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Micromechanical origin of heat transfer to granular flow
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Heat transfer across a granular flow is comprised of two resistances in series : near the wall and within the
bulk particle bed, neither of which is well understood due to the lack of experimental probes to separate their
respective contribution. Here, we use a frequency modulated photothermal technique to separately quantify the
thermal resistances in the near-wall and the bulk bed regions of particles in flowing states. Compared to the
stationary state, the flowing leads to a higher near-wall resistance and a lower thermal conductivity of bulk beds.
Coupled with discrete element method simulation, we show that the near-wall resistance can be explained by
particle diffusion in granular flows.
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Dense granular flows are widely used as heat transfer me-
dia in particle heat exchangers [1,2], thermal energy storage
[3], thermochemical and nuclear reactors [4,5], material pro-
cessing [6], and catalytic beds [7,8]. Previous analyses of
dense granular flows in vertical channels have established that
the flow is pluglike in the bulk and has a wall-adjacent shear
layer with thickness of 1–10 particle diameters (Dp) depend-
ing on the wall roughness [9,10]. While the bulk rheology
of such flows has been widely studied [11], the near-wall
region has seldom been quantified. The heat transfer from a
wall to the bulk is critical and sensitive to particle packing
structures. In a randomly packed particle bed, the presence
of a container wall leads to larger void space near the wall.
When the granular medium starts to flow, the shear induced
by wall friction can cause further dilation near the interface
[12], which has a non-negligible impact on heat transfer in
the particle bed [13]. The importance of understanding the
near-wall region is reflected in the particle-wall heat transfer
calculations which approximate granular flow as a pluglike
continuum with a bulk effective thermal conductivity. In the
pioneering study by Sullivan and Sabersky [14], they found
that a discrepancy from the continuum assumption could be
accounted for by a near-wall thermal resistance (RNW) of a
granular flow. Based on a model fitting of their heat transfer
coefficient (HTC) measurements, they attributed this to the
presence of an effective air gap layer close to the wall with
a thickness of 0.085Dp. Later, experimental works [15–17]
confirmed that only after including the RNW can the mea-
sured results be fitted by analytical Nusselt number solutions
or numerical models. However, previous measurements on
moving particle bed heat transfer failed to directly isolate the
RNW from the resistance in the bulk region of the flow. By
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only monitoring temperature difference along the flow, these
measurements lack the spatial resolution needed to separate
the near-wall and the bulk regions, both of which could be
conceivably dependent on flow velocity. Therefore, the phys-
ical understanding of particle-wall heat transfer in granular
flows remains elusive.

Efforts have also been made to depict the RNW theoreti-
cally. Natarajan and Hunt [18] estimated it using a dense-gas
kinetic theory. Surprisingly, their results depicted a lower
RNW in flowing particles, which is inconsistent with their
previous experiment [19]. Due to collisions and frictions with
the wall, particle motion and packing density experience sig-
nificant change across the thin near-wall layer in granular
flows [20–22], resulting in the failure of purely analytical
approaches based on the continuum assumption. Recently,
discrete element method (DEM) simulation has been utilized
to analyze the RNW [6,23,24], but a microscopic mechanism
remains unknown. In general, prior experimental and model-
ing work has yet to provide a clear picture of heat transfer
physics in dense granular flows.

In this Letter, we devised a frequency-domain modulated
photothermal radiometry (MPR) measurement technique, ex-
tended from our earlier work on bulk solids and liquids
[25,26], to separately quantify the near-wall thermal resis-
tance and the bulk effective thermal conductivity (keff ) of
gravity-driven dense granular flows. Since the rigid particles
normally have high elastic modulus and little deformation dur-
ing their contact with the wall, the particle-wall contact area
is negligible in terms of heat transfer [27,28]. Therefore, the
RNW can be solely attributed to an effective air gap adjacent
to the wall with a thickness of Dair by RNW = Dair/kair, where
kair is the thermal conductivity of air. When particle beds start
flowing, an increasing Dair and a decreasing keff were observed
compared to their stationary states. DEM simulations were
conducted to acquire particle packing information from dense
granular flow confined in a channel, which was later imported
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FIG. 1. Overview of MPR measurement on a flowing particle bed. (a) MPR signal collecting system. (b) Flowing particle bed in a vertical
channel. (c) Schematic of laser heat penetration into the particle bed. (d) HSP 40/70 experimental data and fitting at 300 ◦C; error bars are
standard deviations of replicate measurements. Insets: thermal penetration depth at different frequencies.

