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Steady-state velocity distributions of an oscillated granular gas
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We use a three-dimensional molecular dynamics simulation to study the single particle distribution function
of a dilute granular gas driven by a vertically oscillating plate at high acceleratioms-@0§). We find that
the density and the temperature fields are essentially time-invariant above a height of about 40 particle
diameters, where typically 20% of the grains are contained. These grains form the nonequilibrium steady-state
granular gas with a Knudsen number unity or greater. In the steady-state region, the probability distribution
function of the horizontal velocityc, (scaled by the local horizontal temperatuie found to be nearly
independent of height, even though the hydrodynamic fields vary with height. We find that the high energy tails
of the distribution function are described by a stretched exponentadp(—B5cy), wherea depends on the
restitution coefficiene and falls in the range 12a<1.6. Howevera does not vary significantly for a wide
range of friction coefficient values. We find that the distribution function bfctionlessinelastic hard sphere
model can be made similar to that of a frictional model by adjustingowever, there is no single value ef
that mimics the frictional model over a range of heights.
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I. INTRODUCTION the granular temperature was the only parameter of the dis-
tribution function.

A dilute gas in thermal equilibrium is sufficiently charac- ~ There have been numerical studies of vibrated inelastic
terized by the pressure and temperature and is described by'grd disks, subject to a sawtooth type oscillation, in the pres-
simple relation, the equation of state. However, when a gas {gNc€ Of gravity{6] and in the absence of gravify]. Such
far from equilibrium, there is no general, finite set of vari- orcing is often used in theoretical studies as a simplification

ables specifying the state. The single particle distributio of the sinusoidal oscillation used in experiments, assuming
> SP 9 o gie partic O hat the asymptotic behavior of the hydrodynamic fields far
functionf(r,v,t) is often sufficient to characterize the statis- o the plate is the same. However, it is not knoavpriori

tical properties of a dilute nonequilibrium gas when correla-now far from the oscillating plate one must be in order for
tions are negligible. Given this function, other quantities,this assumption to be valid.

such as moments of the distribution and transport coeffi- In this paper, we use a previously validated molecular
cients, can be evaluated. Dilute granular materials subject tdynamics(MD) simulation[8,9]. The hydrodynamic fields
an external forcing exhibit gaseous behaviors that shargre oscillatory near the plate, and their oscillatory behavior
many analogies with a molecular gas, and they are ofteflecays with height. Above some height, the fields are not
called granular gases. Such a granular gas is always far frofPrrelated with the oscillation of the plate and are essentially
equilibrium due to the dissipative collisions, and the devia-ime invariant. We study the distribution functions in this
tion of f(r,v,t) from the Maxwell-BoltzmaniiMB) distribu-  Honequilibrium steady-state region. To focus on the distribu-
. . . tions due to the intrinsic dynamics of the granular gas, we do
tion has been of great interest in recent ydars5).

. RS , not impose sidewalls or include air. We also study how the
Warr et al. [1] studied the velocity distribution functions gjstripution changes with the friction. In many theoretical or

of vibrofluidized grains confined between two transparenfyymerical studies of granular fluids, granular materials are
plates and concluded that the distribution was consistent witthodeled as frictionless inelastic hard disks or spheres; how-
the MB distribution function. Recently, the same system subever, no granular materials are frictionless, in the same way
ject to stronger forcing has been studied by Rouyer and Methat none of them are elastic. We check if the role of friction

non[5]. They found auniversaldistribution function of the ~can be incorporated into the inelasticity by adjusting the

horizontal velocityv, (of grains in a rectangular or circular value of the normal coefficient of restitution. _

region around the center of the container, where density did !N this paper we discuss the distributions only in the

not vary much in height or timeof the form ~ exp steady-state region; those in the oscillatory region near the
(81 for i entro ange o veloiis, whers was  BEAE W) b decuesed 1 s seporee vl The tof
gf;ier:g"}ii ?’uttr?grgrg;ﬂ)l?tre;emgfrﬁg%ﬁiﬁgﬂiﬁjﬁﬁ%Ig_gjonsideration, the data analysis method, and the collision

