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ABSTRACT 

Designing chemical reactor equipment requires a thorough understanding of powder 
flow. Solid rheology modelling offers various models for this purpose. A comparative study of 
two different CFD models, the Kinetic Theory of Granular Flow (KTGF) and the dense granular 
flow (𝜇(𝐼) law), is proposed. Both models were confronted with experimental results obtained 
on a rotating drum for different rotation speeds and powder flowabilities. Image processing 
was used to compare the experimental gas/solid interfaces with those obtained from CFD. The 
KTGF model did not represent the powder rheology at low rotation speeds, regardless of the 
powder, whereas it was closer to experiments at higher speeds. The dense granular flow model 
was more appropriate for this system as it described the powder shape inside a rotating drum 
relatively well for each experiment. The latter model is recommended for modelling dense 
granular flows, while the KTGF is better suited to gas-solid flows. 

 
Keywords: CFD, Dense solids flow, Rotating drum, Image processing, Modelling, 𝜇(𝐼) law 

NOMENCLATURE 

𝛼 Phase volume fraction (-) 

𝛼𝑠,𝑚𝑎𝑥 Maximum volume fraction that can reach the solid 
(-) 

𝛼𝑠,𝑚𝑖𝑛 Minimum volume fraction below friction is not 
calculated (-) 

𝑐 Cohesion of the powder (Pa) 

𝐶𝐼 Cohesive index (-) 

𝐶𝑠 Random fluctuation velocity (m/s) 

𝐷 Drum diameter (m) 

𝑑𝑝 Mean particle diameter (m) 

𝐷𝑥 Particle diameter (with 𝑥 the sample weight 

percentage having diameter less than 𝐷𝑥) (m) 

𝑑32 Sauter diameter (m) 

𝑒 Restitution coefficient (-) 

𝜂 Effective viscosity (Pa.s) 

𝜂𝑎𝑑ℎ Adhesion index (-) 
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𝜂𝑚𝑎𝑥 Maximum viscosity (Pa.s) 

𝑓𝑐 Adhesion force (kg.m.s-2) 

𝑓𝜎𝑖 Surface tension (kg.m-2.s-2) 

𝑔 Gravitational acceleration (m s-2) 

𝑔0 Radial distribution (-) 

�̇� Shear rate (s-1) 

HR Hausner ratio (-) 

𝐼 Inertial number (-) 

𝐼𝑐 Modified inertial number (-) 

𝐼0 Constant for the 𝜇(𝐼) law (-) 

𝐿 Drum depth (m) 

𝑀 Rate of interfacial momentum transfer (kg.m-2.s-2) 

𝜇 Friction coefficient (-) 

𝜇𝑔𝑠 Granular shear viscosity (Pa.s) 

𝜇𝑔𝑠,𝑐𝑜𝑙 Collision viscosity (Pa.s) 

𝜇𝑔𝑠,𝑘𝑖𝑛 Kinetic viscosity (Pa.s) 

𝜇𝑔𝑠,𝑓𝑟𝑖𝑐 Friction viscosity (Pa.s) 

𝜇2, 𝜇𝑠 Critical values for the 𝜇(𝐼) law (-) 

MAE Mean absolute error (m) 

N Rotation speed (min-1) 

𝜔 angular rotation speed (rad/s) 

𝑃 Normal pressure (Pa) 

RMSE Root mean square error (m) 

𝜌 Density (kg.m-3) 

𝜌𝑏𝑢𝑙𝑘 Bulk density (kg m-3) 

𝜌𝑠 Solid density (kg.m-3) 

𝜌𝑡𝑎𝑝 Tapped density (kg.m-3) 

𝑆 Momentum source term (kg.m-2.s-2) 

𝜏 Shear stress (Pa) 

𝜃𝑟 Static angle of repose (°) 

𝜃𝐷 Dynamic angle of repose (°) 

Θs Granular temperature (m2.s-2) 

𝑈 Velocity (m/s) 

𝑦𝑖 Predicted ordinate (m) 

𝑦𝑖
∗ Experimental ordinate (m) 
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1. INTRODUCTION 

It is estimated that 60% of all chemical products sold are at a solid state [1]. Yet, granular 

flow is not fully understood and is still under thorough study [2,3]. Understanding the solids 

flow inside chemical reactor equipment is critical to predicting the reactor performance or 

designing the reactor itself. Yet, powder flowability cannot be assessed with only one indicator 

[4]. Several parameters have to be measured to estimate powders flowability and rheology (i.e. 

static angle of repose, Hausner ratio, etc.) [5]. Choosing which characteristics to measure 

depends on the conditions undergone by the particles within the equipment [5]. 

 

As an example, the dynamic angle of repose, which is the slope angle taken by the powder 

as it flows, can be measured from the rotating drum [6]. The flowability of the powder can be 

estimated from the dynamic angle of repose: the lower it is, the better the flowability [7]. Some 

authors proposed other characteristic parameters obtained from the interface, for instance the 

interface fluctuation over time, to capture more information on the powder flowability [8]. Many 

chemical reactors involving a solid phase have a flow pattern similar to a rotating drum [9–12]. 

The rotating drum, in which solid particles flow freely at the surface over a static granular bed, 

has been extensively studied experimentally [8,13–15]. Due to the simplicity of its geometry, 

the rotating drum is a frequently used device to understand dense granular flow dynamics. 

Therefore, the solid motion in this device for different rotation speeds and filling degree is 

relatively well understood for free flowing powder [7]. 

 

Numerical simulations of powder flow in rotating drum is also very common. For solid flow 

simulations, Discrete Element Method (DEM) and Computational Fluid Dynamic (CFD) are the 

main methods. The first follows the trajectory of each individual particle while modelling inter-

particle and wall particle interactions [16]. Collision-free motion is represented with Newton’s 

second law, while normal and tangential collisions are simulated with Hooke’s law (spring 

force). All the equations used are detailed in the literature [17–19]. Particle flow in a rotating 

drum has been studied using DEM [20–22]. Discrete element method can provide a very 

detailed and accurate description of the granular flow for adequate cases, yet it can be time 

consuming for high number of particles [23]. 

 

On the other hand, following an Eulerian approach, CFD simulation assimilates the flow of 

the powder to that of a fluid as a whole. Flow can then be described by the conservation of 

mass, momentum and energy using finite volume method. CFD has been used for rotating 

drum simulation [24–28]. CFD simulations can be a good candidate for dense granular flow of 

fine particles, as it is not limited by the number of particles simulated. 

 

One of the best-known models to represent the flow of solid particles is the Kinetic Theory 

of Granular Flow (KTGF) [29]. Such model has been mainly used for fluidised bed [30–33]: the 

KTGF model is more adapted for the “gaseous” regime where the solid phase is strongly 

agitated within the air [34]. Yet, the KTGF model has also been used for solid flow simulation 

in a rotating drum [24,25,27,35]. Another known model is the dense granular flow model, also 

called the 𝜇(𝐼) law [2]. This model is more adapted for the “liquid” regime [34]. Such model has 

been used for sediment transport [36], granular flow on a pile [34] or even the discharge of a 

granular silo [37]. Arseni et al. [28] used the 𝜇(𝐼) law to model the solid flow inside a rotating 

drum with particles having a diameter larger than 1 mm. The model is able to catch the powder 

bed shape and even the velocity when compared with experimental results. Yet, to our 

knowledge, the 𝜇(𝐼) law has not been studied for powder flow (diameter less than 100 µm). 
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For both simulation approaches, the main concern is to find the adequate model that best 

represents the solid rheology. In this work, we studied experimentally the powder flow inside a 

rotating drum. Image processing was performed to extract the gas/solid interface. Two 

rheological models implemented in the CFD code were compared with the experiments: one 

using the multiphase flow modelling approach and one using the Volume of Fluid (VOF) 

approach. The aim of this work is to find which CFD model is the most suitable for powder flow 

in a rotating drum for a given rotation speed and powder flowability. 