into COMSOL Multiphysics® to obtain keff . Besides, we esti-
mated Dair using dense-gas kinetic theory based on particle
velocity fluctuation from DEM simulations. Both keff and Dair

from our modeling agree well with the experiments.
In our experiments, we measured flowing ceramic particles

with a mean diameter of 275 µm (CARBOBEAD CP 40/100,
hereinafter referred to as CP 40/100) and 404 µm (CAR-
BOHSP 40/70, hereinafter referred to as HSP 40/70) between
300 and 650 °C (see Supplemental Material S4 [29]). Both
types of particles are spheroid with an average roundness of
around 0.8 and have a bulk-material thermal conductivity be-
tween 4.51 and 5.21 W m−2 K−1 within the temperature range
of this study [3]. The flowing channel setup shown in Fig. 1(b)
consists of a hot particle reservoir, a 30-cm-long smooth In-

conel 625 channel, and a slide gate at the bottom outlet. The
granular flow was confined in the rectangular channel with
depth of 5 mm and width of 30 mm. Flow velocity was con-
trolled in the range 0−15 mm s−1 by changing the slide gate
opening. For stationary bed measurements with no need of
continuous particle supply, the particles were closely packed
in the cavity of an Inconel 625 holder which was heated up
by insertion heaters (see Supplemental Material S1 [29]). A
continuous-wave laser with its intensity modulated at angular
frequency ω was shined on the front side of the channel (a
100-µm stainless steel sheet coated with Pyromark 2500 black
paint for light adsorption). The steel sheet is in contact with
the particles and conducts the thermal wave to the granular
flow. The temperature oscillation amplitude |θs| of the steel
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FIG. 2. Model fitting results of flowing beds as a function of velocity. keff of (a) CP 40/100 and (b) HSP 40/70. Dair of (c) CP 40/100 and
(d) HSP 40/70. Insets show the averaged Dair over three temperatures with error bars representing the standard deviation.

sheet was measured by detecting the infrared signal emitted
from the black coating using infrared detectors [Fig. 1(a)]. The
laser heat flux and thermometry were calibrated by measuring
a standard sample of borosilicate glass with known thermal
conductivity (see Supplemental Material S3 [29]). As shown
in Fig. 1(c), the thermal wave at angular frequency ω can
probe into different depths of the sample given by

Lp =
√

2α

ω
, (1)

where α is the material thermal diffusivity. By modulating
the laser frequency, the MPR technique provides a convenient
approach to experimentally quantify the RNW (i.e., the Dair)
and the keff . Figure 1(d) shows the measured |θs| vs 1/

√
ω of

HSP 40/70 at 300 °C under various flow velocities (U ). |θs|
increases with 1/

√
ω, i.e., the penetration depth, and a larger

slope of the curve reflects a higher local thermal resistance.
We developed a two-dimensional COMSOL Multiphysics®
model to describe the continuum plug flow of particles by
solving an advection-diffusion equation (see Supplemental
Material S5 [29]) with parameters from Refs. [25,30–33]. The
air gap layer is modeled as a stagnant material adjacent to the
granular media and an incident oscillating heat flux perpendic-
ular to the flow is imposed as the lateral boundary condition.
The resulting surface temperature oscillations are collected at
different frequencies mimicking the MPR measurements. The
model has only two unknown parameters keff and Dair to be
fitted. We notice that |θs| has different sensitivities to keff and
Dair at different frequencies, which is the basis for obtaining
them simultaneously with a frequency sweep from 0.03 to

20 Hz. |θs| is more sensitive to keff at low frequency and to
Dair at intermediate frequency. By fitting the model to the
data using the Levenberg-Marquardt method [34] [Fig. 1(d)
and Supplemental Material S6 [29]], both keff and Dair of the
granular flows were determined.

