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Abstract 

Heat transfer in granular media is an important mechanism in many industrial applications.  
For some applications conduction is an important mode of heat transfer.  Several models have been 
proposed to describe particle scale conduction both between particles (particle-particle) and with walls 
(particle-wall).  Within these conduction models are several distinct modes: conduction through 
physical contact (macro-contact), conduction through surface roughness (micro-contacts), and 
conduction through the stagnant gas film surrounding each particle (particle-fluid-particle or particle-
fluid-wall).  While these models have been developed and verified in literature, the relationship 
between the conduction heat transfer coefficient and key parameters is not immediately obvious. This 
is especially true for gas film conduction.  In this work we investigate gas film conduction for particle-
particle and particle-wall collisions via DEM simulations using a well-established gas film model to 
determine the behavior of the heat transfer coefficient as a function of the separation distance and 
particle size.  With a better understanding of the gas film heat transfer coefficient, we propose a 
simplified model that captures the same response but is easier to understand and significantly more 
computationally efficient. 

Keywords: Conduction, Discrete element method, gas film conduction, granular heat transfer 

INTRODUCTION 

Heat transfer in granular materials is a common occurrence in many industrial applications.  In 
many instances hot gases are used to convectively heat the particles.  However, there are some 
applications where conductive heat transfer is the dominant mode.  One such application is the heating 
of recycled asphalt product (RAP).  RAP is the millings from road surfaces and is comprised of 
aggregates and bitumen coating.  For RAP to be reused in new road surface mixes, it must be heated 
and any moisture evaporated.  Since the bitumen coating is flammable, a flame cannot be used to 
directly heat the RAP.  A common method is to mix hot, uncoated (virgin) aggregate with the cold, 
wet RAP.  In such a process conductive heat transfer between the virgin and RAP is dominant. 
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Numerical techniques used to simulate particle systems are now well established and 
increasing computational power means more industrial scale processes are accessible via methods such 
as the discrete element method (DEM) [1,2,3].  Since heat transfer is common in many industrial 
processes, particle models have been extended beyond simple contact mechanics to include thermal 
effects [4,5].  Coupling to a fluids solver permits convective heat transfer between the fluid and 
particle phase to be calculated [6,7] but this is expensive and unnecessary where convection is not 
dominant.  A common approach where conduction is dominant is DEM particle scale simulation using 
the Hertzian soft sphere contact model.  Conductive heat transfer was added to this approach by 
Batchelor and O’Brien [8].  This model assumes that heat flows through the physical contact (or 
macro-contact) between particles given by the Hertzian contact radius: 

 

𝑄𝑄𝑀𝑀𝑀𝑀 = 2𝑘𝑘∗  [3𝐹𝐹𝑁𝑁𝑅𝑅
∗

4𝐸𝐸∗ ]
1/3

∆𝑇𝑇     (1) 
 

where k* is the effective thermal conductivity, FN is the normal force, R* is the effective radius, E* is 
the effective Youngs modulus, and ΔT is the temperature difference. 

Rong et al. [9] postulated that in addition to physical contact, conduction could occur through 
a stagnant gas layer surrounding each particle.  As the gas film surrounding a particle touches an 
adjacent surface (particle or wall), conduction occurs through the gas film.   The heat rate can be 
calculated according to Fourier’s Law: 

 
𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = ∫ 𝑑𝑑𝑑𝑑

∆𝐿𝐿 𝑘𝑘𝑓𝑓∆𝑇𝑇      (2) 
 

where kf is the fluid thermal conductivity, A is the surface area , and ΔL is the separation distance. 
It follows that the conductive heat transfer rate through particle-fluid-particle 𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝 and through 
particle-fluid-wall 𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝 can be described as follows:   
 

𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝 =  ∫ 2𝜋𝜋𝑘𝑘𝑓𝑓
max (𝑙𝑙,𝑠𝑠)𝑑𝑑𝑑𝑑 ∆𝑇𝑇𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜

𝑟𝑟𝑖𝑖𝑖𝑖      (3) 

 

𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝 =  ∫ 2𝜋𝜋𝑘𝑘𝑓𝑓𝑟𝑟
max (𝑙𝑙,𝑠𝑠)𝑑𝑑𝑑𝑑 ∆𝑇𝑇𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜

𝑟𝑟𝑖𝑖𝑖𝑖
      (4) 

 
where the linear distance between particle surfaces is defined by the variable l, the radial dimension by 
the variable r, and the upper and lower bounds of the integral rout and rin are illustrated for the particle-
fluid-particle contact in Figure 1.  To prevent a singularity at the point of contact, a minimum limit 
s=2.75 x 10-8 m is assumed to be related to the mean free path of gas.   