. i . . model are described. Results are presented in Sec. Ill and
scribed their measurements for a wide range of density, temy; :
. . ) iscussed in Sec. IV.
perature, and all the oscillation parameters investigated; thus

Il. METHOD
*Electronic address: moon@chaos.utexas.edu A. System and data analysis
TElectronic address: swift@chaos.utexas.edu We use both a frictional and frictionless inelastic hard
*Electronic address: swinney@chaos.utexas.edu sphere MD simulation. We consider 133 328 monodisperse
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spheres of unit mass and of diameter 165 um in a con- At collision, it is convenient to decompose the relative
tainer with square bottom of area 208 200s (the average colliding velocities into the components norma}Y and tan-
depth of the layer at rest is approximately3 where peri- gential (/) to the normalized relative displacement vector
odic boundary conditions are imposed in both horizontal di+,=(r;—r,)/|r;—r,|, wherer, andr, are displacement
rections. We choose the same particle size as in [R&fas vectors of grains 1 and 2, and the same rule for the notation
the patterns were quantitatively reproduced for a wide rangé used forv

of oscillation parameters with this particle size; however, as

long as the collision model is valid, all the length scales can Vo= (Vi T12) T 15=0 1l 12, (6)
be normalized byo. We assume the bottom plate of the
container is made of the same material as grains. We use the V= f12>< (V3oX E12):V12_Vn- (7)

same coefficients of restitution and friction for grain-bottom

collisions as for grain-grain collisions. The bottom plate isThe relative surface velocity at collisiary for monodisperse

subject to a vertical sinusoidal oscillation with an amplitudespheres of diameter is

A and a frequency. We vary the oscillation parameters in

the range of 3<A<100 and 40 Hzxf<170 Hz, which o

approximately corresponds to 0.35 RIg ., (=27fA) Vs= Vit 5

<0.75 m/s and 1§<ama =A(27f)?]<90g, whereg is

the acceleration due to gravity. We check that with our pawherew,; andw, are the angular velocities of grains 1 and 2,

rameters no mean flow develops and that grains rarely reaakspectively.

to the top, which is fixed at 362 For monodisperse spheres of diameateand unit mass,
Hydrodynamic fields and the distribution functions arethe linear and angular momenta conservation and the defini-

analyzed by binning the box into horizontal slabs of heighttions of the normal coefficient of restitutian= —v /v, and

o, as the system is invariant under translation in both horithe tangential coefficient of restitutig= —v¥/vg (postcol-

zontal directions, in the absence of any mean flow. We usgsjonal velocities are indicated by superscript *, and precol-

the granular volume fractiom for the density, which is the lisional values have no superscbi@ve the Changes in the

ratio of the volume occupied by grains to the volume of eache|ocities at the collision:

horizontal slab. We consider the following three granular

F12X(W1+W2)EUS\AIS, (8)

temperatures separately in each slab: AVi=—Avy,=3(1+e)v,, 9
Tx:%<(Ux_<vx>)2+(Uy_<vy>)2>! 1) K(1+pB)
AVltI —AVthmVs, (10)
Tz:<(vz_<vz>)2>1 2
= L{ly—(V)|2 (1+8) -
T 3<|V <V>| > (3) AW1=—AW2=WI'12XVS, (11)
=3(2T,+ Ty, 4

whereK =41/0? is a geometrical factor relating the momen-
wherex andy are horizontal directions that are indistinguish- tum transfer from the translational degrees of freedom to
able,zis the vertical directiony is a velocity vector for each rotational degrees of freedom, ahis the moment of inertia
grain, and the ensemble averd@es taken over the particles about the center of the grain. For a uniform density spHére,
in the same bin at the same phase angle during 40 cycleg; 2/5.
after initial transients have decayed. We define the scaled We use a velocity-dependent normal coefficient of resti-

horizontal velocity to be tution as in Ref[8], to account for the viscoelasticity of the
real grains:
Cx=(vx—{v))/V2Ty. (5) »
Un
. e=max e, 1—(1—e )(—) , (12
B. Collision model X{ 0 0 Jgo

