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Granular temperature measured experimentally in a shear flow by acoustic energy
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Granular temperature may control high-speed granular flows, yet it is difficult to measure in laboratory
experiments. Here we utilize acoustic energy to measure granular temperature in dense shear flows. We show that
acoustic energy captures the anticipated behavior of granular temperature as a function of grain size in quartz
sand shear flows. We also find that granular temperature (through its proxy acoustic energy) is nearly linearly
proportional to inertial number, and dilation is proportional to acoustic energy raised to the power 0.6 £ 0.2.
This demonstrates the existence of a relationship between granular temperature and dilation. It is also consistent
with previous results on dilation due to externally imposed vibration, thus showing that internally and externally
induced vibrations have identical results on granular shear flows.
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I. INTRODUCTION

Granular flows are ubiquitous in nature, yet defy easy char-
acterization or simple rheological laws. A major unresolved
question is how instantaneous variations from the mean veloc-
ity contribute to the effective rheology of a granular material.
Innongranular solids, liquids, and gases, fluctuations of a given
characteristic are often separated in scale from the mean field.
In granular flows, however, fluctuations are of the same scale
as the mean flow and therefore integral to all stress responses.

One strategy to quantify and interpret the fluctuation
behavior is by characterizing a flow in terms of the granular
temperature. In analogy to kinetic theories, granular tempera-
ture is defined as

T = (imsv?), (1)

where m is the particle mass and v is the difference between
instantaneous velocity and mean flow velocity [1,2]. Like in
atomic-scale theories, granular temperature is a measure of the
kinetic energy of fluctuations, but it is separated by orders of
magnitude from thermodynamic temperature. The transfer of
energy between granular temperature (i.e., fluctuation energy)
and aspects of the mean flow remains one of the enduring
challenges of granular mechanics [3].

The application of kinetic theory to granular materials was
preceded by the early dimensional analysis work done by
Bagnold in 1954 [4], which suggested a relationship between
pressure, grain size, shear strain rate, and solid volume fraction
for a granular flow according to the relationship

P~ f(p)ped*y?, 2)

where pressure (P) scales with a function, f, of packing
fraction (¢), particle density (o, ), grain diameter (d), and shear
strain rate (y). Later work extended this analysis, showing that
both packing fraction and flow friction are dependent on the
dimensionless inertial number, I, defined as a ratio of the
characteristic time scale for a grain to push down into the flow
layer below it (fiicro) OVer the characteristic time scale for a
grain to shear over and completely past the grain below it in
the direction of flow (¢yacr0) [5-8],
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Bagnold’s relationship between pressure and volume and
consideration of individual particle interactions is reflective of
the ideal gas relationship of PV = nRT.Theidea of a granular
temperature, defined as the fluctuation energy of individual
grains within a flow, grew as the basis of a kinetic theory of
granular flow [2,9,10].

The granular temperature paradigm has proven useful,
particularly to studies of high velocity, gaslike flows referred
to as granular gases. Following kinetic theory, temperature
can be directly related to quantities pressure and viscosity
[8,11]. However, complications in the granular system that
are absent at the molecular level make prediction of granular
temperature for a particular system difficult. It is not clear
how input energy is partitioned between granular temperature
and mechanical work. For a granular gas (compared to a
molecular gas) there is an additional dissipative loss of energy
in particle collisions as a result of granular mass, friction,
strength, and shape [1,8,10,12]. These dissipative effects
are increasingly important and unresolved as granular flows
transition to denser, liquidlike flows where collision rates
increase. Experiments are needed to clarify the relationship
between granular temperature and the driving forces for
realistic systems over a range of velocities encompassing this
transition.

Outside of numerical simulations, experimental estimations
of granular temperature have relied on interpretations of
the effects of granular temperature on a flow rather than
direct measurements. The only extant methods of inferring
granular temperature are through image analysis and acoustic
monitoring.

Visual techniques for observing fluctuation velocities
are limited by technology and often require use of two-
dimensional materials or method-specific granular compo-
sition [13,14]. Dense shear flows are particularly difficult
to study visually [15]. These experimental limitations have
limited our understanding of how energy input into a granular
flow partitions into shear flow on the one hand and fluctuation
energy, i.e., granular temperature, on the other hand.