Rong [10] assumed that the macro-contact was analogous to the contact area separated by the 
mean free path of gas equation (9).   

 

𝑄𝑄𝑀𝑀𝑀𝑀= 
𝑘𝑘𝑓𝑓𝐴𝐴𝑐𝑐

4.0 × 10−10 ∆𝑇𝑇     (5) 
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This approach was implemented by Bu et al. (2013) to include micro-contact surface 
roughness, the macro-contact and gas film model by Rong as well as the interior thermal resistance of 
the particle.  For Biot numbers less than one, the particle can be assumed to be isothermal and the 
interior resistance neglected.   

Figure 1 Illustration of particle-fluid-particle conduction 

Morris et al. [12] combined the Rong’s gas film model with the Batchelor and O’Brien’s 
macro-contact model from Equation 1.    Morris et al. also determined that for materials with a low 
thermal conductivity the gas film could be as much as two orders of magnitude more than the physical 
contact.  The authors proposed a ratio to determine the effect of the gas film relative to the macro-
contact, given by: 

𝑅𝑅𝑃𝑃𝑘𝑘𝑓𝑓
𝑅𝑅𝑐𝑐𝑘𝑘𝑃𝑃

≥ 1      (6) 

 
where RP is the particle radius and Rc is the contact radius and kf and kp are the thermal conductivity of 
the fluid and particle, respectively.  For values greater than one, the gas film conduction is dominant. 

In this study we focus on gas film conduction for particle-particle and particle-wall collisions.  
Internal resistance is neglected as the effect is deemed negligible in the specific application of RAP 
processing. The analytic solution to the integral of Fourier’s equation for sphere-sphere and sphere-
wall was implemented according to the algorithm by Morris in the MFIX code.  The analytic solution 
to particle-fluid-wall heat transfer coefficient 𝐻̂𝐻 is given in Equation 7 below, where the normalized 
particle overlap 𝛿𝛿 ̂is greater or equal to zero when physical contact occurs.  When 𝛿𝛿  ̂is less than zero 
there is only gas film contact.  A similar set of equations provides the solution for particle-fluid-
particle contacts.  The variables previously described in equations 3 and 4 are made dimensionless by 
dividing by the particle radius and denoted in Equation 7 by the ^ symbol. 

 

𝐻̂𝐻 = {
𝜋𝜋
𝑠̂𝑠 [(1 − 𝛿𝛿) − 𝐴𝐴2] + 2𝜋𝜋 [𝐵𝐵 − 𝐴𝐴 +  (1 − 𝛿𝛿)𝑙𝑙𝑙𝑙 (1−𝛿̂𝛿−𝐵𝐵𝑠̂𝑠 )] , 𝛿𝛿  ̂ ≥ 0

2𝜋𝜋 [𝑟̂𝑟𝑠𝑠
2

2𝑠̂𝑠 + 𝐵𝐵 − 𝐶𝐶 + (1 − 𝛿𝛿)𝑙𝑙𝑙𝑙 (1−𝛿̂𝛿−𝐵𝐵1−𝛿̂𝛿−𝐶𝐶)] ,                              𝛿𝛿  ̂ < 0
}    (7) 

where 

rout 

rin 

l(r ) 

s 
Rfilm r 
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𝐴𝐴 = 1 −  𝛿𝛿 −  𝑠̂𝑠  

𝐵𝐵 =  √1−  𝑟̂𝑟𝑜𝑜𝑜𝑜𝑜𝑜2  

𝐶𝐶 =  √1−  𝑟̂𝑟𝑠𝑠2 

 
and 
 

𝑟̂𝑟𝑜𝑜𝑜𝑜𝑜𝑜 =

{
 

 √𝑅̂𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2 − (1 − 𝛿𝛿), 𝛿𝛿  ̂ < 1 −  √𝑅̂𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2 − 1

1,                                     𝛿𝛿 ̂ ≥ 1−  √𝑅̂𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2 − 1 }
 

 
 

𝑟̂𝑟𝑠𝑠 = {√1− 𝐴𝐴2, 𝛿𝛿  ̂ > −𝑠̂𝑠
0,                      𝛿𝛿  ̂ ≤ −𝑠̂𝑠

} 

 
Whilst these models have been developed and verified to a limited extent, the relationship 

between the conduction heat transfer coefficient and the key parameters is rather obscure. This is 
especially true for gas film conduction which is dominant in many industrial processes where the 
industrial solids are poor conductors such as in this study on RAP and road aggregates.  In this study 
we investigate the gas film conduction for particle-particle and particle-wall collisions via DEM 
simulations to determine the behavior of the heat transfer coefficient as a function of the separation 
distance and particle size. 

