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Abstract. The work focuses on mimicking the loading of the catalyst pellets into a reactor in a realistic 
manner and proposing a simple method to predict catalyst bed density using Blender 3D Software, a free and 
open-source 3D creation suite. The catalyst freely falling into a container was animated. The void fraction of 
loose and close-packing catalyst bed was compared. The effects of different catalyst shapes (sphere and 
cylinder) and sizes (2–5 mm) on the catalyst bed density in different reactor sizes (18-50 mm) were 
investigated. It could well predict the values with the error ranging from 0.36 to 6.59%. The obtained 
information from Blender was employed in a computational fluid dynamics (CFD) model for simulating 
hydrogen production in a glycerol steam reformer packed with Co-Ni/Al2O3 catalyst. 
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1. Introduction 
 
The increase in global energy demand has increased 

the production of biodiesel with a corresponding increase 
in glycerol production over the years. Production of 
biodiesel via transesterification reaction is generally 
accompanied with glycerol as byproduct - around 10% of 
biodiesel production capacity [1, 2]. Hydrogen (H2) 
production by glycerol reforming has gained much 
attention since H2 is considering as a highly versatile 
source of sustainable energy [3]. Therefore, H2 production 
via glycerol steam reforming was the focus of this study. 
Modeling of packed bed reactors has been carried out. It 
is desirable to operate the reactor in a regime where 
interparticle (void) diffusion and mass transfer do not limit 
the overall reaction. 

The computational fluid dynamic (CFD) method has 
been reasonably employed to analyze and design a reactor 
for advancing in the development and optimization of 
relating technology. The knowledge of flow pattern, 
pressure drop and heat transfer, which are affected by 
shape and size of packed catalyst, is important information 
for design and scale up of the reactor [4]. Mandić et al. [5] 
investigated the effect of catalyst shape (sphere, slab, solid 
and hollow cylinder) in Fischer-Tropsch reaction. It was 
reported that the use of small spherical and eggshell 
catalyst with a thin catalyst layer helps reduce impact of 
internal-diffusion limitations. Macías et al. [6] simulated 
hydrodesulfurization reaction in a packed-bed reactor with 
different catalyst shapes and reported that spherical 
particles exhibit the lowest reactor pressure drop than 
other shapes due to lowest packing density. Pashchenko 
[7] reported that fluid dynamics in a packed-bed reactor 
varies with the different shapes including cylinder, raschig 
ring and sphere. The results showed that the maximum 
pressure drop of the packed bed takes place for a cylinder 
without holes and the results showed good agreement 
between experimental results and simulations with an 
average error of 8% [7]. Minhua et al. [8] investigated the 
fluid dynamics and mass transport inside a catalyst pellet 
for vinyl acetate production in a packed-bed reactor, 
reporting the temperature gradient between bulk fluid and 
inside catalyst. Hayes et al. [9] studied the automotive 
catalytic converter monolith, presenting that the pressure 
drop, temperature and flow pattern strongly depends on 
the monolith substrate configuration. Ulpts et al. [10] 
investigated heat and mass transfer in various monolithic 
reactors with good agreement between experimental 
results and simulations with deviations below 9%. The 
results showed that catalytic foam packing has higher 
temperature gradient compared to honey-comb packing. 
Pangarkar et al. [11] investigated Fischer–Tropsch 
synthesis in a packed-bed reactor with heat transport in 
two-phase flow, the structured packing in gas–liquid co-
current and down-flow pattern can improve radial heat 
transfer in the reactor. From literatures, it can be seen that 
catalyst size and shape as well as catalyst packing density 
directly affect the characteristics of a reactor such as 
pressure drop, reactant distribution, and mass and heat 

transfer rate. Therefore, predicting the void fraction of 
catalyst packing in a reactor is an important step toward 
improving the computational fluid dynamic (CFD) of the 
reactor.  