Significant progress has been made using passive acoustic
emissions to monitor industrial processes involving granular
materials. Frictional slip and particle collision can produce
acoustic energy resonating at the scale of both individual
grains and force chain assemblies [16], and frequency and
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amplitude information from these signals has been used
to distinguish fluidized bed regimes [17,18] and measure
grain characteristics during granulation processes [19-22].
In geology, acoustic emissions have been used to monitor
grain breakage and force chain reorganization in granular
material under compaction and slow shear [23-25]. Field
and laboratory investigations have connected “booming sand
dune” frequencies to shear zone separation and internal dune
structure [26-28] or grain diameter and shear rate [29-31].

The success of acoustic energy measurements as a proxy
for granular temperature in gas fluidized beds [17] has
suggested that it may be a useful measure in shear systems
as well. Acoustic monitoring of sheared granular material
has confirmed a relationship between acoustic emissions and
driving shear velocity at low velocity [16,25,29,30] but has
not been used as a probe for granular temperature in high
velocity dense shear flows. In such flows the role of granular
temperature is less clear than in grain-inertial regimes where
velocity fluctuations are more isotropic, which generally occur
in less dense flows and flows made up of perfectly elastic grains
[5]. Dense, sheared granular flows are famously anisotropic,
yet fluctuations may still play a role in their flow [12,29,32].
Elucidating this role is the goal of this paper.

We conducted a new set of controlled-pressure experiments
in the high shear velocity grain-inertial regime, also known
as the granular gas regime. We were simultaneously able to
measure volume changes of a granular flow over a range of
shear velocities as well as fluctuation energy directly through
acoustic output of the flow.

In a dense, controlled-pressure granular flow, high velocity
granular gases are dominated by inertially driven grain-to-
grain collisions [5]. The magnitude of fluctuation of energy
within a flow is determined by these grain-to-grain collisions,
as deviations of instantaneous velocity from mean velocity will
depend on the difference in grain velocities before and after
collisions [16,17]. Kinetic energy released during an individual
collision is

Ex = %mvz, 4

where m is particle mass and v is the difference in particle
velocity before and after collision. The strongest collisions
will involve particles moving at the maximum fluctuation
velocity, and the minimum fluctuation velocity will occur at
the midpoint of collision.

For this study, we first assess if acoustic energy output
accurately measures kinetic energy fluctuations of a granular
shear flow—and thus granular temperature. We then present
measurements of dilation and acoustic energy collected over an
order of magnitude of inertial numbers in order to evaluate how
energy is transferred from granular temperature to mechanical
work in the form of flow dilation.

To test the consistency of acoustic energy measurements
with predictions of granular temperature, we compared the
scaling of acoustic energy with different grain masses sub-
jected to the same shearing velocities. We used four grain size
ranges from the same granular material (same particle density
Pg), therefore acoustic energy during flow should scale with
grain volume (m ~ pgd3).

This experiment simultaneously measures granular temper-
ature via acoustic energy in a dense shear flow and flow dilation
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over an order of magnitude of shear velocities under constant
pressure. The full set of results shows strong relationships
between acoustic energy, inertial number, and flow volume that
held for multiple samples over a range of grain sizes between
125 and 500 pum in diameter. Understanding how energy is
partitioned between dilation and granular temperature during
the flow of granular materials is fundamental to addressing the
questions raised by kinetic theory of granular gases.

II. EXPERIMENTS AND METHODS

We tested samples using a TA Instruments AR2000ex
torsional rheometer to measure volume changes in granular
samples as they were sheared while maintaining constant
pressure (Fig. 1), after the design used by van der Elst et al.
[12] and Lu et al. [33].

A. Experimental apparatus

A 19-mm-diameter steel rotor fits inside a glass jacket with
approximately 10 m clearance between the rotor edge and the
jacket (Fig. 1). The glass jacket is epoxied to a flat aluminum
plate, which is attached to a temperature-controlled Peltier
plate, set to 25 °C.