We implement the collision model that was originally pro-
posed by Mawet al. [11], simplified by Walton[12], and  where g, is a positive constant less than unity. Since we
then experimentally tested by Foersé¢ral. [13]. This model  impose high  forcing  ¥max>0.35 m/s  while \go
updates the velocity after a collision according to the=0.04 m/s) the collision probability for relative colliding
three parameters—the normal coefficient of restitutionvelocitiesv,, less thanygo is small, and using a velocity
e (e[0,1]), the coefficient of frictionu which relates the dependente does not result in any noticeable difference,
tangential force to the normal force at collision using Cou-compared to using a velocity independent aveey; the
lomb’s law and then determines the tangential coefficient obBame was true in Refl4]. We use the symbog for e,
restitution (e[ —1,1]), and the maximum tangential coef- hereafter.
ficient of restitutionBy which represents the tangential resti-  In collisions of real granular materials, not only is the
tution of the surface velocity when the colliding particles relative surface velocity reduced, but also the stored tangen-
slide discontinuously at the contact point. tial strain energy in the contact region can often reverse the
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direction of the relative surface velocity. To account for this > o "
effect, the tangential coefficient of restitutigh could be o.10) T (m/s) ft=-0.3
positive, leading to the range ¢f as[ — 1,1]. There are two v T,
kinds of frictional interaction at collisions, sliding and rolling 0.05 RPN
friction, which are accounted for by the following formula b ',:::‘:'/f«““’”””
for : o T
0
B=min By, — 1+ u(1+e) 1+% ? (13) G0 ft=0
S
. 4
where By is the maximum tangential coefficient of restitu- Gils o ':\",‘:'ff,',‘:i‘ﬂ\'r'
tion. For sliding friction, the tangential impulse is assumed to 2\ e
be the normal impulse multiplied by. When g8 is identi- 0

cally negative unity(or simply u=0), this model reduces to
the frictionless interaction. For the special case=0, the
collision is treated as frictionless. This friction model is still
a simplification of the frictional interaction in experiments; 0.05
there is no clear-cut distinction between the two types of
frictions for real grains, and even a transfer of energy from
the rotational to translational degrees of freedom, which re-
sults ine larger than unity, has been obsery&d]. However, 0.10
this collision model is accurate enough to reproduce many
phenomena, including standing wave pattern formation in
vertically oscillated granular layers, when the parameters are
properly chosen. In Ref$8] and[9], e=0.7, 8,=0.35, and

0.10

0.05

u=0.5 were used. 0
0.10
. RESULTS
A. Hydrodynamic fields and steady state 0.05 ..a"»"“""-

"hr:,‘,\,_///[,\\,\\.\/]

Due to the oscillatory boundary forcing the hydrodynamic

fields, the volume fractionr and the granular temperatures 0
(T, Ty, andT,) depend on height and timet (Fig. 1) near 0 40 80 120 160
the oscillating plate; the temperatures exhibit stronger oscil- z/G

latory behavior than the density. Since the energy is injected

mainly through the vertical velocities, the granular tempera- FIG. 1. The volume fractiow (thick solid line and the granular

ture is anisotropic as illustrated in Fig. T; is larger than its  temperaturd (thick dashed linas a function of height at different

horizontal counterparT,, and the former is significantly times during a cycle, wher@=0.9, B,=0.35, u=0.5, Vpax

larger near the bottom plate, where the hydrodynamic fields® 0-55 M/s @ma,=609, A=3c, andf=169 Hz), andft is set to

are oscillatory. The vertical temperature increases almost linzero when the plate is at the equilibrium positian=(A) moving

early with height forz/o>40; however, the temperatufe upward; the plate oscnlates.be.tween 0 arid Above some .helght

increases more slowly than linearly, as the slopelpide- (z/q~40), the hydrodynamlc_: fields do not vary much in time. The

creases with height anf, levels off forz/ o> 120 (Fig. 1). A horl_zontal temperaturé’x_ (thln_ d{_;\shed ling |s_smaller t_han_ th_e

similar increase of the temperature with height was observezﬂertlcal temperaturg, (thin solid ling. The vertical gray line indi-