2. EXPERIMENTAL SETUP 

2.1. Experimental device 

The rotating drum used is a commercial apparatus from Granutools named GranuDrum™. 

More details are given in this paper [8]. Figure 1 shows a scheme of the rotating drum. The 

drum diameter is D=84 mm with a depth of L=20 mm. The rotation speed of the drum can vary 

from 1 RPM to 80 RPM. To get the powder bed shape, the drum is placed between a lighting 

system and a monochrome camera. The image resolution is 406x406 pixels. A software from 

Granutools is used to control the drum rotation speed, the exposure time of the camera, the 

total number of images taken during the experiment and the frame rate. For each experiment, 

at least three drum revolutions were recorded to ensure a steady state. 

  
Figure 1: Scheme of the rotating drum a) front view and b) side view 

The software provides an image processing algorithm for the interface detection, 
described in [8]. Powder flowability parameters are calculated from the interface detected, also 
described by Neveu et al. [8]. Here, we will mainly focus on the dynamic angle of repose noted 

𝜃𝐷 and on the cohesive index noted 𝐶𝐼. The former is the angle taken by the slope during the 
rotation, calculated at the drum centre, within a window of D/5. The dynamic angle of repose 
characterises the powder flowability: the higher it is, the poorer the flowability. Knowing this 
parameter helps to understand powder flow in dense flow apparatus [6]. The cohesive index 
characterises the interface fluctuation during the rotation, according to equation 1. 

𝐶𝐼 =
1

𝐷𝑐𝑟𝑜𝑝

.∑√
∑ (�̅�(𝑥) − 𝑦𝑖(𝑥))

2𝑁𝑦(𝑥)

𝑖=1

𝑁𝑦(𝑥)
𝑥

 

(1) 

With 𝐷𝑐𝑟𝑜𝑝 the cropped diameter (discussed in section 2.3.1), 𝑁𝑦(𝑥) the number of 

interface pixel ordinates, �̅�(𝑥) the average interface ordinate for an abscissa x and 𝑦𝑖(𝑥) the 
interface ordinate for an abscissa x, the sum is performed on the whole set of abscissa 
belonging to the cropping zone [8]. A high cohesive index means a high fluctuation of the 
interface, which is characteristic of cohesive powders [8]. 

2.2. Powder used and their flowability properties. 
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The powder bed shape in a rotating drum was studied with three different powders. Powder 

flowability properties are listed in Table 1. The 𝑑32 diameter, also called the Sauter diameter, 

is calculated according to equation 2, where 𝑛 is the total number of particles and 𝑛𝑖 is the 

number of particles of diameter 𝑑𝑖. [38] 

𝑑32 =
∑ 𝑛𝑖. 𝑑𝑖

3𝑛
𝑖

∑ 𝑛𝑖. 𝑑𝑖
2𝑛

𝑖

 
(2) 

More information on the device used to characterise the powder flowability is given in a 

previous study [10]. From this previous study, it has been concluded that the Hausner ratio, 

noted HR (𝐻𝑅 = 𝜌𝑡𝑎𝑝/𝜌𝑏𝑢𝑙𝑘), is a more precise measurement method compared to the static 

angle of repose, noted 𝜃𝑟, to estimate powder flowability. The Hausner ratio compares the 

tapped density over the bulk density. Having a lower static angle of repose and/or a lower 

Hausner ratio means that the powder is more flowable. According to Leturia et al. [4], brown 

corundum F180 and glass powder are considered to be non-cohesive powders (free flowing) 

with a Hausner ratio lower than 1.30 while the rice flour is considered as cohesive with a 

Hausner ratio higher than 1.40. The Geldart classification is obtained from [39] using the 

particle density and the mean diameter. The 𝜌𝑠 is calculated from 𝜌𝑏𝑢𝑙𝑘, assuming an overall 

solid volume fraction of 0.60 [40] 

Table 1: Flowability properties of studied powder 

 𝜌
𝑏𝑢𝑙𝑘

 (kg m−3) 𝜌
𝑠
 (kg m−3) 𝜃𝑟  (°) 

HR 
(-) 

D10 
(µm) 

D50 
(µm) 

D90 
(µm) 

𝑑32 
(µm) 

Geldart 
classification 

Brown 
corundum 

F180 
1815 3025 31 1.17 50 81 125 

66.5 A 

Glass 
powder 

924 1540 38 1.27 53 114 191 
61.6 A 

Rice flour 549 915 43 1.42 24 96 165 39.2 A 

2.3. Detection of the interface 

2.3.1. Image processing for the experimental interface detection 

The GranuDrum™ software does not give the gas/solid interface coordinates. 
Therefore, image processing was performed to obtain the experimental interface coordinates. 
Images recorded by the camera were analysed using a Python script (available 
https://gitlab.com/lchatre/imageanalysispowder/).  

 
 First, a circular cropping region is defined so as not to be disturbed by any powder 

adhering to the wall (Figure 2). It can be seen that some fine particles adhere to the wall for 
relatively flowable powder (Figure 2a, centre right) while block of powders are completely stuck 
at the drum wall for less flowable powder (Figure 2b, opposite to the powder flow). Thus, the 
cropped region was defined as 20% for brown corundum F180 and glass powder experiments 
(Figure 2a); 40% for rice flour experiments (Figure 2b), meaning that 80% of drum is 
considered for the brown corundum F180 and glass powder, while 60% is considered for rice 

flour. The crop percentage (noted 𝑝𝑒𝑟𝑐𝑟𝑜𝑝) corresponds to the total surface (i.e. drum diameter 

𝐷) of the rotating drum (powder and air) not taken into account for image processing. 

Consequently, the cropped diameter 𝐷𝑐𝑟𝑜𝑝 of the circle considered for image processing (after 

cropping) can be calculated as 𝐷𝑐𝑟𝑜𝑝 = (1 − 𝑝𝑒𝑟𝑐𝑟𝑜𝑝)𝐷. 

 

https://gitlab.com/lchatre/imageanalysispowder/
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Figure 2: Powder adhering to the wall during the experiment for a) non-cohesive 

powder (HR=1.27) and b) cohesive powder (HR=1.42). The cropping zone is in green. 

The HSV colour space, recommended by Bora et al. [41] for colour image segmentation, 
was used for image processing. The HSV values of the studied powder and the gas 
atmosphere are obtained at the initial frame (Figure 3a). Then, the image processing is 
performed on every image taken during the drum rotation (Figure 3b). 

 

 
Figure 3: Image processing for the interface detection: a) initial frame, b) powder bed 

shape during the experiment, c) extraction of the interface coordinates and d) all interfaces 
averaged. The interfaces in grey are the experimental interface fluctuations. 

A mask is used to extract pixel belonging to the HSV value of the studied powder and 
those that belong to the HSV value of the gas atmosphere. Both masks are then extended and 
pixels where both masks are present are identified as the interface. This method shows similar 
results when compared with a Sobel operator. Those interface pixels are then converted into 
coordinates (Figure 3c and Figure 3d). 

 
The variation of the average interface with the number of images used is plotted on 

Figure 4. It can be seen that the average interface is similar for more than 30 images analysed. 
In order to have more information on the interface fluctuation, 90 images were analysed and 
all the interface coordinates were averaged (Figure 3d) for every experiment. Moreover, 
recording at least more than three times the required time for a stable average interface 
(obtained for 30 images) allows having reliable time-averaged results on the average interface. 
The grey curves represent all the interfaces taken during the experiment while the blue one 
represents the average. Neveu et al. [8] proposed a quantification of the interface temporal 
fluctuations, which they defined as the cohesive index. In our case, the interface temporal 
fluctuations will be used as the experimental dispersion qualitatively: if the averaged numerical 
interface is within the interface temporal fluctuations, then the model is sufficiently 
representative.  
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Figure 4: Influence of the number of images used on the average interface 

To average coordinates of different lengths, the x-axis is divided in intervals of 1 mm. 
This allows a good resolution of the interface while having significant data (>1000) for each 
interval. Each coordinate is arranged in an interval according to its x-axis value. Finally, an 
averaged value of the y-axis is computed for each interval along the x-axis. This means that 
each x-axis value has a unique y-axis value associated with, and inversely, realising a bijection. 