We use the TA AR2000ex rheometer’s internal software to
maintain a constant axial force of 1 N, exerting an axial stress
of 3.5 kPa on the granular sample. At this axial stress, we are
able to focus the investigation on grain-to-grain interactions
in the absence of widespread grain breakage or comminution.
To maintain a constant normal force, the height of the rotor

Applied Constant Pressure

Acoustic
Amplitude
Sample

Height

h

Recorded Pressure P

FIG. 1. Photographs of rheometer and experimental setup. Left:
TA Instruments AR2000ex torsional rheometer with custom rotor
and sample cylinder attached. Top right: Schematic of experimental
configuration showing variables that were measured. Bottom right:
Sample cylinder has a Bruel & Kjaer charge accelerometer attached
to the outside of the glass at the shear zone level using museum putty
and secured with a wire.
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FIG. 2. Grain size distributions are shown for four size ranges of
quartz beach sand from Natural Bridges Beach and Cowells Beach in
Santa Cruz, CA. Grain size was measured using a Retsch Technology
Camsizer Particle Analyzer.

adjusts to compensate for sample compaction (weakening) or
dilation (strengthening). In this way we measure change in
sample height (Ah) with shear strain rate (y) under constant
normal stress (P).

Acoustic emissions result in acceleration of the apparatus
that are recorded using a Bruel & Kjar 4373 charge accelerom-
eter coupled to the outside of the glass jacket at the level of the
shear zone. Acceleration amplitude is recorded in volts (A,)
at 200 kHz sampling frequency. Since in this study we focus
on relative measurements of acoustic energy and calibration
of the accelerometer to absolute motion is complex [34]., we
report our acceleration measurements in the laboratory units,
i.e., volts.

We can define an effective acoustic energy using the
laboratory units by assuming that the glass jacket to which
the sensor is attached is elastic, and thus that measured
acceleration is linearly related to displacement at a given
frequency. Wave amplitude squared is a measure of the energy
of the signal. We define the laboratory measurements of
acoustic energy per grain as

(4%)

E, = N ®)
where the angular brackets indicate an average of the data
over a fixed time window, and N; is the number of grains
in the top, fastest moving layer touching the glass cylinder.
Collisions between these fast moving outermost grains will be
most likely to contribute to the measure of acoustic energy.
For this study we use a time window of 0.1 s and have verified
that our results are robust to time window choices between the
sample interval and 1 s.

B. Sample preparation

We collected angular granular samples from Natural
Bridges Beach and Cowells Beach in Santa Cruz, CA. To
minimize mineralogical variability, we used a Frantz Magnetic
Separator to remove ferromagnetic and paramagnetic grains,
leaving mainly quartz, feldspar, and a small amount of calcite
sand. Mineralogy was determined from a combination of
visual inspection and Raman spectrometry. The makeup by
number of grains was 86% quartz, 12% feldspar, 1% calcite,
and 1% other. We sieved the samples into four logarithmically
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FIG. 3. Sample thickness as a function of experimental time
for all four size ranges of samples tested (blue representing the
largest, green the second largest, orange the second smallest, and
red representing the smallest). (a) shows full conditioning cycles and
data collection. (b) shows just data used in analysis, collected after
conditioning.

sized grain diameter ranges: 125-180, 180-250, 250-355, and
350-500 pm. Figure 2 shows the size distributions within these
four samples, measured using a Retsch Technology Camsizer
Particle Analyzer.

C. Experimental procedure

Each sample was conditioned prior to data collection using
the following protocol:

Ix 3600satl x 1073 rad/s;

1x 650 s continuously increasing velocity 25 to 300 rad/s;
650 s continuously decreasing velocity 300 rad/s
to 25 rad/s;

9x 1000 s continuously increasing velocity 25 to 300 rad/s;
1000 s continuously decreasing velocity 300 rad/s
to 25 rad/s.

In order to measure the granular samples as close to steady
state as possible at a given velocity, conditioning of the sample
was required to minimize the contribution of long-term settling
of the sample as it shears. Figures 3(a) and 4(a) show changes
in sample height and acoustic energy, respectively, throughout
the conditioning cycles.

Data used for analysis from the steady-state stepped
velocity ramps was collected after conditioning was complete
using the following protocol:

3x stepwise increasing velocity from 25 to 300 rad/s and
decreasing velocity from 300 to 25 rad/s in 24 logarith-
mically spaced velocity steps, held for 60 s each.