; S . : . cates the container bottom.

in an open system of frictionless inelastic hard disks or

spheres subject to a thermal bottom heatfi$] and a

sawtooth-type vibratiofil7]. We characterize the oscillation state(Fig. 2). About 20% of the grains are contained in this

parameters only by/,.x, as we observe for the parametersregion for the oscillation parameters of Fig. 1.

in our study that the hydrodynamic fields in the steady state With the parameters used in this paper the granular tem-

are nearly the same for the sarvg,,,, even for different peratures are nonzero throughout the cycle, as grains do not

combinations ofa,,,, andf; such scaling behavior was also solidify after the shock passes through, in contrast to the case

observed in Ref{18]. in Ref.[14]. As a result, when the bottom plate moves down,
During each cycle, a normal shock forms at the impacthe granular gas expands, and an expansion wave propagates

from the bottom plate and propagates upwgld]. As the  downward(see the temperature peaks near the plateffor

shock propagates, it decays and becomes undetectable abov€.4 in Fig. 1.

some height #/ 0~ 40), rather than propagating up through  We count the number of grain-grain collisions per grain

the entire granular medi@vhich was the case in Ref14]). during a cycle N.oy in Fig. 3), and find thatN.,, is less

Above this height, the hydrodynamic fields are invariant inthan unity in the steady-state region; the granular gas in the

time, and the granular gas forms a nonequilibrium steadgteady state is nearly collisionless. We estimate the mean free
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FIG. 2. This superposition of the volume fraction and tempera-
ture fields at five different times in a cyclsee Fig. 1 illustrates
that the fields are nearly time independent aboke~40, which
we call the steady-state region.

FIG. 4. The mean free path, estimated from a formula for a
gas of hard spheres, and the Knudsen number Kn, estimated by
using A and the length scale of the density (see tex, in the
steady-state region.

p;a(tg l;:_?}%g;] ? 15:%;'&;\7%3 g(svsh::ehnarg iﬁgeﬁjﬁ%& r We calcgl/zzite the skgwness of the distribu.tior?/,g
density [19], which ranges between 5 and 280 for<df o _:M3/M » Where M, is thenth moment of the distribu-
<100 (Fig. 4. When we estimate the mean free path usingtlon

the measured collision frequency and the thermal speed, we

get a similar result. We fit the density with piecewise expo- Mn=f cef(cydey, (14
nential functiond ~exp(—(z—z)/1,)] in the steady state re-

ion, and obtain a hydrodynamic length schJéo between . o
J yerory g o and check thalys| is less than 0.01 for all the distributions

12 and 15 for 46.z/¢<<100. We obtain a similar length o o
scale from piecewise linear fitting of the temperattia the W& Study. The lowest order deviation from the MB distribu-
same region. We calculate the Knudsen number Kn definetion is characterized by the flatness of the distribution, which

as the ratio of the mean free path to the length scale of thi$ called the fourth cumulant or the kurtosis. It was used to
quantify the deviation from the MB distribution of the ho-

macroscopic gradient0], using\(z) andl,; Kn ranges )
Pie 9 0] g 2) g mogeneously cooling statg21-23, the homogeneously

f .51to020in th [ <100 (Fig. 4.
fom 0.5 to 20 in the region 402/o<100 (Fig. 4 heated stat¢21,24], and granular gases subject to a bound-
e N ary forcing[6,25]. The kurtosisy, (=M,/M3—3) is de-
B. Height independence of the distribution fined so that it vanishes for the MB distribution, and we find