Creating geometry and meshing geometry is a very 
important part in CFD simulation for packed-bed reactor. 
Discrete element method (DEM) is a numerical method 
for simulating particle motion and orientation of objects. 
DEM has been widely used in various applications such as 
powder mechanics, particle packing and rock mechanics. 
Tangri et al. [12] investigated the effects of particle shape, 
deposition intensity, tube diameter and method of filling 
on packing density. Haddadi et al. [13] investigated 
pressure drop in a fixed bed reactor via DEM for particle 
packing and exported to CFD to study fluid flow pattern 
in a fixed bed. Desu et al. [14] investigated packing 
structure of the pebbles particle into prismatic container 
and slicing the assembly area to determine the packing 
fraction of each slice. The free flow of particles into a 
vibrating container presents a higher average packing 
density compared to non-vibrating case. Spherical 
particles as packing materials are the most well studied in 
packed beds. The image analysis method in MATLAB 
(multi-paradigm numerical computing) and J software 
(Java-based image processing) were used to determine the 
packing density of catalyst bed. Ordered packing including 
rhombohedral and cubic packing provides a range of 
porosity between 0.26 and 0.48, respectively [15]. In 
contrast, the packing behavior of cylindrical particles 
exhibits more orientation freedoms and is fundamentally 
different from spheres. From literatures, previous studies 
determined the void characteristics in packed beds with 
different shapes of particles using analytical technique, 
experimental methods, and empirical correlation. 
However, up to date, there is a few reports on a random-
packed-bed pelletized catalyst where catalyst freely falls 
into a container, especially for the CFD of glycerol steam 
reforming. Detailed studies of a random packed-bed 
structure require complex and expensive experimental 
methods such as computer tomography in various forms 
[13-15].  This is the main reason for few reports on such 
studies in the literature.  

Many authors claim that Blender is efficient tool to 
generate packed beds with less cost. Investigation of the 
modeling details of generation such as mesh generation 
using the shrink-wrap technique [17], transition between 
moving and resting particles control using a cutoff on the 
relative contact velocities [18].  However, the bed 
generation process such as catalyst free falling and the use 
of force to increase the bed packing density were not 
presented. Incorporation of various particle shapes in 
order to judge the accuracy of the different collision 
methods in Blender should be further investigated. 

In this study, a simple method was proposed to 
generate a rigid model and to predict the catalyst bed 
density using Blender 3D Software. It is a free and open-
source 3D creation suite animating catalyst pellets freely 
falling into a container. The software was applied in this 
study to investigate the effect of different catalyst shapes 
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(sphere and cylinder) and sizes (2–5 mm) on the packing 
density of a packed bed. The effect of catalyst close 
packing with compressing load was also studied by 
applying a compression. After that, the CFD of glycerol 
steam reformer packed with alumina-supported Co-Ni 
catalyst for H2 production was simulated using predicted 
void fraction of the catalyst bed. 
 

2. Model and Method 
 
2.1. Rigid Body of Catalyst Packing 

 
Catalyst geometry in a cylindrical reactor was specified 

using Blender 3D Software (Blender Foundation, 
Netherlands). It is a free and open-source 3D creation 
suite, generally used for creating video game, animated 
films and particle simulation. The software was applied in 
this study. The rigid body of catalyst freely falling by the 
gravity force into the reactor was animated, representing a 
random catalyst packing. The rigid body simulation 
module can be used to simulate the motion of particles 
that affects the position and orientation of particles while 
the particles are not deformed, as presented in Fig. 1. A 
funnel was used to pour catalyst pellets into the container. 
The model setting including catalyst packing parameters 
such as shape, size and number of catalyst pellets and a 
funnel dimension are presented in Table 1. Catalyst 
packing density and void fraction was obtained while 
catalyst shape (sphere and cylinder) and size (2-5 mm 
diameter) were varied. The number of the catalyst was 
controlled among different catalyst shapes and sizes based 
on a constant catalyst volume (28261 mm3). The ratio of 
reactor diameter to catalyst equivalent diameter reactor 
diameter was maintained at 3.6-25.  
 

 

Fig. 1. Rigid body of catalyst packing (a) simulation set up; 
(b) cylindrical catalyst packing; (c) spherical catalyst 
packing.  
 
 

Table 1. Model setting for generating a rigid body of 
catalyst packing. 