2.3.2. Extraction of the interface from CFD results and statistical comparison 
with experimental 

Regarding the post-processing of the simulation, the interface was extracted at each 
written time of the simulation. To do so, a surface contour with a value of 5% regarding the 
solid volume fraction is performed. It means that the coordinates where the solid volume 
fraction is around 5% is extracted. This value was chosen as some air appears near the 
interface and having a limit of 5% gives less noise in the interface extraction. In order to have 
the same length of arrays as the experimental one, the same procedure described at the end 
of the section 2.3.1 was used. 

 
The mean absolute error (MAE) and the root mean square error (RMSE) are used to 

evaluate the interface deviation. The MAE and RMSE calculation are respectively written in 
equations 3 and 4. 

𝑀𝐴𝐸 =
1

𝑛
∑(𝑦(𝑥)𝑖 − 𝑦(𝑥)𝑖

∗)

𝑛

𝑖=1

 
(3) 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑦(𝑥)𝑖 − 𝑦(𝑥)𝑖

∗)2

𝑛

𝑖=1

 

(4) 

 
With 𝑦(𝑥)𝑖 and 𝑦(𝑥)𝑖

∗ respectively the predicted and the experimental ordinate value for a 

given abscissa value and 𝑛 the number of samples. In this study, the MAE is more appropriate 
as the size of dataset for the interface is relatively small (<100). However, the RMSE gives 
more weight to large errors and is better for revealing model performance differences [42]. 
Moreover, the RMSE cannot be determined from the MAE and inversely [43]. As the two 
measures are different but both relevant, MAE and RMSE are computed to measure the 
interface deviation.  

 

3. CFD SIMULATIONS 

3.1. Mesh and simulation conditions 
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The grid mesh used for CFD was performed using the software Pointwise®. The 
diameter of the mesh is 84 mm with a depth of 20 mm, which is equal to the geometry of the 
rotating drum (section 2.1). The cylindrical shape of the drum was meshed using the O-grid 
method while keeping cell non-orthogonality as low as possible using the software Pointwise® 
(Figure 5).  

 
A mesh convergence was performed to investigate the influence of the number of cells 

contained in the mesh on the interface and on the 𝑈𝑥 velocity with the dense granular flow 
model described in section 3.3 (Figure 5). Regarding the interface, the coarse meshes (cells 
equal or lower than 3825) are relatively different from fine mesh (cells equal or higher than 
28050). Yet, the finer the mesh, the better the interface resolution as there are more cells in 
this region. However, there is not much difference between 28050, 213840 or 1689600 cells 
(Figure 5a). 

 
Regarding the 𝑈𝑥 velocity, the probe that extracts this value was placed at the same 

location for each mesh, near the wall (Figure 5c). It can be seen that the mesh has no influence 
on the velocity (Figure 5a). As the rotation speed is low (1 RPM), the flow is laminar, meaning 
that high mesh resolution is not needed. However, to have a sufficient resolution of the 
interface with an acceptable simulation time, a mesh of 231840 cells was selected. This mesh 
size was used for all simulation. 

 
  

Figure 5: Mesh convergence with the dense granular flow model a) influence of the 
number of cells on the gas/solid interface, b) influence of the number of cells on the velocity 

in the x direction at 1 RPM and c) selected mesh size with the probe location 

All the patches of the geometry mesh are considered as walls. Regarding the boundary 
conditions, the velocity at the wall has a movingWallVelocity condition, a condition used in 
OpenFoam for cases with moving walls, implying that the fluid touching the drum wall also has 
a no-slip boundary condition but the mesh vertices move with the surface. For the pressure, 
the boundary conditions set the pressure gradient to the provided value such that the flux on 
the boundary is that specified by the velocity boundary condition. For all other variables, a zero 
gradient at the drum wall is performed. 

 
During the simulation, the whole mesh is rotating to a fixed value using the solid-body 

rotation (dynamic mesh) in OpenFoam. For the KTGF model, an adaptive time step was 
chosen with a maximum Courant–Friedrichs–Lewy number equal to 0.5. For the 𝜇(𝐼) law, as 

the powder starts to flow when the angle reaches the critical angle 𝜇𝑠, the flow can be 
intermittent. An adaptive time step led to non-stable results, especially at the interface. 
Therefore, a fixed time step of 10-3 seconds was chosen. The pressure-velocity was solved 
using a PIMPLE algorithm. A reference pressure of zero is set at the middle-top of the drum. 
Each simulation was run for at least three drum revolutions.  

 
The powder inside the drum was initialised with the setFields utility from OpenFoam. The 

drum filling degree for the simulation had to correspond with the experimental conditions. For 
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rice flour, some powder was stuck at the drum wall during the rotation (Figure 2b), modifying 
the actual filling degree. Indeed, the drum was originally 50% filled but around 5% of the 
powder was stuck at the drum wall away from the powder at rest at the end of the rotation. 
This 5% of the powder stuck at the drum wall also appears during the rotation, away from the 
dense powder flow (Figure 2b). This means that during the rotation, 95% of the powder actually 
flows in the rotating drum. As during the CFD simulation, no powder is getting stuck at the 
drum wall, the simulation for rice flour was initialised with a powder volume equal to 45% of 
the total drum volume in order to be closer to the experimental powder flow. For brown 
corundum F180 and for glass powder, the simulation was initialised with a powder volume 
equal to 50% of the total drum volume. 

3.2. Kinetic theory of granular flow 

The KTGF model is solved with multiphaseEulerFoam from OpenFOAM, a CFD 
multiphase solver. The solid and the gas phases are solved separately, using an Euler-Euler 
formulation. Mass conservation is written according to equation 5 [24,44]. 

𝜕(𝛼𝜑 . 𝜌𝜑)

𝜕𝑡
+ ∇. ( �⃗⃗� 𝜑 . 𝛼𝜑𝜌𝜑) = 0 

(5) 

With 𝜑 that denotes each phase, 𝛼 the phase volume fraction, �⃗⃗�  the velocity and 𝜌 the 
density. The momentum equation is given in equation 6. 

𝜕(𝛼𝜑 . 𝜌𝜑. �⃗⃗� 𝜑)

𝜕𝑡
+ ∇. (𝛼𝜑𝜌𝜑�⃗⃗� 𝜑 �⃗⃗� 𝜑) − ∇. 𝜏𝜑 = −𝛼𝜑 . ∇𝑝 + 𝛼𝜑𝜌𝜑𝑔 + �⃗⃗� 𝜑 + 𝑆 𝜑 

(6) 

 
With 𝜏 the stress tensor, 𝑝 the pressure, 𝑔  the gravitational force, 𝑀 is the rate of 

interfacial momentum transfer and 𝑆 is the momentum source term [44]. The momentum 
source is equal to zero as this is a closed mesh without external circulation: no additional 
interaction appears with the rotating drum medium. The KTGF supposes instantaneous and 
binary collisions of particles [29,45]. This model introduces the granular temperature, which 

represents the energy fluctuation within the solid, noted Θ𝑠 (equation 7) [29], where 𝐶𝑠
⃗⃗  ⃗ is the 

random fluctuation velocity of the solid [24]. 