The distribution of scaled horizontal velocities should bethat it also does not change in time above some héigilt
symmetric as a consequence of the symmetry of the systerg). Further, in the steady state region is nearly indepen-
dent of the height, even though both the density and the
temperature change; the distributions at different heights in
the steady-state region are hardly distinguishdBiig. 6).
Also, the kurtosis in the steady-state region does not vary

esnine & -- |

K T i R - :
A . 4 :
T A !
- %0 3 i | 100 T, (m?s?) a
2r . 2,2 T, : !
_____ 100Tavg (m=/s%) X ! |
Y4 i
0 ‘ ‘ e :
0 20 40 60 80 100 !
z/c :
FIG. 3. The number of grain-grain collisions per grain during a 0 ' r ' ’
o . . . 0 20 40 60 80
cycle N, (solid line), time-averagedover sixty different equally 2/

spaced times during a cygleolume fractiony,, 4 (dot-dashed line,
multiplied by 100, and time-averaged granular temperatiifg, FIG. 5. Above some heightz(oc~40, indicated by a vertical
(dashed line, multiplied by 100They are plotted only foz>2A dashed ling the kurtosisy, is nearly time-invariant. The horizontal
(vertical gray ling, where grains are present throughout the cycle.granular temperatur&, (dashed linesand y, (solid lineg of the
Inset: The same quantitiggvithout multiplicationg on a logarith-  horizontal velocity distribution function are shown at five different
mic scale. equally spaced times during a cydkf. Fig. 1).
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FIG. 6. The horizontal velocity distribution functions at four
different heights(compared withf,,z, the solid ling obtained at
ft=—0.2. There is no noticeable difference among the distributions
in the steady-state region, 4@/ o< 80.

much for a wide range of the oscillation parameters: for
0.35 M/3<V,2x<0.75 m/s (while other parameters are
fixed), y, changes less than 10%. A similar absence of height
dependence of the velocity distribution function was found
in a recent experiment on a vertically oscillated quasi-two-
dimensional granular gd£6. L e — cd p 4 5
(b) X

C. Velocity distributions
. . o FIG. 8. The distribution functions of scaled horizontal velocities
We first examine the dependence of the distributioreon ¢ ¢ y for the cases in Fig. 7, on linedtop panel and logarithmic
we computey, for three different values of, while 8o and  (pottom panelscales. Although the kurtosis slightly decreases with
wn are kept at 0.35 and 0.5, respectively. We find thhat ¢ the difference between the distributions is hardly distinguishable
significantly decreases with increasiegin the oscillatory  on either scale. The ranges for the averaging in height were between
state; however, it decreases only slightly in the steady stat®0s and 45 for e=0.95, 4@ and 5% for e=0.9, and 45 and

region(Fig. 7). 600 for e=0.85(see Fig. 7. The solid line is the MB distribution.
Now we compare our results with the MB distribution of
variance 142, populated at small velocitig§ig. 8), compared tdg. The

differences of the distributions for varioes are hardly no-

1 ticeable either on linear or logarithmic scdfég. 8), but on

= _ 2 )

fus(Cx) = \/;exp( C)- (15 a double logarithmic scale plot the tails of the distributions
are described by different functioriBig. 9). We investigate

The steady-state distributions obtained for the parameters i€ functional form of the distributions by fitting thefafter
he normalization by the value a,=0) with a stretched

Fig. 7 are overpopulated in the high energy tails and undert ¢ : ’
exponential function exp{cy). We find that the exponeni

4 : : : : : changes from 1.9ndicated by dashed lingto some smaller

value(solid lineg, depending ore, as the velocity increases.

We have not investigated lower values efo avoid issues

such as cluster formation.

We now keepe and 8, at 0.9 and 0.35, respectively, and
change the value ofc. The profile ofy, in the oscillatory
region changes significantly witjx; however, it is nearly
unchanged in the steady state regiig. 10. The velocity
distributions in this region for three different values@fin
Fig. 10 are also hardly distinguishable. We observe that the
distribution function depends also on the density, as in Refs.
[6,7,24; however, we do not investigate this dependency
systematically.

