies and, as noted before, is due t
energy being |nje_cted. in thedirection and then being trans- 00 0 20 30 20 20 20
ferred into thex direction through collisions. y (mm)
For high amplitudesAo>1.14 mn) and highN, one ob-
serves that the granular temperature appears to increase with FIG. 7. Granular temperature profiles, resolved in yhirec-

altitude. One possible reason for this upturn is the effect ofion, for N=1050, andAo=0.74, 0.94, 1.14, and 1.34 mm.

o
o
T

Mean Squared Displacement (m
-k N

)dl)y. (6)

The second moment of this distribution,

—+ 0.74 mm
-~ 0.94 mm
=% 1.14 mm
- 1.34 mm
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52( 10—5 u ny B
—— 0.74 mm Nem = Nem.c~(Aow) N(l—g)| 9)
-©- 0.94 mm
- 1.14 mm ; ; ;
al & 1.34mm | wheren,, is the average number of beads in a laygr,, is

the height of the center of mass, ahg,, is the height of
the assembly of beads at rest. In 1D studlied « was found
to take the value of 2, but in the 2D MD studies- 3/2[21].

= E'*\S\g\-s\s_—g\s—\e_a—ﬁ_g\ Most theoretical models of similar systems suggest that

T =2[5,24.

u I The scaling was investigated experimentally by three
methods. First, by using the granular temperature profiles
extracted from the short time mean squared displacement,
and using an average of the scaling exponents measured at
each heightMethod 1); second, through the analysis of the
behavior of the center-of-mass extracted from the packing

) ) . ) . . fraction profiles(Method 2; and third, by fitting a Boltz-

0 10 20 30 40 50 60 mann packing profile to the experimental data at high alti-

y (mm) tude (Method 3. In the case of the granular temperature,
only they components were calculated; the scaling exponent
was found to be variable for the component. As stated
earlier, the number of graind), was varied throughN
leads to =350, 700, and 1050, while the amplitude of vibratidg

was 0.74, 0.94, 1.14, 1.34, and 1.54 mm. Not all these am-
Ey= mv_{(z+ moZ, (8)  Plitudes were used for each valueNfthe maximum ampli-

tude before grains collided with the lid depended on the

wherev!, is the fluctuation velocity about the mean velocity. number of grains, and limited the vibration intensity. Figures
At a height of 60 mm above the basez~0.1ms?*, ~ 9(@ and 9b) show the scaling relationships betweep and

indicating that one might expect an enhancement of\ow, and Ey and n,/N, respectively. Power law curves

~2x10 %J in the granular temperature. The measured difhave been fitted to data sets, with resultant exponersd

ference betweel, at y=30mm and aty=60mm is~6 B of 1.54 and 0.76, respectively. The scaling results are

% 10%J, 30 times greater than might be expected from th&omewhat similar to the experimental and numerical results

above calculations, indicating that the upturn in granulaof Warr, Jacques, and Huntldy] and Luding, Herrmann,

temperature may not be ascribable to convection current&nd Blumen[21] respectively, but again, are significantly

Similar behavior has been seen in molecular dynarhtz)  different from the theoretical predictions.

studies[19] and is usually attributed to gradients in the con-  The second scaling analysis used the scaling of the center

centration[20]. of mass to make a direct comparison with Luding, Her-

As expected, an increase in the amplitude of vibration'mann, and Blumeii21]. The height of the center of mass
tends to increase the granular temperature systematically ¥as calculated by integrating the packing fraction profiles in
all heights. The scaling relationships involved between thd=igs. 4a) and 4b) according to:
granular temperature and the peak velocity are investigated

in the next section. (y)= Jyn(y)dy

Y= Toty)dy

The ground-state height of the grains was calculated using
A number of authors have attempted to relate the granulgi21]

temperature or center-of-mass position to the base peak ve-
locity. In two dimensions, Luding, Herrmann, and Blumen Nyd Nod
[21] used event-driven simulations to analyze the scaling oth-m-,Ozﬁ[(l_ V2i3yny+ Wg’”ﬁh W[1+2\/73nh]’
the height of the center-of-mass of a 2D fluidized granular (12)
bed. Similar results were observed in the experimental analy-
sis of Warr, Huntley, and JacquEs, in line with the simple  wheren,, is the number of full layers anal, is the number of
kinetic theory of Huntley{22]. However, these results have grains in the final layer. Figures (@ and 1@b) show the
all been at odds with other theoretical analy$B23] in scaling ofh , — he . oWith Agw andn, /N. For the case of
describing the scaling exponents modeling the scaling bean isothermal system, following a Boltzmann distribution for
tween the peak base velocity and the number of grains, witthe packing fraction as a function of height, the change in the
the granular temperature or center-of-mass height. In threeenter of mass is proportional to the temperature of the sys-
dimensional systems the theoretical work of Kumafad) tem. While these assumptions are not strictly valid here, the
suggests that the scaling is expected to take a form similar tecaling exponents were nevertheless calculated, giviagd
that proposed in Ref21], namely, B values of 1.24 and 0.36, respectively. These scaling expo-

FIG. 8. Granular temperature profiles, resolved in xhdirec-
tion, for N=1050, andA;=0.74, 0.94, 1.14, and 1.34 mm.