Θ𝑠 =
1

3
.< 𝐶𝑠

⃗⃗  ⃗. 𝐶𝑠
⃗⃗  ⃗ > 

(7) 

The granular temperature intervenes in the calculation of the granular shear viscosity, 
noted 𝜇𝑔𝑠. This granular shear viscosity is the sum of three contributions (equation 8): the 

collision viscosity, noted 𝜇𝑔𝑠,𝑐𝑜𝑙, the kinetic viscosity, noted 𝜇𝑔𝑠,𝑘𝑖𝑛, and the friction viscosity, 

noted 𝜇𝑔𝑠,𝑓𝑟 [24,25].  

𝜇𝑔𝑠 = 𝜇𝑔𝑠,𝑐𝑜𝑙 + 𝜇𝑔𝑠,𝑘𝑖𝑛 + 𝜇𝑔𝑠,𝑓𝑟𝑖𝑐 (8) 

For each shear viscosity contributions, there are many models to estimate it. van 
Wachem et al. [30] listed all the models for all the contributions. Here, no comparison is made 
between all these models: the most commons are selected. The collisional viscosity can be 
estimated with equation 9 while the kinetic viscosity can be calculated with equation 10, using 
the Gidaspow model. 

𝜇𝑔𝑠,𝑐𝑜𝑙 =
4

5
. 𝛼𝑠. 𝜌𝑠. 𝑑𝑝 . 𝑔0. (1 + 𝑒). (

Θs

𝜋
)
0.5

 
(9) 

𝜇𝑔𝑠,𝑘𝑖𝑛 =
10

96
.
𝜌𝑠. 𝑑𝑝. (Θs. 𝜋)0.5

𝑔0. (1 + 𝑒). 𝛼𝑠

. [1 +
4

5
. 𝛼𝑠. 𝑔0. (1 + 𝑒)] 

 

(10) 

With 𝛼𝑠 the solid volume fraction, 𝜌𝑠 the solid density, 𝑑𝑝 the mean particle diameter, 𝑔0 

the radial distribution and 𝑒 the restitution coefficient. The latter was fixed to 0.9 for each 
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simulation. The radial distribution is calculated with equation 11, from the Sinclair and Jackson 
model. 

𝑔0 = (1 − (
𝛼𝑠

𝛼𝑠,𝑚𝑎𝑥

)

1
3

)

−1

 

(11) 

With 𝛼𝑠,𝑚𝑎𝑥 the maximum solid volume fraction that can reach the solid. This value is 

fixed to 𝛼𝑠,𝑚𝑎𝑥 = 0.63 [30,40]. This corresponds to the packed solid volume fraction at the 

beginning of the rotation. To do so, with the KTGF model, couple of seconds are waited before 
launching the rotation of the drum to reach the maximum packed solid volume fraction. The 
friction viscosity can be calculated with equation 12 using the Johnson and Jackson model 
[30]. 

𝜇𝑔𝑠,𝑓𝑟𝑖𝑐 = sin(𝛽) . 𝐹𝑟.
(𝛼𝑠 − 𝛼𝑠,𝑚𝑖𝑛

𝑓𝑟𝑖𝑐
)
𝑏1

 

(𝛼𝑠,𝑚𝑎𝑥 − 𝛼𝑠)
𝑏2

 
 

(12) 

The friction contribution is added to the granular shear viscosity when the solid volume 

fraction exceeds 𝛼𝑠,𝑚𝑖𝑛
𝑓𝑟𝑖𝑐

. This value is fixed to 𝛼𝑠,𝑚𝑖𝑛
𝑓𝑟𝑖𝑐

= 0.5: the friction contribution appears for 

very dense gas-solid flow [30,46]. 𝛽 is the angle of internal friction. For the Johnson and 

Jackson model, 𝐹𝑟, 𝑏1 and 𝑏2 are constant. In this study, they were respectively fixed to 0.05, 
2 and 5. 

3.3. Dense granular flow model 

Before this study, the KTGF model was already implemented in the multiphase Euler 
solver. As the dense granular flow model was not implemented in any solver, it has been done 
for the VOF solver (interFoam from OpenFOAM), as the solid and the air phases are well 
separated. interFoam treats the solid and the air phases together as a mixture. The mass 
conservation is calculated with equation 13 [47]. 

𝜕𝜌𝜑

𝜕𝑡
+ ∇(𝜌𝜑 . 𝑈) = 0 

(13) 

  

With 𝜌 the density and 𝑈 the velocity. The density 𝜌 is defined as equation 14. 
 

𝜌𝜑 = 𝛼𝜌1 + (1 − 𝛼)𝜌2 (14) 

 

With 𝛼 the volume fraction of the phase equal to 1 if a mesh cell is full of fluid with a 
density 𝜌1 and equal to 0 if it is full of fluid with a density 𝜌2. In order to get the interface between 
the two fluids, the equation 15 is solved. 

𝜕𝛼

𝜕𝑡
+ ∇(𝛼𝑈) = 0 

(15) 

 
The momentum equation is calculated from equation 16. 
 

𝜕(𝜌𝜑. 𝑈)

𝜕𝑡
+ ∇(𝜌𝜑 . 𝑈. 𝑈) = −∇𝑝 + ∇(𝜂(∇𝑈 + ∇𝑈𝑇))  + 𝜌𝜑𝑔 + 𝑓𝜎𝑖

 
(16) 

 
With 𝜂 is the effective viscosity of the fluid. 𝑓𝜎𝑖 is the surface tension, which is equal to 0 

in this study. The dense granular flow model is based on the Mohr-Coulomb law (equation 17), 

where 𝜏 is the shear stress, 𝑃 is the isotropic pressure (normal stress) and 𝑐 is the cohesion 
of the powder.  

 

𝜏 = 𝜇(𝐼). 𝑃 + 𝑐 (17) 
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The friction coefficient 𝜇(𝐼), which depends on the inertial number I, can be calculated 

with equation 18, where 𝜇𝑠 and 𝜇2 are critical values respectively for low I values (e.g. low 
shear rate) and high 𝐼 values (e.g. high shear rate), 𝐼0 is a constant, �̇� is the shear rate, 𝑑𝑝 is 

the mean particle diameter and 𝜌𝑠 is the particle density [34]. 

𝜇(𝐼) = 𝜇𝑠 +
𝜇2 − 𝜇𝑠

𝐼0/𝐼 + 1
 

𝐼 =
�̇�. 𝑑𝑝

√𝑃/𝜌𝑠

 

(18) 

 
Jop et al. [34] proposed a 3D generalisation of the friction law. The solid flow can be 

described as an incompressible fluid where internal stress tensor can be calculated with 
equation 19 [34,48], where �̇�𝑖𝑗 is the strain rate tensor, |�̇�| is the second invariant of �̇�𝑖𝑗 and 

𝜂(|�̇�|, 𝑃) is the effective viscosity. 

𝜎𝑖𝑗 = −𝑃𝛿𝑖𝑗 + 𝜏𝑖𝑗 

𝜏𝑖𝑗 = 𝜂(|�̇�|, 𝑃). �̇�𝑖𝑗 

𝜂(|�̇�|, 𝑃) = 𝜇(𝐼).
𝑃

|�̇�|
 

(19) 

 
Yet, as the solid starts to flow when |𝜏| > 𝜇𝑠. 𝑃 [34], a maximum viscosity 𝜂𝑚𝑎𝑥 has to be 

specified. It means that the solid viscosity is between 𝜂(|�̇�|, 𝑃) and the 𝜂𝑚𝑎𝑥 value. To ensure 
that 𝜂𝑚𝑎𝑥 is well specified, the solid part that flows must have an effective viscosity much lower 

than 𝜂𝑚𝑎𝑥 (at least 102 times lower). Such method has been used for dense solid flow using 
VoF [37]. In this study, 𝜂𝑚𝑎𝑥 was set to 0.1 Pa.s. 

 
The model proposed by Jop et al. does not calculate the cohesion of the powder (𝑐 = 0). 

