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Granular flow behaviour in the transverse plane
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Material flow in partially filled rotating cylinders (rotary kilns) is encountered in many
practical applications of material processing, for example incineration, calcination,
grain drying, etc. The flow behaviour in the cross-section is important to other
transport mechanisms such as mixing and energy distribution within the bed material.
The paper describes an experimental study which was carried out with the objective of
understanding and improving our predictive capabilities of the rheological behaviour
of granular materials in rotary cylinders. Measurement techniques similar to that
used in chute flows have been employed to measure flow characteristics, e.g. particle
velocities, granular temperature, and solid concentration (in the shear layer developed
between the free surface and the bulk of the bed) for different materials having a
wide range of coefficients of restitution. The results of the experiments provide the
necessary assumptions, constraints, and data for granular flows in partially filled
rotating cylinders.

1. Introduction
Bulk granular materials subjected to shearing stress respond by movement of

particles within the bulk lattice structure. When the applied stress is low the shear
force imparts only minor shifting of the particles but, as the stress increases, significant
localized dilation of the structure occurs as individual particles over-ride adjacent
particles and deformation of the bulk material occurs along distinct slip planes.
When the stress is further increased the diffusion of energy is no longer localized and
rapid deformation of the material proceeds en mass. The latter is termed granular
flow which, because of its importance in both natural phenomena, e.g. avalanches,
rockslides, and industrial processing such as gravity flow in chutes and hoppers, has
been the subject of considerable study in recent years. The analytical description of
granular flow involves aspects of traditional fluid mechanics, plasticity theory, soil
mechanics and rheology (Savage 1983, 1984, 1989). It was first recognized by Singh
(1978) that energy transport under conditions of rapid deformation in rotary drums
occurs primarily by the diffusional effects of particle collisions. Since then it has been
demonstrated experimentally that the effectiveness of this diffusional transport is
intermediate between that of liquids and gases (Ferron & Singh 1991) and that dilute
gas kinetic theory could be employed to describe transport phenomena in granular
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flows, in this specific case, i.e. mass and heat transfer in the axial direction within a
rotary kiln.

The movement of the solids charge in partially filled rotating cylinders, such as
rotary kilns, rotary coolers or dryers, can be resolved into two components, i.e. flow
in the axial direction imparted by the inclination of the cylinder and that in the
transverse plane imparted by rotation. Because particle velocities in the transverse
plane, and hence diffusional effects, exceed those in the axial direction by several
orders of magnitude, it is the transverse flow which controls the primary bed processes
such as heat transfer, particle mixing (and conversely, particle segregation) as well
as secondary phenomena such as bed temperature, reaction rates and even rate of
advance axially. In fact it was recognized early on (Sullivan, Maier & Ralston 1927;
Seaman 1951; Zablotny 1965) that, since axial particle movement occurs only near
the upper bed surface, which might be termed the ‘active layer’, the rate of axial
advance will be determined both by the inclination of the cylinder and the rate at
which the active layer is renewed, i.e. by the transverse flow. Although granular flow
theory has the potential to allow prediction of the granular flow in the transverse
plane of a rotary kiln, examples of doing so have only recently appeared, e.g. Savage
(1992) for the purpose of replicating existing data on axial segregation of solids beds
(Roseman & Donald 1962) and Boateng (1993) who applied thin flow techniques,
along with the constitutive relations developed by Lun et al. (1984) and Johnson
& Jackson (1987), in order to predict velocity profiles and segregation within the
active layer. The work reported here embodies an experimental campaign which was
mounted for the purpose of obtaining direct measurements of the variables related
to granular flows, i.e. the mean particle velocity, the granular temperature and the
solids concentration in rotary cylinders. The primary object was to provide guidance
in the selection of constitutive relations which might enable granular flow modelling
for rotary kilns.