Figures 2(a) and 2(b) show the best-fitted keff of stationary
and flowing CP 40/100 and HSP 40/70, respectively. From
0 to 15 mm s−1, there is a reduction of 14% − 26% in keff

for both types of particles. This phenomenon has not been
accounted for in previous works [1,16,17] using keff of sta-
tionary beds to model flowing particles, presumably because
keff of flowing particle beds could not be separated from the
RNW in traditional measurements. Besides, the keff in granular
flows shows a notable dependency on temperature. From 300
to 650 °C, keff of CP 40/100 and HSP 40/70 beds increase
by around 39% and 21%, respectively. This is mainly due
to the enhanced gaseous conduction at elevated temperature,
which plays an important role in particle-particle heat transfer
[27]. A stronger radiative conduction also contributes to the
higher keff .

Figures 2(c) and 2(d) show the extracted Dair from MPR
experiments. At the stationary state, CP 40/100 and HSP
40/70 have Dair of 14.6 and 20.5 µm respectively, or about
5% of their respective particle diameters. This non-zero air
gap in the stationary beds can be attributed to an average
particle-wall distance since the local packing density imme-
diately near the wall is always zero for spheres [19,35]. When
particles started flowing, these air gap thicknesses increased
to approximately 31 µm for both types of particles. The Dair

in the flowing granular media is about (0.08–0.11)Dp, which
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FIG. 3. DEM simulation results of packing structure’s impact on keff . (a) A snapshot of DEM simulation and particle bed samples extracted
from the bulk and the near-wall region. (b) Modeling of keff in COMSOL. (c) Comparison between MPR results, THW results and simulated keff

at different locations in the HSP 40/70 bed at 300 °C. (d) Wall-to-wall packing density distribution from DEM simulation. Inset: a schematic
of THW measurement. (e) Average coordination number of granular media. The inset shows particle A having a coordination number of 3;
letters C and N represent particles in contact and not in contact with particle A, respectively.

is comparable to the literature (Dair ∼ Dp/10) [1,14,16,36].
Unlike keff , the Dair values show little temperature dependence
from 300 to 650 °C. This is because Dair is mainly determined
by mechanical properties of granular flows and the wall with
weak temperature dependence [37].

Since we have not observed any significant difference in
the average packing density between stationary and flowing
particle beds (see Supplemental Material S2 [29]), the origins
of the keff reduction and Dair increase can be related to the
particle packing structure in the bulk and near-wall regions
respectively. To reveal these, we employed DEM to simu-
late flowing particle beds by using LIGGGHTS [LAMMPS
(large-scale atomic/molecular massively parallel simulator)
improved for general granular and granular heat transfer sim-
ulations] [38]. Even though the Carbo particles are spheroids,
they were assumed to be spherical in DEM simulations. Ear-
lier studies did show that the particle shape can impact thermal
conductivity of stationary particle beds [39] and granular
flows [40,41] through variations in contact area ratio, inter-
stitial spaces for gas conduction and radiation, and packing
structures in the near-wall and bulk regions. In our case, how-
ever, the particles having roundness of 0.8 means the behavior
is expected to be similar to that of spherical particles. Fur-
thermore, the shape effect was found to be weak for smaller
diameters such as ∼400 µm studied here [39]. As shown in
Fig. 3(a), a particle reservoir and a rectangular channel sim-
ilar to our experimental setup were defined as the simulation

domain. The total number of particles was over 45 000, large
enough to simulate the experiments. The cross-sectional area
of the channel was chosen to be 15Dp × 15Dp, also similar
to the experimental setup. Particles generated in the reservoir
will first pile up from the bottom and fill the entire chamber
due to gravity. Then the particle flow can be stabilized at a
controllable velocity by regulating the opening size of the
bottom outlet. Both CP 40/100 and HSP 40/70 were simulated
and all mechanical properties were based on experimental
data of CARBOBEAD CP 30/60 with the same composition
and similar particle diameter of 426 µm [37,42]. The mechan-
ical properties have weak temperature dependence within the
temperature range considered here [42] and were assumed to
be constant in the simulation. The properties and parameters
used in DEM simulations are listed in Table I. The Hertz
model was implemented for modeling particle-particle and
particle-wall interaction at contact points [43,44], and an alter-
native elastic-plastic spring-dashpot model for rolling friction
was applied due to its universality in most of particle settling
problems [44,45].