With the axial force controlled at 1 N, rotor height was
measured at logarithmically spaced velocity steps between 25
and 300 rad/s. Each velocity was held for 60 s to achieve
steady state. Rotor height, shear strain rate, and axial force
were recorded at 1 Hz sampling frequency, and the first 30s

032913-3



STEPHANIE TAYLOR AND EMILY E. BRODSKY

4 ><1(I)I'3 . _ _
< \FeEn (@)
'g 2 3 ||——250-355 j::::
20N ——355-500 pm.
39 2H
¢ e
< S 1
o i
0 0.5 1 15 2 25
Time (s) x104
><10‘3 T T T T T T T T
__ 18t (b) |
g
o2 12t 1
S
2 Bosr .
28 o4 w M
w il | al !
o B2 u :W L : . il o Wi -W‘u ha

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

FIG. 4. Acoustic energy [acoustic amplitude measured in volts,
A, (V), squared] is shown with experimental time. (a) shows full
experiment including conditioning cycles. (b) shows final data used
for analysis. Shown here is the mean of acoustic energy averaged per
0.1 s of collected data.

of each velocity step was ignored during analysis so that only
steady-state data were used in evaluation. Data were recorded
at steady state for a given velocity, and results are reversible,
meaning the rotor height did not change for a given velocity
step whether the overall velocity ramp direction was moving
from slow to fast or from fast to slow.

Over the course of conditioning the samples, com-
paction occurred with each subsequent linearly increasing-
and-decreasing continuous velocity step. The rate of this
long-term compaction during conditioning reduced by the
end of the 11 conditioning cycles, as shown in Figs. 3(a)
and 4(a). By the end of conditioning, the sample height did
not change significantly between ramps, such that the sample
height at a given velocity was the same as the sample height
at that velocity in different ramps, regardless of timing or
direction (i.e., increasing or decreasing). Figures 3(b) and 4(b)
show this reversibility and repeatability for sample height and
acoustic energy, respectively. Acoustic energy decreased with
the number of conditioning steps as the sample settled into
a repeatable orientation, and acoustic energy was repeatable
and reversible for the final three steady-state stepped velocity
ramps [see Fig. 4(b)].

D. Error analysis

There are two main sources of potential uncertainty in the
change in sample height (A/) measurements. One is the spread
in height measurements over the course of a steady-state veloc-
ity step, but this range is usually small. The second, and larger,
source of uncertainty in Ak is associated with the critical
sample height () to which the measured sample height (/)
is compared in order to calculate change in sample height.

Absolute shear zone thickness measurements do not have
sufficient precision because the base of the shear zone is not
well determined. For these experiments, the stress is controlled
but the volume is not, and each experiment is begun with more
sand in the sample cylinder than will ultimately be integrated
into the shear zone. Therefore we find Ak relative to the
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FIG. 5. Black line shows inertial number for angular velocity
w =100 rad/s (I = 0.17). White circle marks the mean dilation
above the lowest velocity quasistatic height, as observed in low shear
velocity tests plotted here. Mean sample height for all grain sizes at
100 rad/s shear velocity is 0.33 &£ 0.075 grain diameters.

low velocity, steady-state critical sample height (h¢). Critical
height is defined as the height of the sample when flowing
at inertial numbers below 10~* (Fig. 5), and then average
dilation for all grain sizes above this height at angular velocity
o = 100rad/s ({ = 0.17; solid black line in Fig. 5) was found
to be 190 = 0.33 £ 0.075 grain diameters.

Measured steady-state heights (#) shown in Fig. 3(b) were
zeroed to the sample height during the first 100 rad/s velocity
step, and then 0.33 grain diameter was added to all height
measurements in order to show Ah. The standard deviation of
hy0o as measured in Fig. 5, 7.5 x 102 grain diameters, was
then propagated into the error for all A#.

III. RESULTS

We now combine the recorded acoustic, velocity, volume,
and axial force data to address two key issues. First of all,
we will examine whether the acoustic records track a quantity
that can be reasonably interpreted as a proxy for granular
temperature. We will then examine the interrelationships
between recorded acoustic energy, dilation, and a parameter
that captures the overall dynamic statement of the system, i.e.,
inertial number.

Fits were calculated based on data collected at angular
velocities above 50 rad/s only, because these higher shear
velocities returned more consistent results with lower error
than data collected at lower shear velocities, implying the flow
above 50 rad/s is more firmly in the granular gas regime and
thus of most interest for this study.