 
 
2.1.1. Prediction of catalyst packing density 

 
In this study, the rigid body of the catalyst packing was 

cut at the top of the packed bed before determining the 
packing density in order to reduce an error generating 
from uneven surface at the top of the packed bed. The 
bisect and protractor tools from the edit mode of Blender 
was used to cut the top surface of the packed bed. After 
that, the height of the packed bed was measured, as shown 
in Fig. 2. The total catalyst pellet volume can be 
determined via print 3D tool in object mode. After the 
height of the packed bed was determined and the total 
pellet volume was known, the packing density was 
determined.  

 

 

Fig. 2. Method for determination of packing density (a) 
packing particle; (b) cut at the top of rigid body from the 

Description Value Unit 

Catalyst density 3.87  g cm-3 
Catalyst size and shape 

Cylinder (Diameter × 
Length)               
Sphere (Diameter) 

 
2×2, 3×3, 4×4, 5×5 

 
2, 3, 4, 5 

 
mm×mm 

mm 

Reactor diameter 18, 22, 27, 30, 36, 
50 

mm 

Catalyst drop height  1.1 m 
Funnel   

Top diameter of the 
funnel  

1 m 

Funnel stem length 0.05 m 
Outside diameter of 
the funnel stem 

 0.05 m 

The overall funnel 
length 

0.17  m 

Number of packed 
catalyst pellet  

Cylinder, 5 mm 
Cylinder, 4 mm 
Cylinder, 3 mm 
Cylinder, 2 mm 
Sphere, 5 mm 
Sphere, 4 mm 
Sphere, 3 mm 
Sphere, 2 mm 

 
288 
562 

1,332 
4,500 
432 
843 

1,999 
6,859 

 

Total volume of 
catalyst 

28,261 mm3 
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edit mode; (c) cut of cylindrical catalyst packing; (d) cut of 
spherical catalyst packing.  
 
2.1.2. Generation of a rigid body of catalyst close packing  

 
The effect of close packing was also studied. For 

regular packing, the catalyst freely fell by the gravity force 
into the reactor, representing a random and loose catalyst 
packing. For close packing, after filling the reactor with 
the catalyst pellet, the catalyst bed was compressed by a 
cylindrical object until the catalyst did not compact any 
further. Figure 3 presents a compressing load on the rigid 
body of catalyst bed.  
 

 

Fig. 3. Generation of close packing density (a) packing 
particles with a cylindrical compressing load; (b) close-
packing of spherical pellets. 
 
 
2.2. CFD Model 
 
2.2.1. Model assumption 
 

The physical properties geometry (void fraction and 
packing height) was then exported into COMSOL 
Multiphysics program. Various catalyst shapes (sphere and 
cylinder) and sizes (2, 3, 4, and 5 mm) were studied when 
the catalyst volume was maintained constant. The pressure 
drop, concentration distribution, and temperature 
distribution inside the packed bed reactor were 
investigated.  

The model was based on following assumptions: 

• Catalyst bed density and void fraction obtained 
from the rigid body model 

• Steady state and 2D model  

• Non-isothermal operation 

• Pressure drop along the catalyst bed described 
using the Ergun equation 

• Ideal gas behavior 

It should be noted that ideal gas behavior was assumed for 
modelling purpose in the system with low pressure and 
high temperature. 
 
2.2.2. Governing equation 

 
Equation of continuity was applied to study the flow 

of fluid within the reactor, describing the rate of fluid inlet 
and outlet within the boundary. The differential form of 
the continuity equation is as follows: 

 
𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢)  =  0 (1)                       

 

This equation is the general form of the continuity 

equation where 𝑢 is velocity of fluid and 𝜌 is the fluid 

density. At steady state condition, 
𝜕𝜌

𝜕𝑡
 can be 

neglected. 
Equation of energy balance was used to describe 

the average temperature distribution of the fluid in 
the reactor. The differential form of the energy 
equation is as follows: 
 

(𝜌𝐶𝑝)
𝜕𝑇

𝜕𝑡
+ 𝛻 ∙ (−𝑘𝛻𝑇) + (𝜌𝐶𝑝 )𝑢 ∙ 𝛻𝑇 = 𝑄       (2)                           

 

where 𝑇   is the temperature of fluid; k  is thermal 

conductivity; 𝐶𝑝  is heat capacity and 𝑄  is heat 
source. 

The Ergun equation is used to predict the pressure 
drop in a packed-bed reactor. 
 