FIG. 7. Kurtosis for three values @f as a function of height at
ft=—0.2, whereu and 3, are set to 0.5 and 0.35. Different forc-
ings are applied for each case to achieve similar profiles of the
hydrodynamic fieldsV . @mas) = 0.4 m/s (48), 0.55 m/s (68), In theoretical and numerical studies, granular materials
and 0.66 m/s (7§) for e=0.95,e=0.9, ande=0.85, respectively. are often modeled as smootffrictionless inelastic hard

D. Frictionless inelastic hard sphere model
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FIG. 11. Kurtosis of the distributions of scaled horizontal ve-

FIG. 9. Double logarithm of the distributions of scaled horizon- locities of frictionless spheres, as a function of height for three
tal velocities for the cases in Fig. 7 as a function of the logarithm ofvalues ofe obtained aft= —0.2. Different forcinggthe same as in
c,. The slope corresponds to the negative exponemt of a Fig. 7) are applied for each cas¥;,.x (ama =0.4 m/s (48), 0.55
stretched exponential function exp¢;). « is the same for small m/s (6@), and 0.66 m/s (7@) for e=0.95,e=0.9, ande=0.85,
velocities for three cases of differea’; however, it depends oa respectively.
in high energy tails. Dashed lines correspondate 1.9, and the
solid lines(from the top correspond tax=1.2, 1.4, and 1.6, re-

. N The y,’s obtained from the simulations of frictionless par-
spectively(indicated by the numbexs

ticles for the same forcings as in Fig. 7 are illustrated in Fig.
11. In the absence of friction the layer expands much more,
disks or spheres, assuming that the friction is a secondamgnd the steady state occurs at greater heiglt;>100. In
effect that can be neglected or that both the inelasticity andoth the oscillatory and the steady state regions, valueg of
the friction can be incorporated together into the so-calledire smaller than those of frictional sphetesmpare Fig. 11
effective coefficient of restitution. In this section, we discusswith Figs. 7 and 1§ the distribution deviates frorfy,g only
how the velocity distribution changes when the friction is notslightly. The kurtosis decreases with increas#gand the
included, and we show that the frictionless model exhibitsdifference among the distributions for the thesg are small.
qualitative differences from the frictional model. These distributions have four crossovers Wit ; they are
The rotational kinetic energy is two orders of magnitudeoverpopulated both at very small and high velocities and are
smaller than its translational counterpart for the cases studieghderpopulated in between, comparedf . We fit them
in this paper. However, the presence of the friction reducewith a stretched exponential function, and find thais 2.0
the expansion of the granular gas significantly, because thier small velocities, and that it depends erfor the high
friction reduces the mobility of the grains and increases thenergy tails(Fig. 12), as in frictional inelastic hard spheres.
collision frequency[{27]. The mean height of frictional in- Since the functional form of the distribution dependsepn
elastic hard spheres exhibits a different scaling behavior withve can obtain a similar distribution function for the steady
the plate velocity from that of frictionless spheres. Only thestate by adjustinge. For instance, foru=0, e=0.7, and
frictional sphere model reproduces the experimental observa/,,,,=0.55 m/s(the same forcing as in Fig.) ve obtain
tions[27,28. v,~0.5 for the steady-state region; the steady-state distribu-
tion is similar to the one in Fig. 7 foe=0.9 andu=0.5.

e ‘ "o e=095
T = e=09
s 6=085

X
o

—2r

—In{=In[f(c_)/f(0)]}+const.

10 20 30 40 50 60 4

FIG. 10. Kurtosis of the scaled horizontal velocity distributions
as a function of height dit=—0.2 for three values ok (8, ande FIG. 12. Double logarithm of the rescaled horizontal velocity
are kept at 0.35 and 0.9, respectiyelyn the oscillatory regiony, distribution functiongnormalized by its value at zerdor the cases
increases withu; however,y, is nearly the same within the uncer- in Fig. 11, as a function of the logarithm of,. Dashed lines cor-
tainty in the steady-state region. The same forciMg,{,=0.55 respond tor=2.0, and the solid line&from the top correspond to
m/s) is applied to the three cases. a=1.65, 1.85, and 1.9, respectively.
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60 IV. CONCLUSIONS

Zls

(@)

frictional
hard sphe

We have studied the horizontal velocity distribution func-
tion of vertically oscillated dilute granular gas using a mo-
lecular dynamics simulation of frictional inelastic hard
spheres. The hydrodynamic fields are oscillatory in time near
the oscillating bottom plate due to a shock wave and an
expansion wave. However, the fields are nearly stationary
above some height, thus constituting a granular gas in a non-
equilibrium steady-state. The steady state region forms a
granular analog of a nearly collisionless Knudsen @gs.
L 3 and 4. We find that the dependence of the distribution
90_4 0 0.4 08 12 04 g functions in this granular Knudsen gas regime on the forcing