A. Acoustic energy as a proxy for granular temperature

If acoustic energy recorded during granular flow is rep-
resentative of fluctuation energy caused by grain-to-grain
collisions, then at a given shear strain rate, the acoustic energy
should scale with grain mass [Eq. (4)]. Figure 6 shows that

032913-4



GRANULAR TEMPERATURE MEASURED EXPERIMENTALLY ...

107 T
@ 125-180um

2 J" "’:::

180-250 um s e,
250-355 um -~ g‘ o, 3: I :‘t‘ 4

g 355-500m 6}} KT .

«g®%e
107 0g%e%0 ®

(V)

[ X

Inertial Number

3.0+0.1
105k E/I~d ]

E./1 (V3)

Grain Diameter (m)

E /g3~ 10=01
a

o
o
T

E,/d (Vimd)
2
3

1035 :
1072 107! 100
Inertial Number

FIG. 6. Top: Acoustic energy per grain (E,) for four grain
sizes scaled nearly linearly with inertial number for each. Center:
Acoustic energy per grain normalized by inertial number (E,/I)
scales with grain diameter (d) cubed. Bottom: Acoustic energy per
grain normalized by grain mass, i.e., grain diameter cubed (E,/d>)
as a function of inertial number (/). Solid lines show fit to all grain
sizes and dashed lines show 95% confidence intervals.

the acoustic energy generated by the four grain size ranges
collapse onto each other when normalized by grain diameter
cubed.

The radial shear apparatus creates a radial velocity gradient
with the fastest shear occurring at the edge of the rotor and
the slowest occurring at the center. As a result of this gradient,
sand grains under shear will exhibit size segregation, with
the largest grains moving toward the faster shear rates and
the smaller grains moving toward the slower shear rates
[35,36]. Therefore the grains at the outer edge nearest the
sensor will be the largest grains in the sample. Thus when
considering normalizing by grain mass we normalize by the
maximum sieve mesh grain size cubed. The consistency of the
measurements with the predicted grain size scaling confirms
that acoustic energy is a good proxy for the kinetic energy of
collisions (granular temperature).

B. Inertial number and acoustic energy

For analysis of the dynamics we use the inertial number
[Eq. (3)], which takes pressure and shear strain rate into ac-
count, allowing for comparison across different experimental
geometries or natural circumstances. For each 60 s velocity
step, inertial number varies primarily with variations in the
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FIG. 7. Relative change in sample thickness normalized by
median grain diameter (Ah/d) scales with inertial number (/) to the
power 0.7 with 95% confidence interval 0.1. Solid lines show fit
to all grain sizes combined and dashed lines show 95% confidence
intervals.

applied axial force, which, although controlled by the rheome-
ter at 1 N, does vary in practice with a standard deviation of
40.15 N over the final 30 s of analyzed velocity steps.

For each grain size tested, change in acoustic energy scales
linearly with inertial number, and these relationships collapse
onto each other for all grain sizes when normalized by grain
mass (Fig. 6). Averaged across all four grain size ranges, the
relationship observed is

Ea 1.0+0.1
5~ . (6)

C. Dilation as a function of inertial number and acoustic energy

Relative sample height is calculated based on the average
number of grain diameters above minimum sample height (also
known as critical height) at 100 rad/s (i.e., lowest velocities
tested in these trials) as measured in previous low velocity
experiments. Variation in the sample height at a given shear
velocity is the result of both the distribution in measured gap
height over the final 30 s of an individual 60 s velocity step and
the uncertainty surrounding the average number of grain diam-
eters above the minimum sample height at 100 rad/s. Figure 7
shows the following observed relationship between sample
height normalized by grain diameter and inertial number:

Ah
-~ 70701 )

As shown in Fig. 8, normalized change in sample height
is related to the normalized acoustic energy output by the
following relationship:

N E O\ 06£02
—_— ~ _;’ . 8)
d d’

This difference in relationship between Eqgs. (6) and (7)
shows that the energy put into the flow (via applied shear
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FIG. 8. Change in sample height normalized by grain diameter
with recorded acoustic energy per grain normalized by grain mass.
Fit calculated for all grain sizes. Solid line shows fit to all grain sizes
combined as identified by the equations and dashed lines show 95%
confidence intervals.

stress which results in a given inertial number) is partitioned
unequally into granular temperature and dilation of the flow.