It means that this model should only be used for non-cohesive powders. During this work, 
modifications of the implemented model were done to take into account the cohesion of the 
powder c, especially for rice flour. 

3.3.1. Cohesion of the powder – Berger model 

In order to take into account the cohesion of the powder, the model proposed by Berger 
et al. [49] was investigated, by computing the term c (equation (17)) and introducing an 
adhesion index, noted 𝜂𝑎𝑑ℎ and calculated according to equation (20).  

𝜂𝑎𝑑ℎ =
𝑓𝑐

𝑃. 𝑑𝑝

 (20) 

 
Where 𝑓𝑐 is the adhesion force. The greater the adhesion index, the more cohesive the 

powder. Using this index, the inertial number is modified, noted 𝐼𝑐, according to equation (21) 

and the cohesion of the powder 𝑐 is calculated according to equation (22). 

𝐼𝑐 =
𝐼

(1 + 𝛼0. 𝜂𝑎𝑑ℎ)
1/2

 (21) 

𝑐 =
𝑘0. 𝜂𝑎𝑑ℎ . 𝑃

1 − 𝛽0. ln (1 − 𝐼𝑐)
 (22) 

 
Where 𝛼0, 𝛽0 and 𝑘0 are constants (𝛼0 = 0.08, 𝛽0 = 6.4 and 𝑘0 = 0.02) taken from [49]. 

The modified inertial number is replaced in equation 18 and the cohesion of the powder is 
added to equation 19, resulting in equation (23), with 𝜂𝑐 the modified effective viscosity. 
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𝜂𝑐
(|�̇�|, 𝑃) =

𝜇(𝐼𝑐). 𝑃 + 𝑐

|�̇�|
 (23) 

The results with the Berger model will be discussed later. For now, only the results with 
the model proposed by Jop et al. will be presented. 

4. RESULTS AND DISCUSSIONS 

4.1. Experimental results obtained from the rotating drum 

The results obtained from the GranuDrum™ are displayed in Table 2. All the experiments 
were repeated at least 5 times. The relative standard deviation, calculated as the sample 
standard deviation equation, of each measured parameter is below 15%. If we estimate the 

Reynolds number adapted for rotating geometry such as 𝑅𝑒 = 𝜌. 𝑁. 𝐷2/𝜇 [50,51], with 𝜌 =
1815 kg.m-3 (maximum 𝜌𝑏𝑢𝑙𝑘, Table 1) and 𝜇 = 10−3 Pa.s (viscosity relatively lower than the 

studied powder), the maximum Reynolds number at 10 RPM is 𝑅𝑒𝑚𝑎𝑥 = 2134. This means 
that the studied flow regime is always laminar, even by overestimating the Reynolds number. 

The Froude number, calculated as 𝐹𝑟 = (𝜔2. (𝐷/2)/𝑔) where 𝜔 is the angular rotation speed 

in rad/s, is lower than 1 × 10−4 for 1 RPM which corresponds to the surging regime, lower than 

10−3 for 4 RPM which corresponds to the rolling regime. From 6 to 10 RPM, it is in between 
the rolling and the cascading regimes [7]. 

 
Table 2: Results obtained from the GranuDrum™ for different powder and rotation 

speeds 

  Brown corundum F180 Glass powder Rice flour 

Rotation 
speed 
(RPM) 

Fr (-) Angle (°) 
Cohesive 
index (-) 

Angle (°) 
Cohesive 
index (-) 

Angle (°) 
Cohesive 
index (-) 

1 4.70.10-5 35.14±0.38 4.27±0.37 44.32±0.82 9.90±1.39 58.52±2.59 39.60±5.78 

2 1.88.10-4 36.33±0.40 4.65±0.15 44.67±0.75 9.59±0.83 56.54±2.64 38.02±6.47 

4 7.51.10-4 37.35±0.35 5.30±0.16 44.11±0.59 9.11±0.54 55.83±2.38 36.72±5.49 

6 1.69.10-3 39.16±0.69 9.00±0.31 45.09±0.39 13.51±1.42 57.09±1.70 40.98±4.20 

8 3.00.10-3 40.89±0.88 10.14±0.49 46.67±1.19 14.02±1.01 57.47±2.00 42.23±3.02 

10 4.70.10-3 40.61±0.32 10.92±0.57 49.25±1.30 15.78±0.91 56.91±1.86 43.51±3.24 

 
First, it can be seen that increasing the rotation speed of the rotating drum also increase 

the dynamic angle of repose. As the rotation increases, the shear rate at the wall is enhanced, 
which causes the powder to be more lifted up in the rotation direction. Moreover, the cohesive 
index also increases with the rotation speed. As more shear stress is undergone inside the 
powder, the interface is less stable, leading to more fluctuations at the interface. 

 

Regarding rice flour, the dynamic angle of repose 𝜃𝐷 is similar, no matter the rotation 
speed. Such results are in agreement with cohesive powders inside a rotating drum [8]. As 
explained before, from images recorded, it can be seen that some rice flour is stuck within the 
drum, especially near the wall (Figure 2b). This is not the case with a good powder flowability 
(Figure 2a). It means that rice flour is not able to freely flow inside the drum. From a previous 
study, the minimum orifice diameter for rice flour to flow has been measured with the Flodex 
apparatus [52]. Rice flour is able to freely flow when the diameter is 26 mm, which is larger 
than the depth of the rotating drum (L=20 mm). This explains why the dynamic angle of repose 
does not vary with the rotation speed.  
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From Table 1, brown corundum F180 is more flowable than glass powder, and glass 

powder is more flowable than rice flour (lower Hausner and lower static angle of repose, Table 

1). It can be seen that 𝜃𝐷 and 𝐶𝐼 depends on the powder flowability. The better the powder 
flowability, the lower the 𝜃𝐷 and the 𝐶𝐼. If a powder has a good flowability, the powder viscosity 
is lower, meaning that the angle taken by the interface slope is reduced. Moreover, if a powder 
has a lower flowability, its flow will be intermittent, which will lead to higher fluctuations of the 
interface. This is particularly the case for rice flour, which presents a chaotic flow as it is 
cohesive [10,52]. 

 
The interface coordinates were extracted for each rotation speed and powder studied. 

Figure 6 displays all the interface coordinates taken by the powder during the rotations (grey) 
and the average interface coordinates (blue, named “Av. Exp”). It can be seen that, with non-
cohesive powder, all the interface coordinates are close to the average (Figure 6a and b). This 
is in agreement with the low cohesive index measured with brown corundum F180 (Table 2). 
Yet, for cohesive powder, the interface coordinates change strongly during the rotation. 
Indeed, some interface coordinates are quite different to the average (Figure 6c and d). This 
shows the chaotic flow of cohesive powder, giving a large spread of the interface coordinates. 
This is also in agreement with the larger value of the cohesive index measured with rice flour 
(Table 2). Moreover, the average interface for rice flour are quite similar for 1 and 10 RPM 
(Figure 6c and d). 

 

 
  

Figure 6: All interface coordinates and averaged interface coordinates with brown 
corundum F180 at a) 1 RPM and b) 10 RPM and with rice flour at c) 1 RPM and d) 10 RPM. 

The interfaces in grey are the experimental interface fluctuations. 