40

20

v_(mfs) and material parameters is very weak, even though the dis-
= tributions in the collisional bulk at lower heights depend
60 strongly on the forcing and material parametéf®gs. 7 and
10). The behavior of an ordinary Knudsen gas is determined
Z/c (C) by boundary conditiong20]. Although we do not know

whether boundary conditions or collisions are dominant in
determining the behavior of our granular Knudsen gas, we
note that this gas does not depend much on the properties of
its only boundary, which is the oscillatory region close to the
plate.
The functional form of the horizontal velocity distribution
in the steady-state region is nearly independent of height,
when velocities are scaled by the local horizontal tempera-
0 . . i . s ture (Fig. 6), even though the hydrodynamic fields continue
04 O 04 08 12-04 0 04 to change. The distribution function is broader than the MB
v, (m/s) v, (m/s) distribution, being underpopulated at small velocities and
overpopulated in the high energy tailBig. 8. We do not
FIG. 13. The volume fractiom (gray scale and contour lineat ~ Observe a universal functional form for the distribution func-
ft=0.25 as a function of height and, [(a) and(c)], and of height ~ tion (Fig. 9. The functional form of the high energy tail
and v, [(b) and (d)], obtained from simulations of frictional hard changes with the dissipation parametegsafd ) and the
spheres[(a) and (b); e=0.9,u=0.5], and of frictionless hard oscillation parameter\{,.,). The dependence op in the
sphereg[(c) and (d); e=0.7,x=0] at V,,,=0.55 m/s;e is ad-  steady-state region is very weékig. 10.
justed in the frictionless case to obtain comparable overall dissipa- Our conclusions regarding the absence of a universal dis-
tion and similar velocity distribution functions in the steady-statetribution function differ from that of Refl5], for the follow-
region. The frictionless spheres spread more smoothly in heighing reasons:
and they do not yield the sharp gradient in the density araind (1) We studied the local distribution function, while in
~13 as in the frictional case, no matter what the value &, the  Ref. [5] the authors studied the distribution function of
density profile of the frictionless spheres is qualitatively dif'ferentgramS in some range of height. Based on their observation of
from that of frictional sphgres. Contqur lines correspond@®3,  \yeqk dependence of tieensitynear the center of the oscil-
0.3, 0.6, 0.9, 1.2, 1) 10" from outside. lating box they assumed that a certain region near the center
is homogeneous. Note that if a distribution is averaged over
However, we find that no single value efmimics the hy-  differenttemperatureseven the MB distribution function re-
drodynamic fields or the distribution function of frictional sults in a different functional form.
inelastic hard spheres, both in the oscillatory and steady state (2) Our system is different from that in R¢5] as we do
regions; the effect of friction cannot be taken over by annot have either air or sidewalls, and our container is much
adjusted normal coefficient of restitution. The difference be-+aller so that the bottom plate is the only energy source in our
tween the results of the two models is illustrated in Fig. 13,case. How air and sidewalls affect the dynamics of a granular
where velocities are not rescaled for better comparison. Thgas is yet to be clarified.
outermost contour lines in both models become similar when We also studied the velocity distributions of frictionless
e in the frictionless model is adjusted as a free parameteinhelastic hard spheres, and examined the possibility of in-
[compare Figs. 1) and 13c), or 13b) and 13d)]; how-  cluding frictional effects using an effective normal coeffi-
ever, the overall shape of the density contours cannot begient of restitution. We found that no single effective restitu-
matched by adjusting onlg. Note that the density changes tion coefficient could describe the frictionless gas over a
rapidly with height andv>1.5x10"2% at z/o~10 nearv,  range of heights.
~v,~0 in the frictional model, whereas in the frictionless  Velocities of a granular gas, even in the dilute limit, are
model the particles spread more smoothly in height and therstrongly correlated, and the correlations depend on the den-
is no region ofy >1.2x10 3. sity and the coefficient of restitutid24]. The dependence of
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