IV. INTERPRETATION

The controlled-pressure experiments described here show
that acoustic energy recorded during granular flow at inertial
numbers between 0.1 and 1 scale with grain mass. Results
showed a linear relationship between acoustic energy and
shear flow velocity as well as a strong power-law relationship
between shear zone dilation and flow velocity.

At high shear velocities, a granular flow is thought to
behave like a gas, with grains supporting applied shear
stress through binary collisions and exchanges of inertia.
The scaling of acoustic energy with grain mass is consistent
with its proposed representation of energy released in grain
collisions. Recorded acoustic energy normalized by grain
mass varies nearly linearly with inertial number (and thus
shear velocity for these experiments) for all grain sizes, and
this relationship strengthens as velocity increases and inertial
number approaches 1.

Collision rate determines fluctuation energy in a granular
flow. Inertial number in these experiments is controlled by
varying shear rate. If, in a granular gas regime, a grain in an
overlying layer collides with each grain in an underlying layer
in the course of passing over it, it follows that collision rate and
thus granular temperature and shear rate will coincide [29].

These experiments are compatible with previous experi-
mental studies of granular gas temperature based on visual
measurements vibrated but unsheared granular material. Warr
et al. [13] observed a relationship of

Ahggy ~ EQT24004. 9)

where Ahgy is the change in height of the center of mass
of the granular mixture and Ej is granular temperature. The
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temperature in those experiments was calculated by fitting
the bulk speed distribution function as captured by 1000 fps
digital camera images. Importantly, the granular temperature
recorded by Warr et al. was induced by applied vibrations,
whereas the granular temperature recorded here was internally
induced during shearing of the flow over an order of magnitude
of shear velocities. The naturally produced granular vibrations
are observed to exert an amount of mechanical work in the form
of flow dilation that is consistent with the vibration-to-dilation
transfer of energy observed in the stationary case of Warr et al.

This demonstrates that whether internally induced during
shear flow or externally applied, vibrations in granular matter
produce identical amounts of dilatation, indicating the cen-
trality of granular temperature to granular matter rheology,
including dense shear flows. Although the import of granular
temperature has long been appreciated in dilute flows and
externally vibrated media, the significance for dense shear
flows has been less appreciated.

The ability to produce vibrations internally in a shear
flow combined with the observed consistency in dilation
as a function of acoustic energy suggests that the suite
of rheological behavior associated with vibration may have
implications in shear flows. Weakening, dilation, and, under
appropriate conditions, compaction, are all associated with
vibration and therefore may occur in shear flows as well due
to the internally produced vibrations [12,33].

V. CONCLUSIONS

The acoustic energy output of a granular flow is a direct
measurement of fluctuation energy of the flow, which provides
a window into how energy input into the flow through
controlled pressure and shear velocity is partitioned into
granular temperature, as well as how granular temperature
relates directly to volume change in these experiments.

The measured granular temperatures show the transition
from liquid to gas. Historically, inertial number / is usually
used for granular liquids, and granular temperature is usually
used for gases, but in these experiments there is a relationship
between the two, and at this transitional velocity flow is both
liquid and gaseous at different points locally in the same flow
(regions of expansion in bulk liquid). Normally liquid and gas
phases of a granular flow are described separately; here there
is a linear relationship. This relationship is a consequence of
the fact that the flow is a composite of the liquid and gas phases
of granular flow.

We recover specific relationships between granular temper-
ature (through its proxy acoustic energy), dilation, and inertia
number. Dilation (change in grain height) normalized by grain
size scales as E,%%*02 and 197*01_ Granular temperature for
these steady-state experiments is a function of mechanical
energy input with E, ~ I'9%01 The results show that the
vibrations produced internally as a natural part of the shear flow
produce similar dilation as forced vibrations in stationary flow,
suggesting that internally produced vibrations are an important
aspect of understanding and predicting the behavior of shear
flows [12].

Agreement with previous laboratory measurements of
granular temperature confirms the suitability of acoustic
energy to represent fluctuation velocity of a granular flow. The
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experiments show that acoustic energy shows great promise
for measuring the internal, granular temperature in laboratory
experiments.
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