 
Gas Film Conduction For Poly-dispersed Particle Systems 

The Rong gas film conduction model assumes that the gas film thickness is roughly 50% of 
the particle radius.  Morris showed that the solution is not especially sensitive to this value and 
proposed a value of 42%.  In this work we use a gas film thickness that is 40% of the particle radius.  
Because the integral solution to Fourier’s equation is dependent on the linear distance from one 
particle surface to the other particle (or wall) surface, the minimum size ratio for this to remain valid is 
0.4 (see Figure 2).  The means the smaller particle’s radius cannot be smaller than the larger particle’s 
film thickness, otherwise the film thickness could enclose some surface area of the smaller particle not 
in direct line with the larger particle.   With this limitation in mind and assuming fixed material 
properties for spherical particles, the gas film heat transfer coefficient should be related only to the 
particle size ratio and separation distance. 
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𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 ≥ 𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 

Figure 2 Illustration of minimum size ratio where Rmin ≥ film thickness 
 
NUMERICAL METHODS: DEM SIMULATIONS 
 
Particle-Particle Collisions 

The Rong gas film model as implemented by Morris in the open source multiphase code 
MFIX [12,13] was implemented as a custom contact model in the commercial DEM code EDEM [14].  
Care was taken to use as near to the original Morris algorithm as possible although some minor 
changes were necessary due to differences in which variables were directly accessible from each DEM 
solver.  Particle-particle and particle wall collisions were investigated using the Rong/Morris models 
for a range of particle size ratios varying from 1 to 0.4.  Table 1 shows the material properties and 
simulation settings.  Two particles with the same material properties were slowly brought into contact.  
The simulated velocities were very low and the resulting minimal collision force meant that the 
influence of physical contact could be neglected.  The gas film heat transfer coefficient was calculated 
from the predicted heat flux and temperature difference.  Figure 3 shows some representative results at 
the point of contact. 
 
 

Table 1 Material properties and simulation settings used in DEM simulation 
Density 2500 kg/m3 
Young’s Modulus 5.0 x 1010 Pa 
Poisson’s Ratio 0.3 
Thermal Conductivity 0.96 W/m K 
Specific Heat 472 J/kg K 
Coefficient of Restitution 1 x 10-7 
Coefficient of Static Friction 0.5 
Particle Radius 2 to 5 mm 
Initial Particle Velocity 0.01 m/s 
Initial Particle Temperature 20 C min, 100 C max 
Initial Wall Temperature 100 C 
Simulation Time Step 1 x 10-6s 

 

Rfilm, max 

Rmin 

Rmax 
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Figure 3  DEM results at the point of physical contact for size ratios 1 and 0.4 

 
Particle-Wall Collisions 

A similar simulation was used to investigate particle-wall collisions.  A single particle 
collision at low velocity with a fixed surface was simulated for different particle sizes.  Again, because 
the collision force was minimal the physical contact could be neglected.  The gas film coefficient was 
calculated from the predicted heat flux and temperature difference.   
 
RESULTS 
 
Particle-Particle Collisions 

The heat transfer coefficient (HTC) computed from the DEM simulations can be plotted as a 
function of the particle surface to surface distance normalized by the film thickness.  The result is 
shown in Figure 4a.  For a normalized separation distance of 1 there is no gas film contact and the 
coefficient is 0 for gas film conduction as expected.  For values less than 1 the heat transfer coefficient 
increases logarithmically until the point of contact when the normalized separation distance is 0.  For 
particle-particle collisions a set of curves was generated for the different particle size ratios.  As the 
ratio approaches 0.4 the log curve becomes more acute nearest to the point of physical contact.  At the 
point of contact a similar curve can be generated using the results for each particle size (Figure 5a).  
The response surface as a function of particle size and separation distance is shown in Fig 5b.   The 
logarithmic relationship of the HTC to normalized separation distance is easily recognizable and the 
relationship between size ratio at the point of contact can also be seen.   
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Figure 4a (left) Plot of the gas film coefficient vs the normalized separation distance for particle-particle size 
ratio = 1.  Figure 4b (right) Gas film coefficient for different particle size ratios 

  

Figure 5a (left) Plot of gas film coefficient at the point of physical contact as a function of the particle size ratio. 
Figure 5b (right) Response surface for particle-particle gas film coefficient 

This graphical representation of the HTC provides a much more intuitive description of the 
gas film heat transfer behavior involving particle-particle collisions.   Curve fitting was used to 
describe the HTC relationships for film contact and physical contact in simple equations as follows: 

 
Film Contact         𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑅𝑅1/𝑅𝑅2

(𝑅𝑅1/𝑅𝑅2)0.2125 [−3.161 ln ( 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) + 0.151] 𝑅𝑅𝑝𝑝𝑘𝑘𝑓𝑓∆𝑇𝑇  (8) 
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Physical Contact       𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝 =  [20.22 ln(𝑅𝑅1 𝑅𝑅2⁄ ) + 40.604] 𝑅𝑅𝑃𝑃𝑘𝑘𝑓𝑓∆𝑇𝑇    (9) 
 

where a weighting function using the size ratio (R1/R2) was determined to provide the best fit to 
describe the whole domain. 