  
𝑑𝑃

𝑑𝑍
= −

𝐺

𝜌∙𝑑𝑝
(

1−∅

∅
) ∙ [

150(1−∅)𝜇

𝑑𝑝
+ 1.75𝐺]  (3) 

 

where 𝑃 is pressure in the pack column; 𝑍 is the length of 

the calayst bed; 𝐺 is the superficial mass velocity; 𝜌 is the 

density of fluid; 𝑑𝑝 is the equivalent spherical diameter of 

the packing; ∅ is the void fraction of the bed and 𝜇 is the 
dynamic viscosity of the fluid. 

The extra 1D mass balance inside the catalyst was 
used to describe mass transfer between bulk phase and the 
internal of the catalyst pellet. The equation was set up and 
solved along the pellet radius for each species as follows: 

 
∂

∂r
(−𝑟2𝐷𝑒,𝑖

∂𝐶𝑝𝑒,𝑖

∂r
) = (𝑟𝑟𝑝𝑒)2𝑅𝑝𝑒,𝑖             (4)                                

where 𝑟  is a dimensionless radial coordinate; 𝐷𝑒,𝑖  is 

effective diffusivity; 𝐶𝑝𝑒,𝑖  is concentration in porous 

catalyst; 𝑟𝑝𝑒  is the pellet radius; and 𝑅𝑝𝑒,𝑖  is reaction 

source in catalyst. 
The gas diffusion properties were taken into account 

by applying the molecular diffusion and binary diffusion 

equations. 𝐷𝑖𝑗 is diffusivity which is expressed by Eqs. (5) 
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and (6). The effective diffusivity (𝐷𝑒,𝑖) can be expressed 

by Eq. (7) in terms of tortuosity (𝜏 ) and porosity (𝜀). 

 

𝐷𝑖𝑗 =  
(10−9)(𝑇1.5)(

1

𝑚1
+

1

𝑚2
)

0.5

𝑃(𝑣1
1.5+𝑣2

1.5)
            (5)       

𝐷𝑖 =  
1−𝑦𝑖

∑
𝑦𝑖

𝐷𝑖𝑗

    (6) 

𝐷𝑒,𝑖 =  𝐷𝑖
𝜀

𝜏
     (7) 

2.2.3. Reaction kinetics model 
 
Hydrogen can be generated from glycerol by 

reforming either in aqueous or gas phase. In this study, 
glycerol reforming in gas phase is applied as follows: 

 
C3H8O3 (g) + 3H2O (g) ↔ 3CO2 (g) + 7H2 (g)   (8)  

                      
The reaction is endothermic and can be catalyzed by 

transition metals. In this study, Co-Ni/Al2O3 was used as 
catalyst. Other reactions involving in the glycerol 
reforming are: 
 
Glycerol decomposition:  

 
C3H8O3 → 4H2 + 3CO    (9) 

 
Water-gas-shift reaction:  

 
3CO + 3H2O ↔ 3CO2 + 3H2   (10)            

 
Methanation:  

 
CO + 3H2 ↔ CH4 + H2O   (11) 

 
In this study, the power-law-type kinetics proposed by 

Cheng et al. [19] was chosen to simulate the steam 
reforming of glycerol to H2, CO, and CO2 (Table 2). The 
model was developed from the kinetic examination of 
glycerol steam reforming over alumina-supported Co-Ni 
catalyst in a packed bed reactor when operating 
temperature was varied from  723 to 823 K  and steam to 
carbon ranged from 1.1 to 4.0 with 0.25 g catalsyt weight. 
The power law  model is described as follows: 
 

𝑟 = 𝐴 ∙  𝑒𝑥𝑝(−
𝐸

𝑅𝑇
)[𝑃𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙]𝑎[𝑃𝑠𝑡𝑒𝑎𝑚]𝑏    (12) 

 
where A  is pre-exponential factor of 0.036 mol m-2 s-1 

kPa-(a+b), 𝐸  is activation energy of 63.3 kJ mol-1, 𝑃𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 

is partial pressure of glycerol, 𝑃𝑠𝑡𝑒𝑎𝑚 is partial pressure of 

steam, ‘𝑎’ is the reaction order with respect to glycerol of 

0.25, ‘𝑏’ is the reaction order with respect to steam of 0.36. 
It should be noted that coke deposition was not 

considered in this CFD simulation due to non-existence 
of the respective reaction kinetics for Ni-based catalysts 

[20]. Moreover, it was reported that when temperature was 
increased to 823 K, the coke formation in the steam 
reforming of glycerol with Ni-based catalyst is 
insignificant [21-23].  