2. Experimental apparatus
The experimental facility employed for granular flow measurements (front end

shown in figure 1) comprised a 1000 mm OD (964 mm ID) by 1000 mm rotary drum
along with fibre-optic probes employed for measuring local particle velocity. In order
to prevent material slippage the smooth steel wall was roughened with a coating of
Carboline 801 two-part epoxy paint evenly sprinkled with coarse Ottawa sand having
an average particle size of 3.2 mm. The drum was supported on four plastic rollers
permanently secured to a steel frame and any tendency of the drum to walk axially
was controlled by a thrust bearing at the rear. Electrical power was obtained from a
1/2 HP DC motor with variable speed drive through a chain at the rear of the drum.
At the front end of the drum a 16 mm tempered glass panel end-piece was secured to
the drum’s flange. The end-piece allowed observation of the material within the drum
and, through a 250 mm central opening, access for instrumentation. The opening in
the end-piece limited the allowable drum loading to 30% which is well in excess of
industrial practice. The loading used in the experiments ranged between 3.3% and
29% and in some instances, dependent upon material choice, was limited by the
torque of the drive system. The rotational Froude numbers (ω2R/g) ranged between
5.4× 10−4 and 1.3× 10−2.

In order to measure particle velocities both within the bed and at the free surface the
fibre-optic technique proposed by Savage (1979) and Ahn, Brennen & Sabersky (1991)
was employed. This system consisted of two MTI KD 300 Fotonic sensor probes, an
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Figure 1. Schematic of experimental set-up: (a) transverse flow; (b) geometry of flow field.

analog HP 3731A cross-correlator along with associated equipment such as a digital
ruler for precise placement of the probes, an oscilloscope for visual assessment of
the signal, and an X-Y Plotter for graphical output. Each Fotonic sensor-probe unit
consisted of a light source connected to the probe tip by a transmitter fibre-optic
bundle plus a light sensor which communicates with the probe tip via a second,
receiver fibre-optic bundle. In conventional applications a single unit will operate as
a displacement transducer by transmitting light to the tip and onto the target. Some
portion of this light is reflected back to the tip and, via the receiver bundle, to the
sensor with movement of the target being indicated by changes in the character of the
reflected light. The passage of a target, such as a particle, past a single Fotonic unit
thus produces a characteristic quasi-sinusoidal signal with the peak corresponding to
the particle being centred over the tip. In order to measure particle velocities two
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probes mounted in parallel and 5 mm apart were employed. When the tip is aligned
with the streamwise direction of the flow, the passage of a single particle will produce
an (essentially) identical signal in each probe but with a delay in the downstream
signal equal to the time required for the particle to travel the separation distance
of the probes. In the present work the cross-correlation signals were sent to either
an oscilloscope or an X-Y plotter and the time delay between peaks employed for
the velocity calculation. Initial calibration of the unit was carried out by sighting
the unit onto the disc of a Struers polishing machine rotating at a measured rate
and comparing the measured tangential velocity to the theoretical value (ωr) at that
radius. In each instance agreement was better than 0.1% which is comparable to the
accuracy of the rotation rate measurement. Additional verification of the technique
was obtained by sighting on polyethylene particles (one of the bed materials selected
for the study) adhered to the end flange of the rotary drum. In this instance agreement
was within 0.5–1.0% which is, again, comparable with the accuracy to which the drum
rotation rate was controlled.