Having all the interface coordinates and the average allows comparing these curves with 
the ones obtained from CFD. The two models presented in sections 3.2 and 3.3 will be 
compared with the experiments. The CFD model is validated if the interface coordinates from 
numerical simulations match with the experiment, taking into account the dispersion of the 
interface coordinates during the experiment.   
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4.2. Comparison of experiments with CFD results 

4.2.1. The KTGF Model 

Model parameters for the KTGF model are listed in Table 3. The 𝜌𝑠 and the 𝑑𝑝 values were 

measured experimentally. 𝑒, 𝛼𝑠,𝑚𝑎𝑥 and 𝛼𝑠,𝑚𝑖𝑛
𝑓𝑟𝑖𝑐

, were fixed according to the values usually taken 

in the literature [24,25]. The values are specified in section 3.2. The 𝑑𝑝 values correspond to 

the Sauter diameter (𝑑32), listed in Table 1. 
Table 3: Parameters for the KTGF model 

 Brown corundum F180 Glass powder Rice flour 

𝜌𝑠 (kg.m-3) 3025 1540 915 

𝑑𝑝 (µm) 66.5 61.6 39.2 

 
The results obtained from the KTGF model are displayed on Figure 7 with brown 

corundum F180. It can be seen that, for low RPM (less than or equal to 2 RPM, corresponding 
to the surging regime), the KTGF model does not represent the experimental interface (Figure 
7a) while for high RPM (higher than or equal to 4 RPM, corresponding to rolling and cascading 
regime), the simulation and the experiment are a bit closer (Figure 7b), but some deviations 
still exist.  

 
Figure 7: Comparison of experiments with the KTGF model from CFD with brown 

corundum F180 at a) 1 RPM, b) 2 RPM, c) 4 RPM, d) 6 RPM, e) 8 RPM and f) 10 RPM. The 
interfaces in grey are the experimental interface fluctuations. The simulated results from CFD 

in red corresponds to average value. 

The interfaces obtained with the KTGF model for glass powder are illustrated on Figure 
8. Here again, for low rotation speed, the KTGF model fails to represent the powder rheology. 
For 4 RPM and higher, there is a close match between averaged experiments and the CFD 
model. 
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Figure 8: Comparison of experiments with the KTGF model from CFD with glass 

powder at a) 1 RPM, b) 2 RPM, c) 4 RPM, d) 6 RPM, e) 8 RPM and f) 10 RPM. The 
interfaces in grey are the experimental interface fluctuations. The simulated results from CFD 

in red corresponds to average value. 

Finally, the comparison between the KTGF model and the experiment with rice flour is 
displayed on Figure 9. Here, the averaged experimental interfaces are calculated over a 
narrower area than the cropped region, as there are fewer interface coordinate points at the 
extremities of the cropped region. Thus, taking those extremity points would create a bias on 
the interface average. Moreover, the CFD interface range must coincide with the averaged 
experimental interfaces to compare them. Once again, the model does not match the 
experimental interface for 2 RPM or lower. A better match appears for 4 RPM but for higher 
rotation speeds, the CFD model shows different bed shape compared to experiment. Indeed, 
a small plateau appears for x≥0.04 m. According to Geldart classification of particles [39], rice 
flour belongs to the group A (small mean size and/or low density, Table 1). Wheat flour, akin 
to rice flour, behaves like a group C category [53]. However, an unmodified KTGF model is not 
adapted for group A particles [54], as it does not take into account cohesion between particles 
[55]. This should be even worse for group C particles, explaining here the difficulty to model 
the interface. 
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Figure 9: Comparison between experiments and the KTGF model from CFD with rice 

flour at a) 1 RPM, b) 2 RPM, c) 4 RPM, d) 6 RPM, e) 8 RPM and f) 10 RPM. The interfaces 
in grey are the experimental interface fluctuations. The simulated results from CFD in red 

corresponds to average value. 

The interface fluctuations over time from CFD simulations with the KTGF model are 
plotted in Figure 10. It can be seen that there are low fluctuations with brown corundum F180 
(Figure 10a and b), even at 10 RPM, compared to experimental results (Figure 6a and b). For 
rice flour, no numerical interface fluctuations appears at 1 RPM (Figure 10c), whereas the 
interface fluctuates a lot experimentally at 1 RPM (Figure 6c). At 10 RPM with rice flour, the 
interface fluctuates more compared CFD results at 1 RPM (Figure 10d). However, these 
numerical interface fluctuations are not as intense as the ones obtained experimentally (Figure 
6d). In any case, the KTGF model does not represent well the interface fluctuations obtained 
experimentally. 
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Figure 10: Interface fluctuations over time from CFD simulations using the KTGF model 

with brown corundum F180 at a) 1 RPM and b) 10 RPM and with rice flour at c) 1 RPM and 
d) 10 RPM. The interfaces in cyan are the numerical interface fluctuations. 

To have a quantitative result on the interface fluctuations over time from CFD 
simulations, the cohesive index (equation (1)) was calculated for each simulation obtained with 
the KTGF model (Table 4). The cohesive index increases with the rotation speed, especially 
with rice flour, and decreases with better powder flowability, but not as much as in the 
experiments (Table 2). Moreover, the cohesive index obtained numerically is significantly lower 
compared to experiments: the interface fluctuations obtained from CFD with the KTGF model 
does not represent the experimental fluctuations.   

Table 4: Cohesive index calculated with the KTGF model. 

RPM Fr (-) 
Brown corundum 

F180 
Glass powder Rice flour 

1 4.70.10-5 1.18 0.88 2.70 

2 1.88.10-4 1.18 1.14 4.72 

4 7.51.10-4 4.05 6.01 6.20 

6 1.69.10-3 3.40 6.24 7.05 

8 3.00.10-3 2.38 4.53 12.03 

10 4.70.10-3 1.62 4.19 12.80 

 
Table 5 lists the statistical analysis for the comparison between the KTGF model and the 

experiments. It can be seen that the highest value for the MAE and RMSE is always at 1 RPM, 
indicating a deviation of the model compared to the experiment. This is in agreement with 
Figure 7a, Figure 8a and Figure 9a.  

 
Moreover, for each powder, there seems to be an optimum on the MAE and RMSE 

values. The optimum seems to appear at around 4 or 6 RPM. This corresponds to the best 
match obtained between CFD and experiments (see Figure 7c for brown corundum F180, 
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Figure 8d for glass powder and Figure 9c for rice flour). This shows that the statistical analysis 
is in agreement with the visualisation of the displayed figures. The KTGF model is more 
adapted for well-agitated medium. 

Table 5: MAE and RMSE between experiments and the KTGF model from CFD for 
brown corundum F180, glass powder and rice flour at speed 1, 2, 4, 6, 8 and 10 RPM 

  Brown corundum F180 Glass powder Rice flour 

Rotation 
speed 
(RPM) 

Fr (-) MAE (mm) 
RMSE 
(mm) 

MAE 
(mm) 

RMSE 
(mm) 

MAE 
(mm) 

RMSE 
(mm) 

1 4.70.10-5 5.23 6.05 6.80 8.01 7.07 8.07 

2 1.88.10-4 2.29 2.25 4.15 4.82 6.13 6.94 

4 7.51.10-4 2.26 2.67 1.79 1.99 3.34 4.08 

6 1.69.10-3 3.32 3.76 1.18 1.48 3.67 4.73 

8 3.00.10-3 4.23 4.86 1.65 1.84 6.85 7.98 

10 4.70.10-3 4.62 5.28 2.53 3.03 3.62 4.78 

 

4.2.2. The dense granular flow model 

The parameters for the dense granular flow model are listed in Table 6. It can be seen 
that the 𝜇𝑠 and 𝜇2 parameters are directly taken from the experimental results obtained with 

the GranuDrum™ (Table 2). Indeed, 𝜇𝑠 and 𝜇2 respectively correspond to the lowest and the 
largest dynamic angle of repose values measured with the GranuDrum™ for a given powder. 

The 𝐼0 parameter is a constant, for which the order of magnitude is around 0.3 [34,49]. Here 
again, the 𝑑𝑝 values correspond to the 𝑑32 displayed in Table 1. 