To obtain keff , the real packing structures in particle beds
were extracted from DEM simulations and fed into COMSOL

models as shown in Fig. 3(a). A 10Dp × 8Dp × 1.3Dp slab
adjacent to the channel wall and a 5Dp × 5Dp × 5Dp cube
from the center of the channel were selected to represent the
near-wall and bulk regions respectively. Both domains are
sufficiently large to average out a spatial difference in the
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TABLE I. DEM simulation parameters.

Parameter (unit) Value

Dp (µm) 275, 400
Skin distance (µm) Dp/2
Time step (sec) 8 × 10−9

Young’s modulus (GPa) 240
Poisson’s ratio 0.26
Coefficient of restitution 0.5
Coefficient of friction 0.59
Coefficient of rolling friction 0.28
Particle density (kg m−3) 3480

packing structure [27]. The keff of the cube in Fig. 3(b) can
be calculated in COMSOL by integrating the heat flux q over
plane S after applying a temperature gradient �T/L across
the cube:

keff = L

�T

∫∫
qdS

S
. (2)

The keff of stationary ceramic particle beds at high tem-
perature has been measured using a transient hot-wire (THW)
method in the previous study [3]. As shown in Fig. 3(c), the
THW value of keff for a stationary HSP 40/70 bed at 300 °C
is 27% higher than our present MPR result at zero velocity.
This deviation comes from the nonuniform packing density
distribution across the particle bed [Fig. 3(d)]. The THW
method measures the center of a packed particle bed where
the packing is denser with a nearly constant solid fraction of
58%. In contrast, the MPR measures the region about 1 mm
(or about 3Dp) from the wall based on the thermal penetra-
tion depth [Eq. (1)] in the experiments, where the packing
density experiences a large fluctuation and within 1.5Dp, a
sharp decrease to zero towards the wall [Fig. 3(d)]. The dif-
ferent measurement locations between MRP and THW lead
to different stationary keff values, as also well captured by our
DEM + COMSOL simulations [Fig. 3(c)].

With an increasing flow velocity, results from DEM +
COMSOL simulations exhibit a similar decreasing trend of
near-wall keff in the granular flow, consistent with values
measured by the MPR [Fig. 3(c)]. The DEM simulation was
validated by accurately modeling keff as a function of flow
velocity and location. We then used it to extract the parameters
characterizing the packing structure and particle behavior in
granular flow. We defined the coordination number as the
number of surrounding particles in contact with the central
particle [Fig. 3(e)]. When the flow velocity in DEM simula-
tions increases from 0 to 35 mm s−1, the average coordination
number decreases monotonically from 1.8 to 1.1, indicating
less contact points in flowing particles. This structural change
indicates the dilation induced by shear [46,47]. Although this
dilation does not cause noticeable variation in the packing
density, the reduction of the number of particle-particle heat
conduction pathways will result in a notably decreasing keff .

Moreover, we seek to understand the micromechanical
origin of the over 50% increase in Dair observed in flowing
particles compared to the stationary case. In dense granular
flows with frequent semi-inelastic collisions and frictions, the
particle motion is diffusive at the time scale similar to Dp/U (a

particle traveling the distance of Dp) [20,48–51]. It is reason-
able to attribute the origin of the air gap to particle diffusion
transverse to the flow direction in the near-wall region where
particles have higher mobility and may more easily diffuse
away from the wall. As a measure of the mobility, particle
velocity fluctuation can be calculated by

v′
i =

√∑N
k=1 (vi,k − v̄i )2

N
, (3)

where vi,k is the velocity component in the i direction of
the kth particle, and v̄i is the average of vi,k among N parti-
cles studied in DEM simulations. Since the heat transfer and
particle behavior of interest is in the transverse direction (y
direction) [Fig. 3(a)], only properties in this direction were
analyzed. Based on the dense-gas kinetic theory [52], the
transverse self-diffusivity Dyy is calculated by

Dyy = Dp
(πv′

y

3

)1/2

8(1 + ep)νg0(ν)
, (4)

where ep is the coefficient of restitution of particles, ν is
the solid fraction, and g0(ν) is an equation of state of ridge
spheres given by the Carnahan-Starling expression [53]:

g0(ν) = 2 − ν

2(1 − ν)3 . (5)