Velocity measurements were made both at the bed surface (non-intrusively by
sighting onto the bed from above) and within the bed burden by traversing downward
into the flow normal to the chord length. In both instances misalignment of the probe
with the streamwise velocity is a possible source of error, while in the latter instance,
distortion of the flow in the vicinity of the probe is also a potential problem. For these
reasons the data were routinely checked for adequate closure of the mass balance
through the active layer. In addition, traverses into the bed at mid-chord positions
were extended well into the plug flow region where the theoretical velocity (ωr) could
be used as a check. Both procedures failed to indicate any significant problems due to
probe misalignment and/or distortion of the flow field. Two factors appear to mitigate
the intrusiveness of the probe: (i) the small size of the tips (≈ 3.25 mm diameter)
and (ii) the fact that the target particles were always slightly ahead of the probe
tips where flow distortion is least likely to propagate. In order to impart additional
confidence to the results, multiple measurements were made for each probe position
at each of several sampling times. Subsequent analysis of the data failed to indicate
any significant problems. Attempts to measure particle velocities within the bed by
sighting through the transparent end-piece were unsuccessful due to interference
between the glass and the light signal. Although this problem is correctable by
appropriate filtering it was not further pursued, rather measurements made inside
the drum enabled assessment of flow distortion in the vicinity of the end-piece by
comparing results obtained near the end-piece, from within, to those taken farther
into the drum.

3. Physical characterization of the bed material
Although several granular materials were considered for the experimental work,

those selected were high-density polyethylene pellets, long grain rice and commercial
grade limestone. Among the factors considered in the selection process were (i) a
desire to cover a range of particle shapes, i.e. spherical uniformly sized polyethylene
pellets, ellipsoidal non-uniformly sized rice grains and unequally shaped and sized
limestone particles; (ii) relevance to industrial processes, i.e. grain drying and limestone
calcination, and (iii) ease of characterization, i.e. polyethylene pellets. Although the
polyethylene pellets are quite atypical of rotary kiln or dryer feedstock this material
is well suited to any mathematical modelling that might ensue from the experimental
work. Furthermore, the material has been extensively employed in granular flow
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Material Av. dp ρp φ ep ew

(mm) (kg m−3) (deg .) - -
Polyethylene 3.63 (±0.02) 960 25 0.85 0.70
Limestone 3.22 (±1.23) 3730 35 0.60 0.50
Rice grain 5.35 (±0.01) 1046 32 - -

Table 1. Estimated relevant properties of material used.

studies (e.g. Ahn et al. 1991; Johnson & Jackson 1987; Savage 1979, etc.) and any
results generated with it can serve as a check on the results produced by other
materials.

Physical characterization of the three materials involved the measurement of the
particle size, particle density, static angle of repose, φ, of the particle ensemble within
the test drum and the coefficient of restitution (both interparticle, ep, and particle-to-
wall, ew). These data are summarized in table 1. The angle of repose was determined
in the manner suggested by Henein, Brimacombe & Watkinson (1983a) and is the
maximum angle subtended by the bed surface (from the horizontal) during slow
rotation of the drum. This maximum angle is a measure of the lattice structure’s
ability to transmit shear loads, which is, in turn, determined by the ease with which
particles can over-ride others within the lattice. Thus the spherical polyethylene pellets
exhibit a relatively low angle of repose (25◦) compared to the ellipsoidal rice grains
(32◦) or the irregular limestone particles (35◦). In the particular case of flow in the
transverse plane of the rotary drum, the potential energy imparted to individual
particles by the rotation of the drum (and which therefore must be dissipated by
the granular flow established within the active layer) is proportional to the angle
of repose. Dissipation of energy within the active layer may be dominated (Lun et
al. 1984) by interparticle collisions and thus the coefficient of restitution (especially
particle-to-particle, ep) is an important rheological parameter. Unfortunately ep is
difficult to measure with accuracy and the values appearing in table 1 were obtained
using the approximate method of Sondergaard, Chaney & Brennen (1990) which
involves measurement of the rebound height for particles dropped onto a plane
surface formed from the same material. In the case of the polyethylene pellets the
ep value of 0.85 given in table 1 is identical to that reported by Johnson & Jackson
(1987). Values of ew shown in table 1 were obtained by rebounding particles off the
drum wall and, owing to the resilience of the epoxy coating, are somewhat lower than
the corresponding particle-to-particle values.