 
Table 6: Parameters for the dense granular flow model 

 Brown corundum F180 Glass powder Rice flour 

𝜌𝑠 (kg.m-3) 3025 1540 915 

𝜇𝑠 (-) tan (35.14) tan (44.32) tan (55.83) 

𝜇2 (-) tan (40.61) tan (49.25) tan (58.52) 

𝐼0 (-) 0.3 0.3 0.3 

𝑐 (Pa) 0 0 0 

𝑑𝑝 (µm) 66.5 61.6 39.2 

 
The results obtained from the dense granular flow model with brown corundum F180 are 

displayed on Figure 11. In this case, the granular flow model represents accurately the powder 
shape taken in a rotating drum, even for low RPM. The model captures the elbow shape 
appearing at 6, 8 and 10 RPM for x≈0.04 m (Figure 11a, b and c). The dense granular flow 
seems to be suitable for non-cohesive powders. 
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Figure 11: Comparison between experiments and the dense granular flow model from 

CFD with brown corundum F180 at a) 1 RPM, b) 2 RPM, c) 4 RPM, d) 6 RPM, e) 8 RPM and 
f) 10 RPM. The interfaces in grey are the experimental interface fluctuations. The simulated 

results from CFD in red corresponds to average value. 

The comparison between dense granular flow model and experiment for glass powder 
is illustrated on Figure 12. Here, the CFD is close to the averaged experimental interface for 
rotation speeds equals to 6 RPM or lower (Figure 12a, b and c). A small deviation appears for 
higher rotation speeds. In general, there is a good agreement between CFD and experiment 
for any studied rotation speed. 
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Figure 12: Comparison between experiments and the dense granular flow model from 

CFD with glass powder at a) 1 RPM, b) 2 RPM, c) 4 RPM, d) 6 RPM, e) 8 RPM and f) 10 
RPM. The interfaces in grey are the experimental interface fluctuations. The simulated 

results from CFD in red corresponds to average value. 

Finally, Figure 13 illustrates the comparison with the dense granular flow model and the 
experiment with rice flour. Here, the CFD interface is relatively close to the average 
experimental interface. Moreover, the CFD interface is within the experimental interface 
fluctuation (in grey). This shows that the dense granular flow, developed for non-cohesive 

powders [34] (cohesion of the powder 𝑐 = 0, equation 17), can capture the rheology of rice 
flour, even for powder being relatively cohesive [4]. This may not be the case for more cohesive 
powder. In the light of the above considerations, it would be beneficial to incorporate an 
extension to the Jop model that takes account of powder cohesion. 
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Figure 13: Comparison between experiments and the dense granular flow model from 

CFD with rice flour at a) 1 RPM, b) 2 RPM, c) 4 RPM, d) 6 RPM, e) 8 RPM and f) 10 RPM. 
The interfaces in grey are the experimental interface fluctuations. The simulated results from 

CFD in red corresponds to average value. 

Figure 14 illustrates the interface fluctuations obtained with the dense granular flow 
model. Here, the same conclusion from Figure 10 can be done. The dense granular flow model 
fails to represent the interface fluctuations when compared with the experiment ones (Figure 
6), even at 10 RPM and with rice flour. From the dense granular flow model, there is no term 
that takes into account the flow intermittences. 
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Figure 14: Interface fluctuations over time from CFD simulations using the dense 

granular flow model with brown corundum F180 at a) 1 RPM and b) 10 RPM and with rice 
flour at c) 1 RPM and d) 10 RPM. The interfaces in cyan are the numerical interface 

fluctuations. 

The cohesive indices obtained from CFD with the dense granular flow model are listed 
in Table 7. Compared with the KTGF model (Table 4), the dense granular flow model shows 
higher interface fluctuations for low rotation speeds (equal or lower than 2 RPM) but the inverse 
appears for high rotation speeds (equal or higher than 4 RPM). Akin to the cohesive indices 
obtained with the KTGF model, the ones obtained with the dense granular flow model are 
considerably lower compared to experimental data (Table 2). The CFD models give an average 
flow of the powder inside the rotating drum. 

Table 7: Cohesive index calculated with the dense granular flow model 

RPM Fr (-) 
Brown corundum 

F180 
Glass powder Rice flour 

1 4.70.10-5 1.35 3.97 6.27 

2 1.88.10-4 1.36 4.93 9.09 

4 7.51.10-4 1.95 4.48 4.71 

6 1.69.10-3 2.28 4.61 5.57 

8 3.00.10-3 2.13 5.12 5.51 

10 4.70.10-3 1.97 4.74 5.09 

 
Table 8 lists the MAE and RMSE results between the dense granular flow model and the 

experiments. For any rotation speed, decreasing the powder flowability increases the MAE and 
RMSE, meaning that the CFD model is better for good powder flowability. This is in agreement 
with section 3.3: the dense granular flow model best corresponds to non-cohesive solids flow. 
More CFD comparison with experimental results should be conducted to investigate the 
reliability of the dense granular flow model for different powder properties (e.g. density, 
diameter, and so on). 
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Table 8: MAE and RMSE between experiments and the dense granular flow model 

from CFD for brown corundum F180, glass powder and rice flour at speed 1, 2, 4, 6, 8 and 
10 RPM 

  Brown corundum F180 Glass powder Rice flour 

Rotation 
speed 
(RPM) 

Fr (-) MAE (mm) RMSE (mm) MAE (mm) RMSE (mm) MAE (mm) RMSE (mm) 

1 4.70.10-5 1.445 1.591 2.432 2.758 3.881 4.233 

2 1.88.10-4 1.236 1.442 2.754 3.195 6.621 7.039 

4 7.51.10-4 1.619 1.706 2.941 3.277 7.260 7.646 

6 1.69.10-3 1.328 1.471 3.304 3.822 7.302 7.640 

8 3.00.10-3 1.093 1.292 3.930 4.417 6.203 6.859 

10 4.70.10-3 1.157 1.369 4.062 4.399 4.159 5.902 

 
A small trend appears on the increase of the MAE and RMSE value with the increase of 

the rotation speed, especially for glass powder and rice flour. It may indicate that the powder 
rheology is more difficult to capture at higher shear rate and for less flowable powder. As 
explained in section 3.3.1, the Berger model was used for taking into account cohesion of the 
powder. The results are displayed in Figure 15.  

 
Figure 15: Influence of the adhesion index from the Berger model [49] with rice flour at: 

a) 1 RPM and b) 10 RPM 

It can be seen that, for a low rotation speed (1 RPM, Figure 15a), the adhesion index 
has no influence on the average interface. Yet, for a higher rotation speed (10 RPM, Figure 
15b), increasing the adhesion index also increases the effective viscosity as the average 
interface is steeper. For a given shear rate (i.e. rotation speed), the modified inertial number 

𝐼𝑐 is lower for a higher adhesion index (equation (21)). Thus, increasing the adhesion index 
diminishes the denominator and increases the numerator in equation (22), which increases the 
cohesion of the powder and thus the effective viscosity (equation (23)). Lowering the modified 
inertial number 𝐼𝑐 should also reduce the friction coefficient 𝜇(𝐼). However, the cohesion of the 
powder scales faster compared to the friction coefficient due to the negative logarithm in the 
denominator of equation (22). For very low rotation speed, the effective viscosity has minimum 
influence on the interface shape: the contribution of the cohesion of the powder 𝑐 in the 
effective viscosity calculation (equation (23)) is negligible.  

 
The cohesive index was also calculated for different adhesion indices at 1 RPM and at 

10 RPM with rice flour Table 9. It can be seen that increasing the adhesion 𝜂𝑎𝑑ℎ reduces the 
cohesive index for 1 RPM. Yet, for 10 RPM, the cohesion index is modestly increased with the 
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increase of the adhesion index. In any case, the cohesion index obtained numerically is still 
much lower than the ones obtained experimentally (Table 2). Therefore, the Berger model 
does not represent adequately the rheology of cohesive powder. 