 
Table 2. Model parameters for the reaction rate of glycerol 
steam reforming [19]. 
 

Species 

A 
Pre-

exponential 
factor 

(mol m-2 s-1 
kPa-(a+b)) 

E 
Activation 

energy 
(kJ mol-1) 

a 
Reaction 

order 
with 

respect 
to 

glycerol 

b 
Reaction 

order 
with 

respect 
to steam 

C3H8O3 3.6×10-2 63.3 0.25 0.36 
H2O 1.08×10-1 63.3 0.25 0.36 
H2 4.7×10-1 67.3 0.25 0.27 

CO2 7.4×10-2 64.0 0.28 0.40 
CO 6.2×10-2 61.7 0.31 -0.07 
CH4 5.6×10-1 100.9 0.60 0.39 

 
2.2.4. Mesh geometry and boundary conditions 

 
For mesh geometry, the total number of the meshes 

were generated at 1038 with extra finer at the surface of 
the reactor wall. The maximum element size of free 
triangular meshes was fixed at 6 mm. For the boundary 
condition presented in Table 3, the velocity, mass 
compositions, pressure and temperature were maintained 
at the inlet of the reactor. On the other hand, the zero flux 
of mass composition, pressure and temperature were set 
at the outlet when the temperature of the reactor wall was 
fixed.  

Glycerol and steam were fed at the bottom of the 
reactor with a glycerol to steam ratio of 1:8. The total 
volumetric flow rate was 3800 ml s-1, which was equivalent 
to the gas hour space velocity (GHSV) at 43861 ml h-1g-1. 
The effect of feed flow direction was reported in other 
works. The average temperature gradient is smoother in a 
packed bed under co-current feed [24, 25]. In this study, 
the inlet feed temperature was maintained at 823 K. 
 
Table 3. The boundary conditions. 
 

Boundary Conditions 

Inlet Velocity: 𝑈 = 𝑈𝑜 

Composition: 𝐶 = 𝐶𝑜 

Temperature: T =  𝑇𝑜 

Pressure: P =  𝑃𝑜 
Outlet Zero flux: 

𝜕𝑇

𝜕𝑧
=

𝜕𝐶

𝜕𝑧
=

𝜕𝑃

𝜕𝑧
= 0 

Surface wall of reactor Zero flux: 
∂C

∂r
=

∂P

∂r
= 0 

Temperature: T =  𝑇𝑜 

 
2.2.5. Simulation method 

 
Numerical solutions were obtained using finite 

element in COMSOL Multiphysics version 5.3a. Glycerol 
conversion was calculated using Eq. (13) and hydrogen 
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yield was calculated using Eq. (14). In order to validate the 
CFD model, the results were compared with the work of 
Cheng et al. [19]. The accuracy of the CFD model was 
reported as an error which can be defined in Eq. (15).  

 

𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑖𝑛𝑙𝑒𝑡−𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑜𝑢𝑡𝑙𝑒𝑡

𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑖𝑛𝑙𝑒𝑡
 × 100          (13) 

  

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑦𝑖𝑒𝑙𝑑 = 
2×𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑜𝑢𝑡𝑙𝑒𝑡

(8×𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑖𝑛𝑙𝑒𝑡)+(2×𝑠𝑡𝑒𝑎𝑚 𝑖𝑛𝑙𝑒𝑡)
 × 100           (14) 

            

𝑒𝑟𝑟𝑜𝑟(%) =  
𝑋𝑖− 𝑋𝑖,𝑟𝑒𝑓

𝑋𝑖,𝑟𝑒𝑓
× 100                     (15) 

 
Temperature profile was calculated by conservation 

law of energy in Eq. (16) and Fourier’s law in Eq. (17). The 

heat capacity 𝐶𝑝  can be determined using Eq. (18). 