(10
IV. SCALING LAWS
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FIG. 9. Scaling relationships between JgdeEy) and (a) FIG. 10. Scaling relationships between {g{thc m —hem. 0 and
log;o(Apw) for N=350, 700, and 1050 antb) log,o(n,/N) for (@ log,o(Apw) for N=350, 700, and 1050, ari8) log;o(n,/N) for
Ap=0.94, 1.14, and 1.34 mm. Ap=0.94, 1.14, and 1.34 mm.

tigation here, and Kumaraf24] who predicteda= 1.5 for
situations in which drag dissipation was the dominant source
pected, from the scaling exponents extracted from the gram?—f energy loss. The event-dr|ven_5|mulat|ons of Luding, Her-
lar temperaturd rmann, and BIumer[Zl_] (_jete_rmlned an exponent of 1.5,_
y where of course the dissipation due to drag was zero. This

The third method of determining the scaling was to esti- . . 2
L . suggests that the theoretical studies are missing a fundamen-
mate the granular temperature by fitting an exponentially de:

caying Boltzmann density distribution to the high altitudetal aspect of granular fluidization. Although air drags
packing fraction profiles. This analysis was performed for all

datasets to enable the extraction of the relationship between
Eo, N, and Ag, resulting in exponents ofr=1.85+0.30

nents differed significantly from those predicted from both
theory and simulatior{Table |), and also as might be ex-

TABLE I. Comparison of the theoretical, numerical, and experi-
ental results for the scaling exponeatsind 3.

The disparity between the theoretical predictions and the

experiments may have its source in a number of factors. &D E; scaling[5] 1.41+0.03 0.6:0.03
suggestion of Warr, Huntley, and Jacques was that in 2D, th2D h¢ , —h¢m.0[5] 1.3+0.04 0.27-0.11
dissipation of energy during sliding collisions with the con- Simulation[21] 1.5+0.01 1.0
fining glass wall might result in a source of erf&i. Here in  Theory[5,24] 2.0 1.0

3D, this effect is not present and may be dismissed as Method 1: 3DE, scaling 1.540.37 0.76:0.07
source of error. The majority of theoretical explanations prevethod 2: 3Dh, ,,— hem.o 1.24+0.15 0.37-0.09
dict @=2, apart from Huntleyf22] who predicted~1.4 for  Method 3: 3DE, from 7 1.85+0.30 0.76-0.13

dense systems as opposed to the dilute system under inves
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present in our experiments, its relative importance compared N2

to collisional dissipation can be quantified. Assuming no air Dgg:4\/;r2A_ 9(MEg)*(1—¢?) (19
currents, for particle speeds of abait1 ms?, the Rey- c

nolds number Re is about 300, leading to an estimate of thgyr three dimensions, wher is the cross-sectional area of
drag coefficientCy~0.66[25]. The frictional drag force is  the cell and is the grain radiu§24]. The leading-order term

then given by in the total energy input rate for a symmetrical driving signal
is [24]
C
Fd=§d77pfd262, (12) Nmg [ 2|12
So:E—Z(;) (MEg) X V?), (16)
(e}

where p; is the fluid (air) density. This leads to a value of ) ,

~7x 108N for the drag force. For mean free paths,of ~ WhereV is the base velocity and

about 70 mm, this results in an approximate energy dissipa- V2

tion of ~5x 107 J per collision period. The energy lost due (V)= -0 (17)
to a collision can be estimated Ip%,26] 2

for a sinusoidal wave form wheig; is the peak base veloc-
ity. The additional loss term due to grain-wall interactions
o e o ) . can be obtained by assuming frictionless collisi¢i@angen-
resulting in about 1.810°>J dissipated during a typical 5| motion of the wall therefore having no effectharacter-
collision. Therefore the energy dissipated through dragzeq py a restitution coefficient,,. The total rate of dissi-
forces is some 3% of the loss through collisions. This sugyation through grain-wall contact was estimated by

gests that, to a first approximatior_1, drag may be neglect_e onsidering the energy lost during a collision,
implying that for the system examined here, the explanation

of Kumaran[24] is not applicable. The analytical models of m

the vibrofluidized system use an exponentially decaying oE= 5(1—8@)%2(, (18)
packing profile with an isothermal atmosphere. Figur@s4

(d), 7, and 8 show that this is clearly not the case. Anothepng the rate of collisions on an area.dy around the wall,
potential source of the difference, grain-wall dissipation, is
discussed in the following section.