4. Experimental parameters and data analysis
The variables employed for the experimental program were the material rheol-

ogy, i.e. polyethylene pellets, rice grains and limestone particles; the drum loading
(expressed as the percentage of the drum cross-sectional area occupied by the bed
material and subsequently referred to as percent fill); and the drum rotation rate.
Although these do not exhaust all possibilities, for example drum size, particle size
or the ratio of drum diameter to particle diameter might also be examined, the set
of variables used was considered sufficient to meet the objectives of assessing the
constitutive relations proposed for granular flows. The test work targeted several
rotation rates, 1–5 r.p.m., while drum loading was varied from a low of 3.3% to a
high of 29%, the majority being in the 8% to 15% range which is typical of industrial
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Fill (%) 3.3 8.5 10 15 29

H (cm) 7 (±0.2) 13.5 (±0.3) 15 (±0.5) 20 (±0.5) 31 (±0.5)
2L (cm) 50 (±1.0) 65 (±1.5) 70 (±1.0) 77 (±1.8) 90 (±0.5)

Table 2. Geometry of bed for run conditions.

kiln operations. However, not all combinations of material, rotation rate, and percent
fill were possible due to power limitations on the drive motor. Polyethylene was run
on a wide range of drum loadings (3.3%, 8.5%, 15%, and 29% ) and operated at
the full range of rotational rates. Rice grains were loaded at 3.3%, 8.5%, and 10%
fills and operated at 3 and 5 r.p.m. only. Table 2 shows the geometrical bounds of
the loading conditions. Deeper bed loadings were not possible for rice grains since
these resulted in a slipping bed motion. The same limitations applied to limestone
which was operated at a slightly wider speed range (between 2 and 5 r.p.m.) but at
bed loadings not exceeding 8.5%. When assessed on the basis of the bed behaviour
diagrams developed by Henein et al. (1983a, b) the test conditions should have gen-
erated either a rolling mode of bed motion, which was in fact the case, or, in a few
instances of higher rotation rates, a cascading bed, which was never observed.

The parameters to be derived from the data were those which are pertinent to the
application of granular flow constitutive relations to flow in the transverse plane of
a rotary drum, i.e. the mean particle velocity parallel to the bed surface, the granular
temperature and the solid fraction. These parameters are required only for the active
(shear) layer near the bed’s free surface. However, since the extent of the active layer
is not known a priori, an additional parameter to be measured is the active layer
depth as a function of position along the chord length subtended by the bed surface
(see figure 1). Thus a complete mapping of the flow within the active layer also
involved numerous probe positions within the plug flow region in order to ascertain
the location of the active layer/plug flow interface. Typically about 25 individual
probe positions were required in order to characterize the active layer.

The raw data gathered at each probe position comprised the cross-correlated signals
generated by the passage of individual particles past the probe unit. The mean particle
velocity was obtained by time averaging a sufficient number of individual signals so
that a stable value was achieved. The velocity fluctuation u′2 was calculated from the
variance and, as suggested by Ahn et al. (1991), was related to one component of the
granular temperature as

T̃ = (u′2)1/2. (1)

The third parameter obtained from the data, the solids fraction, is a measure of
the dilation which accompanies the transition from the rigid lattice of the plug flow
region to the granular flow regime in the active layer. An approximation of the solids
linear concentration, ϑ, was obtained from the probe data through the formula (Ahn
et al. 1991)

ϑ = dpCsp. (2)

In (2), dp is the mean particle diameter and Csp is the characteristic particle spacing
(Ahn et al. 1991) obtained by dividing the number of particles passing the probe
location (per unit time) by the mean particle velocity at that location.