 

𝛻 ∙ (−𝑞) + (𝜌𝐶𝑝 )𝑢 ∙ 𝛻𝑇 = 𝑄                            (16)
 

               𝑞 =  −𝐾𝛻𝑇                                                        (17) 
 

𝐶𝑝 = 𝑎 + 𝑏𝑇 + 𝑐𝑇2 + 𝑑𝑇3                               (18) 

 
 

3. Results and Discussion 
 

3.1. The Validation of the Void Fraction of a Rigid 
Body of Catalyst Packing  

 
The rigid body of catalyst packing was created using 

Blender 3D Software to determine the packing density of 
the catalyst bed in term of void fraction. Catalyst pellets 
freely falling by the gravity force represented a random 
packing. To validate the catalyst packing geometry, the 
results from this study were compared with experimental 
or simulation results in literatures, as presented in Table 4. 
The error ranged from 0.36 to 6.59%. 
 
3.2. Effect of Compressing Load During Catalyst 

Packing on the Void Fraction in the Catalyst Bed 

 
The rigid body of catalyst packing in a packed bed 

reactor was generated and used to predict the void fraction 
of the packing when a diameter of the reactor and the 
catalyst pellet was varied. The diameter ratio between the 
reactor to the catalyst pellet was varied from 3.6 to 25 
when the catalyst particle diameters were 2, 3, 4, and 5 mm 
and the reactor diameters were 18, 22, 27, 30, 36 and 50 
mm, respectively. Figure 4 presents the catalyst bed with a 
regular packing and close packing. For the regular packing, 
the catalyst was poured to freely fall by the gravity force 
into the reactor. For the close packing, a cylindrical 
compressing load was simulated on top of the catalyst bed 
to generate a close packing of the catalyst. As expected, the 
void fraction of the regular packing was relatively larger 
than that of the close packing. As increasing the diameter 

of catalyst pellet, the void fraction increased in both 
regular and close packed beds [28]. As increasing the 
reactor diameter with the same catalyst diameter, the void 
fraction decreased in a regular packing [29]. In contrast to 
the regular packing, the void fraction in the close-packed 
bed was rather stable as the reactor diameter increased.  
 
Table 4. The validation of the void fraction of a rigid 
body of catalyst packing.  

 
Catalyst and reactor geometry 

Catalyst shape 
Pellet dimension 
(diameter, mm x 

length, mm) 

Reactor 
diameter 

(mm) 

Cylinder 5.06 x 5.13 32 
Cylinder 3.80 x 8.30 26 
Sphere 6.00 80 
Sphere 3.00 26 

Results from literatures 

Packed bed 
height in literature 

(mm) 

Void fraction in 
literature 

Reference 

130 0.380 [13] 
426 0.470 [26] 
60 0.404 [27] 
40 0.390 [26] 

Results from this study 

Packed bed 
Height in this 

study 
(mm) 

Void fraction in 
this study 

Error 
(%) 

121.69 0.375 1.27 
426.50 0.477 0.36 
60.29 0.416 2.87 
40.28 0.417 6.59 

 
3.3. Effect of Catalyst Shape on the Void Fraction in 

the Catalyst Bed 

 
Figure 5 shows the variation in void fraction of the 

catalyst bed with different catalyst shapes (sphere and 
cylinder) and sizes (2-5 mm diameter). For all catalyst 
shapes and sizes, it was found that the void fraction 
decreased with increasing reactor diameter, corresponding 
to experimental results reported previously [12, 28]. 
Moreover, the void fraction decreased with decreasing 
catalyst size in all reactor diameters (18-50 mm). The 
results show that the void fraction of cylindrical-catalyst 
packing was relatively lower than that of spherical-catalyst 
packing in all reactor sizes, likely due to the similar shape 
between the catalyst pellet and the container. The void 
fraction of a larger-size catalyst packing varied more 
substantially with the reactor size, comparing to a smaller-
size catalyst packing. It was found that 2-mm-diameter 
cylindrical catalyst in 50-mm diameter reactor exhibited 
the lowest void fraction of the catalyst bed. 
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Fig. 4.  Comparison of the void fraction of catalyst 
packing between regular packing and close packing with 
different catalyst pellet diameter and reactor diameter. 

 
 

  

Fig. 5.  Comparison of the void fraction between 
cylindrical and spherical catalyst with different diameters 
of reactor and catalyst pellet. 
 