 
Table 9: Influence of the adhesion index on the cohesive index with rice flour at 1 RPM 

and at 10 RPM 

𝜂𝑎𝑑ℎ 𝐶𝐼 at 1 RPM (-) 𝐶𝐼 at 10 RPM (-) 

0 6.27 5.09 

5 5.28 6.25 

10 4.21 6.88 

15 3.27 8.64 

20 2.96 8.00 

4.3. Comparison between the two CFD models 

For low rotation speed, equal or lower to 2 RPM, and non-cohesive powders (glass 
powder and brown corundum F180), the dense granular flow model gives the smallest MAE 
and RMSE values compared to the KTGF model. For higher rotation speed, the KTGF model 
is closer to the experiments with a lower MAE and RMSE for glass powder, but not for brown 
corundum F180. 

 
Regarding rice flour, the dense granular flow model presents lower MAE and RMSE for 

low rotation speed. At high rotation speeds, the dense granular flow model gives average 
interfaces relatively close to experiments, while the KTGF model gives unrepresentative 
average interfaces with a plateau between the middle and the drum wall. The errors measured 
with MAE and RMSE are higher for both models than with brown corundum F180 and glass 
powder. For relatively cohesive powder, both models struggle to capture the powder rheology. 
As mentioned earlier, cohesive models are proposed for the dense granular flow [49,56,57]. 
Only the Berger et al. [49] model was tested for rice flour, without success. The contribution of 
the cohesive force in the 𝜇(𝐼) law is necessary for highly cohesive powder. To our knowledge, 
no reliable cohesive contribution model, as reliable as the Jop model, exists in the literature 
and it is still under research [56–58]. 

 
The reason why the KTGF model fails to represent the granular flow for low rotation 

speed is because it is based on instantaneous binary collisions [29]. This assumption is 
adapted for homogeneous gas-solid flow (i.e., for uniform dilute and moderate dense solid 
concentration flow) [46], but not for heterogeneous gas-solid flow (i.e., denser solid 
concentration flow, with clusters of dense solids flow and clusters of low solids concentration) 
[59]. The latter gas-solid flow can be treated by considering a combination of dilute and dense 
solid concentrations, and describing each phase with the KTGF model [60]. The former flow 
regime corresponds to the “gaseous” regime, where the medium is strongly agitated and the 
particle are far from each other [2]. This “gaseous” regime is not representative of the powder 
flow inside a rotating drum and even less for low rotation speed. 

 
With the KTGF, the viscosity of the solid depends on the granular temperature. The 

granular temperature is linked to the velocity fluctuation (equation (7)). For low rotation speed, 
the velocity fluctuations are negligible, which leads to low granular temperature and thus to low 
solid viscosity. Wu et al. [61] listed different ways to improve the KTGF model in dense flows 
such as adding an effective restitution coefficient, coupling the KTGF model with local 
rheological models (such as the 𝜇(𝐼) law), adding a new rotational viscosity computed from 
the rotational granular temperature or taking into account friction from microscopic structures 
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formation. More information can be found in [61]. Khalilitehrani et al. [46] used the two models 
with switching conditions: the dense granular flow model for dense granular flows (solid volume 
fraction higher than 0.52) and the KTGF model for dilute granular flows (lower than 0.52). 

 
On the other hand, for high rotation speed, the granular temperature is higher due to 

larger velocity fluctuations, increasing the granular shear viscosity. This explains why the 
KTGF model best captures the dense granular flow in a rotating drum for high rotation speed 
[24,25]. Yet, even at high rotation speed, a small deviation appears between the experiment 
and the simulation in the middle of the rotating drum.  

 
The “liquid” regime, where solid inertia becomes important but particles are always in 

contact with each other [2], is better represented by the dense granular flow model [34] for 
which the model was developed for. The “liquid” regime is typically the type of solid flow inside 
a rotating drum. This means that the dense granular flow model is more adapted to capture 
the solid rheology in a rotating drum compared to the KTGF model. 

 
Moreover, the model used for dense granular flow is numerically less complex and easier 

to implement than the KTGF model. Indeed, the granular flow model is 2.3 times faster than 
KTGF model, for the same number of processors used. Indeed, multiphase solver requires 
more computational resources and can lead to computational divergence in some cases. The 
VOF approach is more stable with the dense granular flow model. 

 
With all the information mentioned, it was quite obvious that the 𝜇(𝐼) model based on 

Mohr-coulomb law is more suitable for dense granular flow dominated by multiple particle 
interaction compared to the KTGF which is more adapted for homogeneous gas-solid flows. 
Yet, recent studies used the KTGF model for modelling dense solid flow inside a rotating drum 
[24–27,62]. Moreover, some authors also used the KTGF model for dense granular flow in 
different apparatus [63–65]. The dense granular flow model should be used for such flow 
regime. Moreover, this study shows that the 𝜇(𝐼) law is easier to calibrate, as most of the 
parameters are based on experimental data obtained from the rotating drum, and quicker to 
compute compared to the KTGF model.  

 
The aim of this work was therefore to illustrate that 𝜇(𝐼)-type models are indeed better 

suited to dense flow in a rotating drum at low rotational speed (i.e. for surging, rolling and 
cascading regimes inside a rotating drum). In some cases, the cited articles that used the 
KTGF model for modelling powder flow in a rotating drum were for a Froude number lower 

than 10−1. For such Froude number or higher the KTGF may be more appropriate as the flow 
type for such Froude numbers corresponds to cataracting, which is closer to a gas-solid flow 
regime.  

5. CONCLUSION 

In this study, two CFD models for dense powder flow in a rotating drum are compared 
and confronted to experimental results. The rotating drum (GranuDrum™) operates between 
1 and 10 RPM and three powders with different flowabilities were studied. The two CFD models 
are the Kinetic Theory of Granular Flow (KTGF) and the dense granular flow model, also called 
the 𝜇(𝐼) law. 

 

The GranuDrum™ software measures powder flowability properties based on the 
interface of the powder for a given rotation speed. The selected parameters were the dynamic 
angle of repose and the cohesive index. Both parameters are important to assess the powder 
flowability. As the software does not provide the interface coordinate, an image processing 
code was developed (written in Python) to extract these coordinates. Having the interface 
coordinates is crucial when comparing the CFD with the experiment. 
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For any powder, the KTGF model fails to capture the powder rheology for low rotation 
speed (lower or equal to 2 RPM). Yet, for higher rotation speed (higher or equal to 4 RPM), 
the model gets closer to the averaged experimental interface. This is in agreement with the 
assumption on the model: the KTGF model is more adapted for the “gaseous” regime. Indeed, 
the solid viscosity depends on the granular temperature. The latter is negligible for low rotation 
speed as it depends on the solid velocity fluctuation. When the rotation speed increases, the 
powder is more agitated, meaning that the granular temperature acts more significantly on the 
solid viscosity. 

 
Regarding the dense granular model, the model is relatively close to the experiment, for 

any studied rotation speed and powder. This model is more adapted for the “liquid” regime, 

which is exactly the type of flow in a rotating drum for Froude number lower than 10−1. 
However, the model has more difficulty to catch the powder rheology for poor flowable powder, 
especially with rice flour. The rheology for cohesive powders is still a work in progress in the 
literature. 

 
The parameters for the dense granular model are directly taken from experimental data 

obtained from the rotating drum. The KTGF model parameters are much more complex to 
measure and each viscosity contribution can be computed with different models. The KTGF 
model is much more complex to parameterise. Moreover, the dense granular model is 
computed with a Volume of Fluid (VoF) approach, which requires less computational resources 
compared to the KTGF model, which is computed with a multiphase Euler-Euler solver. 

 
Once that the rheological CFD model is calibrated, it could be used to study the solid 

flow inside gas/solid contactors. In this work, we recommend using the dense granular flow 
model for dense granular flow systems while using the KTGF model for gas-solid flow systems. 
Future work will be conducted on the former. 
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