The determination of the active layer depth was complicated by the reversal of
particle flow which occurs in the vicinity of the interface between the active and the
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plug flow regions. Because the probe is unable to accurately measure very low or null
particle velocities (i.e. low particle counts) the position of the interface was obtained
by extrapolating particle count profiles (normal to the bed surface) constructed in
both regions to their respective zero intercept. As can be seen in figures 4 and 5 shown
later, both intercepts are essentially coincident. Additional manipulation of the data
included determination of the bulk (average) streamwise velocity in the active layer,
uδ , and the mass flow in both the active layer and plug flow region. The bulk velocity
was obtained according to

uδ,x =

Nδ∑
i=1

ux,i(∆Y )

Nδ∑
i=1

(∆Y )i

(3)

where Nδ is the number of probe positions (normal to the bed surface) within the
active layer at each position, x, along the chord length and ∆Y is the distance between
probe positions. Values of Nδ ranged from about 20 at mid-chord position to about
5 near the apex. The mass balances were also carried out at various positions along
the chord length in order to provide a global check (or closure) for both the velocity
and active layer depth results. The expressions employed were, for the active layer
and plug flow regions respectively,

ṁal = ρpϑx,al

Nδ∑
i=1

ux,i∆Y , (4)

ṁpf = ρpϑpfω

∫ Rw

RIF

rdr, (5)

ṁpf = ρpϑpfω(R2
IF − R2

w), (6)

where RIF is the radial distance from the drum’s centreline to the active layer/plug
flow interface and Rw is the drum radius.

5. Results and discussion
It was the primary objective of the work to determine, for the specific case of flow

in the transverse plane of a rotary drum, the parameters associated with granular flow
theory, i.e. mean particle velocity, granular temperature and solid concentration. It is
useful, however, to open with a more general discussion of the results beginning with
the effects of the end-piece. Although previous studies have frequently relied upon
sightings taken through a transparent cap the localized distortion of the flow caused
by an additional surface has never been established. In the present work the dynamic
angle of repose, ξ, was observed to increase gradually, beginning at about 10 cm
(≈ 30 particle diameters in the case of the polyethylene pellets) from the end-piece
and axially toward the glass. The end-piece effect increased the angle subtended by the
material by about 10% over that of the undisturbed region. In order to quantify this
effect on the flow field surface velocity measurements were made at an axial distance
of 5 cm from the end-piece which were then compared with values obtained for the
undisturbed region at 22 cm from the end-piece. Representative results given in figure
2(a) for polyethylene pellets (at 15% fill and 5 r.p.m.), show that the increased angle
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Figure 2. Surface velocity and depth profile shapes for polyethylene. (a) End-piece effect (15% fill,
5 r.p.m.); (b) active layer depth; (c) skewed velocity profile (3.3% fill, 5 r.p.m.).

of repose near the end-piece provides an added enhancement of particle movement as
is depicted by significantly higher velocities in the active layer. Owing to gravitational
effects velocities increased by about 20–25% in this instance. It might be noted that
this is counter to measurements obtained for chute flows (Ahn et al. 1991) which
suggest retardation of the flow within the active layer by the end-piece.

The extent of the active layer was determined both in the vicinity of the end-piece
and in the undisturbed region for a variety of conditions. Figure 2(b) which is shown
for polyethylene pellets (15% fill, 3 r.p.m., and 8.5% fill, 2 r.p.m.) is representative of
the larger body of results which defines the active layer shape. These measurements
suggest that the depth of the layer, as determined visually through an end-cap, i.e.
Henein et al. (1983), Pershin (1988) or Gauthier (1991), could be about 15% less than
that in the undisturbed flow region. It is of interest to note that, although other aspects
of the flow, for example the shape of the surface velocity profile and the velocity profile
traversing normal to the bed surface, showed significant variation, the active layer
retained the (approximately) symmetric parabolic shape under all test conditions for
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this material. As suggested by Gauthier (1991), the active layer thickness, if evaluated
as a percentage of the bed depth at mid-chord (δ/H × 100%), can be expected to
increase with rotation rate (drum loading held constant) and decrease with drum
loading (rotation rate maintained constant). Previous experimental work by Singh
(1978) using polyethylene pellets in rotary drums had suggested that the velocity at
the free surface of the active layer would be parabolic centred on the mid-chord
position. However the symmetric surface velocity distribution exhibited (e.g. figure
2a) was not consistent for all materials tested or even for the same material at
different rotation rates or fill levels. For example reducing percent fill from 15 to 3.3
while holding material type (polyethylene pellets) and rotation rate constant (5 r.p.m.)
shows the velocity profile skewing towards the base (figure 2c) i.e. particles continue to
accelerate well past the mid-chord position. In the case of rice grains (shown later in
figure 6) the situation can be more complex; particles which align themselves parallel
to the wall, when discharged onto the bed surface near the apex do realign parallel
to the bed surface. Associated with this is a rapid initial acceleration of the grains,
followed by an equally rapid deceleration, all occurring within the initial 30% of the
chord length. Such unstable conditions are related to the rheological properties of the
material and will be discussed later.