As seen in Figs. 4(a) and 4(b), the Dyy peaks near the
wall and decreases towards the center as the wall gradu-
ally transmits shear work into the particle bed [22]. Higher
flow velocity will induce stronger particle-wall interaction
and a larger local shear rate, resulting in increasing Dyy of
the first layer of particles adjacent to the wall [Fig. 4(c)].
This shear-rate dependent Dyy has also been observed both
experimentally [22,51] and numerically [54]. During the time
span of Dp/U , the transverse mean square displacement in
the first layer of wall-adjacent particles can be estimated as its
diffusion length scale LD by [50]

LD =
√

Dyy |y=0.5Dp

Dp

U
. (6)

We compared LD and the measured increment in Dair

between stationary and flowing particle beds. As shown in
Fig. 4(d), the Dair predicted from the simple scaling equation
of Eq. (6) and that extracted from the MPR measurements
[Figs. 2(c) and 2(d)] have excellent agreement. We can con-
clude that the dense-gas kinetic theory combined with DEM
simulations can well capture the RNW. This finding thus re-
veals that the increasing Dair in flowing particle beds is a result
of the enhanced diffusive motion of particles in the near-wall
region.

One minor fact to note is that v′
y peaks at y = Dp but

not y = 0.5Dp, which was also observed in experiments by
Natarajan and Hunt [18,22]. In granular flows, y = 0.5Dp and
y = Dp correspond to the first and second layers of particles
adjacent to the wall, respectively. Although the first layer is
impacted to the maximum extent by interactions with the wall,
it has a lower v′

y because a non-negligible fraction of shear
work is converted into rotational kinetic energy (Ek,r). During
the collisions between the first and second layers, the Ek,r is
converted back to translational kinetic energy (Ek,t ), leading
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FIG. 4. DEM simulation results of particle diffusive behavior. v′
y and Dyy of flowing (a) CP 40/100 and (b) HSP 40/70. (c) Dyy of the first

layer of wall-adjacent particles. (d) Comparison of the LD and the measured increment in Dair between stationary and flowing particle beds.

to the maximum v′
y at y = Dp. This is clearly shown in the

plots of average Ek,r and Ek,t obtained from DEM simulations
(see Supplemental Material S7 [29]).

We further examined the following probability Pcenter to
show the directional preference of particle motion (Fig. 5):

Pcenter = Nc

Nc + Nw

, (7)

where Nc and Nw are the numbers of particles with their vy,k

towards the channel center and the wall, respectively. Interest-
ingly, DEM simulations show that particles in the near-wall
region are more likely to move towards the center (Pcenter >

0.5). Campbell [55] also observed that particles may move in
preferred directions due to certain packing structures induced
by shear motion. These results all imply a larger particle-wall
separation in flowing particles, which in our measurement is
manifested as increasing air gaps when particles are flowing.

In summary, via a unique noncontact frequency-domain
measuring technique (MPR) to probe into gravity-driven gran-
ular flows in a vertical channel, we are able to separately
quantify the near-wall resistance and the bulk thermal con-
ductivity of particle beds. We observed that as the particles
are flowing, the near-wall air gap (Dair) and resistance increase
while the bulk effective thermal conductivity (keff ) decreases,
both of which point to weakened heat transfer from the wall
to the granular flow. Combined with DEM simulations, we
examined the microscale changes in packing feature of gran-
ular flows. The increasing particle dilation and particle-wall
separation at higher flow velocity accounts for the decreasing
keff and increasing Dair, respectively. Instead of elaborating
the particle-wall separation via Natarajan and Hunt’s ana-
lytical model based on several assumptions [18], we well
predicted the Dair increase using the dense-gas kinetic theory
with self-diffusivities obtained from DEM simulations, which

FIG. 5. Pcenter of flowing (a) CP 40/100 and (b) HSP 40/70.
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reveals the importance of the wall shear causing particles
in the wall-adjacent layer moving away from the wall. This
work provides fundamental understanding of the microscopic
picture of heat transfer across granular flows. We believe the
presented experimental and simulation results can motivate a
more comprehensive model to precisely depict the behavior of
flowing particles.

This material is based upon work supported by the U.S.
Department of Energy’s Office of Energy Efficiency and
Renewable Energy (EERE) under Solar Energy Technolo-
gies Office (SETO) Agreement No. DE-EE0008379. The
views expressed herein do not necessarily represent the views
of the U.S. Department of Energy or the United States
Government.
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