Particle-Wall Collisions 

For particle-wall collision the curve for the heat transfer coefficient is simply a function of the 
particle size and the separation distance.  Because we assume that the wall is infinite the shape of the 
curve is not affected by the particle size as shown in Figure 6a, that is, the curves for all the particle 
sizes are identical except for at the point of physical contact.  At point of contact, the HTC shows an 
increasing with the particle size (as shown in Figure 6b).  Curve fitting to each of these curves leads to 
Equations 10 and 11 respectively:    
 

Film Contact          𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝 =  [−6.101 ln ( 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) + 0.6015]  𝑅𝑅𝑝𝑝k𝑓𝑓∆𝑇𝑇     (10) 

 

Physical Contact        𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝 =  [6.2831 ln(𝑅𝑅𝑝𝑝) + 110.17] 𝑅𝑅𝑝𝑝𝑘𝑘𝑓𝑓∆𝑇𝑇   (11) 

 

 

Figure 6a (left) Plot of particle-wall heat transfer coefficient for film contact. Figure 6b (right) Plot of particle-
wall coefficient for physical contact as a function of particle radius. 

Simplified Model for Gas Film Conduction Model 

With the description of the heat transfer coefficient as a function of the normalized separation 
distance and particle size ratio, the gas film conduction model can be expressed in four simple 
equations 8-12.  These equations were implemented in EDEM replacing the analytical solution to the 
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Rong integral.  The computed HTC for particle-particle and particle-wall collisions using the 
simplified model are compared with the Rong/Morris full analytical mode in Figures 7 and 8 below 
which show an excellent agreement. 

 

Figure 7 Comparison of particle-fluid-particle coefficient for size ratio of 1 (left) and 0.4 (right) 

 

Figure 8 Comparison of particle-fluid-wall coefficient for size ratio of 10mm (left) and 4mm (right) particles 

Further, comparing the computation time of the calculation for a single binary collision, the 
portion of time spent on the conduction calculation can be determined by subtracting the calculation 
time of the standard Hertz-Mindlin model with no conduction from the total time.  Figure 9 shows that 
27% of the total calculation time was spent on the Morris conduction calculation while only 19% of 
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the total time was spent on the simplified model.  This represents an improvement of 33.4% of the 
conduction calculation.  The net total improvement is approximately 9.0%.  Further tests of an 
industrial scale problem with 250,000 particles have demonstrated speed improvements of 10% with 
near identical results for particle temperature (Figure 10). In this mill test case with heated walls, the 
maximum particle temperature after 10 second of simulation time for the simplified model is within 
0.022% of the maximum value predicted by the Morris model and the maximum gas film heat flux 
within 0.0017% of the Morris model.   The improvement in calculation time will depend on the 
individual simulation, but results for a range of simulations have been between 5 and 15% with 
simulations with more static contacts showing the least benefit.  

 

Figure 9 Computation time for standard Hertz Mindlin with no conduction, Morris gas film, and the Simplified 
conduction model for a binary collision 

 

Figure 10. Particle temperature for mill test case with 250,000 particles. The Morris model is on the left, the 
simplified model on the right. 
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CONCLUSION 

In this study we have investigated the behavior of particle scale gas film conduction for 
particle-particle and particle-wall contacts.  Using a model proposed by Rong as implemented by 
Morris, DEM simulations were carried out for a binary collision and a single particle-wall collision 
using a range of particle sizes.  The heat transfer coefficient was calculated based on the simulation 
results and plotted against normalized separation distance.  The heat transfer coefficient is found to 
vary logarithmically with separation distance and simple models were proposed from best fit to the 
simulation results.  

This simplified model was shown to reduce the total computation time of a range of flow 
regimes in the order of 5 to 15%.  It should be noted that since the curve fits are based on results up to 
the point of contact with no overlap, this model is independent of particle overlap which is 
advantageous when a reduced material stiffness is used to speed up calculations.  Beyond 
computational efficiency, the simpler expression for the relationship of the gas film coefficient will be 
useful in the next stage of work investigating scaling laws and the impact of the gas film model on 
multi-sphered particles. 
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