When considered in terms of granular flow theory it is not only the local values
of the particle velocity, granular temperature and solids concentration which are
of interest. Also of interest is the local variation of each parameter, in particular
the gradient normal to the bed surface. Typical results of the latter are presented
in figure 3. Evident in these results is the similarity in profile shapes irrespective of
position along the chord length. Such behaviour can expedite mathematical modelling
of the flow field since it lends itself to valuable simplifications found in the analysis
of thin flows, e.g. boundary layer type flows. Owing to this and also in order to
avoid excessive detail the discussion will focus on conditions at mid-chord position
and conditions at other points along the chord length will be considered only when
they show a significant variation. Similarly polyethylene pellets will be used as the
reference material and the behaviour of rice grains and limestone will be described
chiefly in terms of any dissimilarities to that of the pellets.

Surface and depth profiles of the streamwise particle flow characteristics are sum-
marized in figures 4–6. In order to facilitate comparisons some of the results are
normalized using the total bed depth (H), chord length (2L) and the tangential veloc-
ity at the inside wall surface (ωRw). We begin the discussion with the depth profiles by
considering typical results shown in figure 4. Although Savage (1979) had obtained
parabolic velocity profiles for the flow of polyethylene pellets down a roughened
chute, those in the active layer were essentially linear except very near the bed surface
and in the region of the interface with the plug flow region. Thus, through much of
the active layer, the shear rate is essentially uniform (i.e. du/dy is constant).

Taken in total the results obtained for polyethylene pellets suggest that the primary
feature of the granular flow in the active layer is that of uniform shear normal to
the free surface. This was not, however, confirmed by the results obtained for the
other materials. At low drum loading all three materials exhibited essentially linear
velocity profiles at the mid-chord position. At higher drum loadings, however, the non-
spherical materials developed fuller, more parabolic velocity profiles as shown in figure
5(c), the departure from linearity tending to increase with rotation rate (for constant
drum loading). The development of these parabolic velocity profiles suggests that the
shear stress only tends to zero at the free surface (du/dy = 0) as the thickness of
the active layer increases with rotation rate. Under these conditions particles within
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the shear layer tend to move en bloc without deformation. As suggested earlier,
the granular temperature (equation 1) is a measure of the fluctuation in the local
particle velocity and is analogous (Zhang & Campbell 1992) to the thermodynamic
temperature as derived from dense-gas kinetic theory. Although the data in figure
4(b) exhibit considerable scatter it is evident that the granular temperature increases
rapidly near the free surface which is consistent with both the physical situation and
Couette flow modelling results of Zhang & Campbell (1992). The low values observed
for T̃ are partly due to low particle shear rates for the rotation speeds studied and
the fact that only one of the three components of the variable could be measured.
The linear solids concentration can be expected to decrease in the active layer due
to the dilation which accompanies the transition from rigid-body motion in the plug
flow region to granular flow in the active layer. Although, again, considerable scatter
is evident in the data (figure 4c) the solids concentration increases from a minimum
at the free surface to the level of incipient dilation at the interface between the active
layer and the plug flow region.
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The observed behaviour of the flow field might be explained by physical interpre-
tation of the data for granular temperature and linear concentration in the active
layer, i.e. there is a bulk viscosity which is proportional to the solids concentration,
ϑ, and shear viscosity, µ. The latter is, in turn, proportional to granular temperature
and granular conduction. Hence, as has been suggested by the work of Davies (1986)
for similar flows, the flow within the active layer should mimic, depending upon the
material rheology and shear rate, pseudoplastic (indicated by perhaps slightly convex
velocity profiles exhibited by the polyethylene pellets) to Newtonian (linear velocity
profiles) and to dilatant (concave velocity profiles) as the strain rate increases. This
suggests the possibility that shearing and unshearing flow regimes coexist in the
same flow field. Therefore the stress tensor associated with flow might comprise a
combination of static and kinetic components with the relative importance of each
contribution relating to the extent to which the is drum rotated.