3.4. The Validation of CFD Model 

 
The power-law kinetic model from Cheng et al. [19] 

was used to validate the CFD simulation results in this 
study. The glycerol conversion and hydrogen yield 
obtained from the simulation in this study were compared 
with those obtained from the experiments under the same 
operating conditions. The effect of glycerol and steam 
partial pressure on glycerol conversion and hydrogen yield 
was presented in Figs. 6 and 7, respectively. Figure 6 
compares the effect of glycerol partial pressure on glycerol 
conversion and hydrogen yield between the results from 
this study and those from Cheng et al. [19] with 5.4% and 
1.2% average error, respectively. Figure 7 compares the 
effect of steam partial pressure on glycerol conversion and 
hydrogen yield between the results from this study and 
those from Cheng et al. [19] with 2.9% and 2.3% average 
error, respectively. These results show that there was a 
good agreement between the simulation results in this 
study and those reported in the literature. It should be 
noted that in the work of Cheng et al., bimetallic Co-
Ni/Al2O3 catalyst is used under a wide range of steam-to-
glycerol ratios (3-12) for reaction temperatures between 
773 and 823 K at atmospheric pressure. 
 

 

Fig. 6.  Comparison of glycerol partial pressure effect on 
glycerol conversion and hydrogen yield between the 
results from simulation and those from Cheng et al. [19]. 
 
 

 

Fig. 7.  Comparison of steam partial pressure effect on 
glycerol conversion and hydrogen yield between the 
results from simulation and those from Cheng et al. [19]. 
 
3.5. CFD Simulation on the Pressure Gradient  

 
From Fig. 8, the pressure gradient of a packed  bed 

decreased with increasing catalyst size. The packed bed of 
the 5-mm-diameter spherical catalyst exhibited relatively 
the lowest pressure drop. Pressure drop in a packed-bed 
reactor can be reduced by using a larger catalyst pellet with 
spherical shape, corresponding with a higher void fraction 
in the packed bed as presented in Fig. 5 [30]. For the finer 
catalyst pellet at 2 mm diameter, the pressure drop of the 
catalyst bed increased significantly. The graph also shows 
that the pressure drop increased along the packed bed 
height, indicating that the pressure drop of a packed bed 
depends on the amount of catalyst loading [31].  
 
3.6. CFD Simulation of Internal and External Mass 

Transfer of Catalyst 
 

Mass transfer limitation plays important role on the 
reaction rate, reactant conversion and product formation. 
Therefore, it is one of the factors that determine the 
reactor’s performance. In this study, glycerol 
concentration was considered for both internal and 
external of catalyst (bulk phase). The effect of catalyst 
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shape and size on the mass transfer was investigated. 
Figures 9 and 10 present the difference between 
concentration in bulk phase and average concentration in 
the catalyst pellet, along the reactor length. The porosity 
of catalyst was maintained at 0.52 [32] while glycerol 
diffusion coefficient was obtained from Eqs. (5)-(7). The 
glycerol concentration in the bulk phase was higher than 
in the internal catalyst in all positions of the reactor length 
and for all catalyst shapes and sizes. The concentration 
gradient of glycerol between the bulk phase and the 
internal catalyst decreased when the catalyst size decreased, 
corresponding to previous report [5]. The catalyst with 2-
mm-diameter exhibited the lowest concentration gradient, 
followed by catalyst diameters of 3, 4 and 5 mm, 
respectively. The results from this study show that using 
small-size catalyst could minimize mass transfer limitation 
in a packed bed reactor.  

 
 

 

Fig. 8. Pressure drop along the catalyst bed length with 
different catalyst shapes and sizes. 
 
 

 

Fig. 9. Glycerol concentration in bulk and inside catalyst 
along bed length with cylindrical-shape catalyst. 
 

 

Fig. 10. Glycerol concentration in bulk and inside catalyst 
along bed length with spherical-shape catalyst. 
 