AE.~imc3(1—¢2?), (13)

4
V. SIDEWALL EFFECTS (19

1 27 72
dR=-—n(y)md.dy cP(c)ch quJ cosfsingdo,
0 0

The packing fraction profile in Fig.(d) shows a signifi- whered and ¢ are the polar angles of the velocity vector and
cant influence of the sidewalls on the system. Previous ana[c] is the Maxwell distribution of speeds. Thus, the inte-
lytical studies by Kumararj24] considered the effect of gration of the product of Eq918) and (19) leads to the
grain-grain dissipation and viscous drag but not the sideexpression for the total rate of dissipation due to wall-grain
walls; numerical studies of scaling exponents by McNamaraollisions:

[15] estimated the magnitude of the dissipation at the wall,

but did not assess the impact on the scaling laws. Qualita- g\ 12E? )
tively, one observes that at the lowest excitation levels, most gw:( ) Wlﬁ(l_sw) d_c (20)
grains will interact almost exclusively with other grains or

the base, but that as the base velocity is increased and thynder steady state conditions we expect

bed becomes more fluidized, collisions with the sidewalls

will become progressively more likely. This additional loss DggtDgw=So, (21)
mechanism can, therefore, be expected to reduce the scalin%_ ) ] )
exponentx below the theoretical value of two. which results in the following expression for granular tem-

In quantitative terms, the simple model described in RefsPerature:
[5] and[24], in which the steady state temperature is estab- VImgdNd
lished by assuming Maxwell-Boltzmann statistics and equat- (1—sﬁ,)E%+ vemgeNd ™
ing rates of energy input and energy dissipation, can be ex- 4Ac
tended relatively straightforwardly. The isothermal (22)
Boltzmann number density profile(y) (valid only for the
lowest packing fractions, see e.g., Ref7])

(1- %) Eg—m?gdy(V?)=0.

This reduces to the elastic wall case fqj— 1.
Figure 11 shows the scaling dependencé=gfwith Vg
calculated for both the elastic and the inelastic wall cases for
_ mgN _mgy the range of experimental conditions prevailing in the
n(y) ex (14)
AcEo Eo present study. The value af, was measured to be 0.68

+0.04 using high-speed photography. The scaling exponent

results in a total grain-grain dissipation rate resulting from the modified expression ranged from 1.27 to
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2 T y T T T T T Eo returns to that for the case in which the side walls are
,,,,,, o neglected. The analysis described here shows that the walls
tep o T can act as significant heat sinks, dissipating the kinetic en-
Lo ergy of the system through grain-wall collisions, and any
1.8 ] complete description of a granular bed must model this as-
. o pect of granular flow in three-dimensional geometries.
AT "
s 1.6} 0 ] CONCLUSIONS
15t ] The fine temporal resolution and the long experimental
o times obtained by using positron emission particle tracking
14t ] have allowed the state variables in a three-dimensional vi-
brofluidized granular bed to be characterized. Granular tem-
1.3} 1 perature profiles were determined for a rangdNand A .
o} Packing fraction was measured both as a functiow, dfut
1.2 also as a function of the distance from the cylinder axis. This

indicated that in regions close to the wall the packing frac-
tion was enhanced. Determination of the velocity fields
FIG. 11. The scaling exponent, as defined by Eq(9), for ~ showed that convection rolls were present, but were typically
inelastic grain-wall collisions as a function Nfthrough solution of  |ess than 10% of the root mean squared fluctuation speed and
Eq. (22). their influence was small during measurement of the granular
temperature. The scaling relationships between the granular
1.75 as can be seen from Fig. 11, all lower than that calcutemperature, the number of layers of grains and the base
lated using the elastic wall case, but also showing a sthdng velocity in they direction were broadly in line with results
dependence. from two-dimensional studies. An explanation for the lower
In summary, the analysis of the effects of the drag, intervalues of the scaling parameters was proposed. The dissipa-
grain, and the grain-wall dissipation indicates that the domition of the kinetic energy of the grains through wall colli-
nant loss terms are likely to be due to collisions. Previousions was considered as an extra term in the steady state
investigations into the scaling of the granular temperatureenergy balance equation. Numerical analysis of the results
with the peak base velocity have tended to assume that trehowed that reduced scaling exponents would be expected
influence of the sidewalls is small. However, we have showrfor grain-wall restitution coefficients less than one.
in this paper that wall effects can be quite large, not just in
affecping the.scaling. but alsg the radial distribu_tion. of_ t_he ACKNOWLEDGMENTS
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