Because of the relatively high frictional forces which can be generated between
individual particles of materials other than polyethylene, surface velocity profiles
exhibited in figure 6 conform to an order–disorder behaviour as particles discharge
from the plug flow region into the active layer. This is because a large amount
of energy is required to overcome static stresses as is evidenced by the build-up
of material at the apex. In this region the granular temperature is low due to the
inelasticity of the particle collisions. The first appearance of the ‘fluidized’ behaviour
as the material yields near the apex can be expected to follow the Mohr–Coulomb
(Zhang & Campbell 1992) failure criterion (i.e. τxy = τyy tan ξ) where the normal
stress is simply the overburden, as defined by the concentration of particles. Since
the energy is not self-sustaining in granular materials it is transferred downward as
kinetic energy of the mean flow. Bearing in mind that in a field of granular transport,
the granular temperature, however small, plays the same role as thermodynamic
temperature plays in kinetic theory of dense gases, it should be expected that the
granular temperature is greatest in the regions where the material exhibits fluid-like
behaviour and lowest in those regions where the behaviour is solid-like (Zhang &
Campbell 1992). Thus the results shown in figure 6(a) would indicate what might be
described as granular conduction in the flow direction (i.e. from the apex to the base).
From works relating Couette granular flow, at least it can be said the mechanism
by which ‘granular’ energy is generated may be attributed to shear work on the
control volume (see Zhang & Campbell 1992) and can be defined as the product of
the shear stress and the shear rate (τxydu/dy). At the locations where the velocity
goes to zero, the shear work goes to zero, but the stress ratio (τxy = τyy tan ξ) is not
zero, and therefore, du/dy → 0, resulting in low granular temperature. As a result,
the fluid-like behaviour changes to solid-like behaviour whereby a few particles at
the free surface form a non-shearable structure. One evidence of inadequate energy
dissipation (inelastic dissipation) is the possibility of multiple velocity peaks, figure
6(b), giving rise to wave-like formations on the exposed bed surface. Here two or
more velocity peaks may form on the bed surface in contrast to the single peaks
shown for polyethylene pellets (symmetric or skewed distribution).

The formation of multiple parabolic profiles can be attributed to instabilities which
develop as a result of granular energy dissipation; this behaviour has a strong
dependence on the solid fraction (concentration) and the coefficient of restitution of
the material (see, e.g., Savage 1992). Hence, except for very deep beds, polyethylene
pellets can be expected to develop ‘singular’ surface velocity profiles either symmetrical
about the mid-chord plane or skewed. In terms of material rheology such behaviour
may account for the fact that polyethylene pellets, as a result of their high coefficient
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Figure 6. Surface velocity, granular temperature and solids concentration: (a) long-grain rice
(10% fill, 5 r.p.m.); (b) limestone (3.3% fill, 2 r.p.m.).

of restitution, more readily dissipate their energy than rice grains or limestone. The
collisional inelasticity, which gives rise to the build-up of material at the apex for
rice grains and limestone, is relatively weaker in polyethylene (i.e. stronger elastic
collisions). A symmetric surface velocity profile observed for polyethylene pellets
indicates that particle flux into the active layer equals that leaving it. Such a criterion
may, therefore, be invoked to close the mathematical modelling of the flow field.