 
3.7. CFD Simulation of Glycerol Conversion and 

Hydrogen Yield 

 
From Figs. 11 and 12, glycerol conversion and 

hydrogen yield along the bed length with different catalyst 
shapes and sizes were reported. For all the catalyst shapes, 
glycerol conversion and hydrogen yield significantly 
increased along the bed length. The packed bed of 
spherical catalyst with 4-mm diameter showed the highest 
glycerol conversion at 66.8% and the highest hydrogen 
yield at 30.8%. Although using small-size catalysts could 
help minimize mass transfer resistances in a packed bed 
reactor, it caused the pressure drop increasing along the 
packed-bed reactor, as presented in Fig. 8. The pressure 
drop consequently resulted in reduced glycerol and steam 
partial pressure in the reaction rate [5]. Moreover, small-
size catalyst may not be suitable for a packed-bed reactor 
in an industrial scale since high pressure drop can cause 
increasing operating cost of the process [5].  Figures 13 
and 14 present the average concentration along the 
packed-bed reactor having different catalyst shapes and 
sizes. The results show that that CO2 and H2 were 
produced in the largest quantities while CH4 was the least 
species produced. Moreover, the CO was found relatively 
small amount since CO could convert to CO2 and H2 via 
water gas shift reaction [19]. 
 

 

Fig. 11. Glycerol conversion along the catalyst bed length 
with different catalyst shapes and sizes. 
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Fig. 12. Hydrogen yield along the catalyst bed length with 
different catalyst shapes and sizes. 
 

 

Fig. 13. Product concentration along the bed length with 
cylindrical catalyst packed bed having different catalyst 
sizes. 
 

 

Fig. 14. Product concentration along the bed length with 
spherical catalyst packed bed having different catalyst 
sizes. 
 
3.8. CFD Temperature Profile 

 
From CFD simulations, the temperature of reactor 

wall was set at 823 K for endothermic process via glycerol 
steam reforming. The heat transfers from the wall to the 
catalyst where the endothermic reaction takes place. 
Temperature gradient along the catalyst bed with different 
catalyst shape and size are presented in Fig. 15 and the 

temperature profile in three-dimensional color contour 
rotated from two-dimensional are presented in Fig. 16. 
Due to the nature of endothermic reaction, the 
temperature decreased along the reactor length in all 
catalyst shapes and sizes [30]. The temperature gradient in 
the packed bed with a finer catalyst was slightly lower than 
the larger one. 

 

 

Fig. 15. Temperature gradient along the catalyst bed with 
different catalyst shape and size. 
 
 

 

Fig. 16. Temperature profile 3D rotated from 2D of 
different catalyst packing: (a) 5 mm cylinder, (b) 4 mm 
cylinder, (c) 3 mm cylinder, (d) 2 mm cylinder, (e) 5 mm 
sphere, (f) 4 mm sphere, (g) 3 mm sphere, and (h) 2 mm 
sphere, respectively, where glycerol and steam were fed to 
the bottom of the reactor. 

 

4. Conclusion  
 
A simple method was proposed to predict the bed 

density of the catalyst pellets which freely fell into a 
container using a free and open-source 3D creation suite. 
The effect of different catalyst shapes (sphere and cylinder) 
and sizes (2–5 mm diameter) on the packing densities was 
investigated. The effect of catalyst close-packing 
generating by using a compressing load was also studied. 
As expected, spherical-shape catalyst packing exhibited a 
larger void fraction than cylindrical-shape catalyst. The 
void fraction increased in both regular- and close-packed 
bed increased as increasing the diameter of catalyst pellet. 
As increasing reactor diameter with the same catalyst pellet 
diameter, the void fraction decreased in a regular packing 
but rather constant in close-packed bed. The catalyst bed 
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density could be well predicted using the Blender with the 
error ranging from 0.36 to 6.59%. 

The CFD of glycerol steam reformer packed with 
alumina-supported Co-Ni catalyst for H2 production was 
simulated using the predicted void fraction of the catalyst 
bed. Using small-size catalyst could minimize mass 
transfer limitation in a packed bed reactor and increase 
glycerol conversion and hydrogen yield. However, as 
reducing catalyst size, the void fraction of the catalyst bed 
decreased and the pressure drop increased. The 
temperature gradient in packed bed of the finer catalyst 
was slightly lower than the larger one. The packed bed of 
sphere-shaped catalyst with 4-mm diameter showed the 
highest glycerol conversion at 66.8% and the highest 
hydrogen yield at 30.8%.  
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