The data relating active layer depth to material type, rotation rate and degree of fill
are presented in figures 7 and 8. It is useful to attempt an explanation of these in terms
of the rheological behaviour of granular flows. In failure zones, such as the active layer
of the bed, the Mohr–Coulomb yield criterion, i.e. the ratio of the shear to normal
stress is constant (τxy = τyy tan ξ), applies irrespective of the degree of agitation. In
the intermediate regime of shearing and unshearing flow the collisional contribution
of the shear stress can still be related to the velocity gradient in a manner analogous
to Reynolds stresses in fluids, i.e. τxy ≈ (dpdu/dy)2. Therefore, that component of
the shear stress will be proportional to the rotation rate and, in order to maintain
the constancy established by tan ξ, the normal stress must increase. However, the
normal stress is simply the overburden pressure which is, in turn, proportional to the
thickness of the active layer. Therefore increasing the rotation rate can be expected
to increase the volume of material or the number of particles in the shear layer. This
analysis is not new; it has been made for other granular flow applications (see, e.g.,
Johnson & Jackson 1987). When expressed as a function of percentage of the total
drum cross-section, the drum loading varies with chord length and drum radius (see,
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Figure 7. Active layer depth as a function of rotation rate and drum loading:
(a) polyethylene; (b) long-grain rice.

e.g., Ferron & Singh 1991) according to

f =
1

π

sin −1

(
2L

R

)
− 2L

(
1−

(
2L

R

)2
)1/2

 . (7)

This relationship explains why beyond a specified degree of fill the chord length
is relatively insensitive to drum loading although the number of particles sheared
increases. In the Couette shear flow experiments of Johnson & Jackson (1987) it was
demonstrated that, beyond some critical value, increasing the outer wall speed of an
annulus would not force any more material to enter into the shear layer. In that work
the shear layer depth was reported to be about 23% which compares well with the
results presented here.
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Figure 8. Mean shear rate, du/dy, in the active layer as a function of rotation rate and drum
loading: (a) polyethylene pellets; (b) long-grain rice; (c) limestone.

6. Summary and conclusions
Experiments on the continuous flow of granular material in the transverse plane of

a rotating drum have been carried out with the aim of understanding the rheological
behaviour of materials in rotary kilns. The granular materials employed, which varied
substantially in physical properties, were polyethylene pellets, long-grain rice, and
limestone. The rotary drum comprised a steel cylinder of 964 mm ID (1000 mm OD)
and 1000 mm long having a glass end-piece with a centre opening providing an access
port for flow measurements. Optical-fibre probes were used to measure mean particle
velocities both within the bed and at the bed surface. From these data the granular
temperature and the linear concentration of particles were computed.

For the drum speeds and the degrees of fill studied, the flow field could be char-
acterized as that of the intermediate Bagnold regime where shearing and unshearing
flow may coexist in the same flow field. As in all granular flows there is a bulk
viscosity of the flow which is directly proportional to the shear viscosity and dilation
and is also inversely proportional to particle size. The shear viscosity is proportional
to the granular temperature, a field property which is a measure of kinetic energy
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and is, in turn, a function of the coefficient of restitution of the granules. There is
also granular conduction in the shear or active layer. As a result the shear layer
grows with increased shear rate or rotational rate and decreases with increased bed
depth. Because the radial distribution function for the flow field is dependent upon
concentration there is a maximum shearable concentration beyond which there is no
further shearing. Thus, depending on the coefficient of restitution and the rotational
rate, the velocity profiles in the radial direction may mimic pseudoplastic, Newtonian,
or dilatant plastic. Such behaviour suggests that the stress tensor might comprise
a combination of static and kinetic (streaming and collisional) and that the rotary
kiln cross-sectional flow field may be modelled by constitutive relations of Lun et al.
(1984). However, one must combine these stress components as suggested by Johnson
& Jackson (1987).
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