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กันในเครื่องปฏิกรณ์แบบเบดนิ่งสำหรับกระบวนการผลิตไฮโดรเจนจากปฏิกิริยารีฟอร์มมิ่งของกลีเซอรอล
โดยใช้โปรแกรม COMSOL Multiphysics แบบจำลองเนื้อเดียวเทียมสองมิติที ่สภาวะคงที่ของเครื่อง
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ประสิทธิภาพของกระบวนการทั้งด้านความดันลด และ ผลได้ไฮโดรเจน เมื่อเทียบกับเครื่องปฏิกรณ์ที่
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ABSTRACT (ENGLISH) 
# # 6170914921 : MAJOR CHEMICAL ENGINEERING 
KEYWORD: Glycerol steam reforming; Computational fluid dynamics; Packed bed 

reactor; Foam catalyst; Pellet catalyst 
 Chattharika Phitchayakorn : A Comparative Simulation of Glycerol Steam 

Reforming with Foam and Conventional Pellet Catalysts in Packed Bed Reactor. 
Advisor: Prof. SUTTICHAI ASSABUMRUNGRAT, Ph.D. Co-advisor: Asst. Prof. Amata 
Anantpinijwatna, Ph.D. 

  
This research aimed to study the effect of different catalyst structures to the 

hydrogen production process with glycerol steam reforming in packed bed reactors via 
the COMSOL Multiphysics program. 2D pseudo-homogeneous steady-state model of a 6-
inch diameter adiabatic reactor has been developed to describe a transport phenomenon 
inside the packed bed reactors with two different catalyst structures of conventional 1-
inch pellet catalyst and 10-30PPI foam catalyst. The simulated results show that the novel 
foam catalyst improved the process performance in terms of pressure drop and hydrogen 
yield comparing to the conventional 1-inch pellet catalyst. The reactor packed with the 
conventional 1-inch pellet catalyst provided the maximum hydrogen yield of 55% at 15 
m reactor length, while the novel foam catalyst provided the maximum hydrogen yield 
of 60% at only one-third of reactor length and reduced 95% of pressure drop. However, 
the novel foam catalyst exhibited a 15% temperature dropping from its initial 
temperature, while the conventional pellet catalyst dropped only 8%. The greater 
temperature dropping of the novel foam catalyst affected the chemical equilibrium by 
shifting the main reaction to the side reaction and producing more by-products. From the 
simulation results, the open-cell structure of the novel foam catalyst increases the 
passage flow of fluid thereby, the diffusion limit of the conventional catalyst has been 
diminished. The novel foam catalyst can be further used in the packed bed reactor to 
improve the process performance of the glycerol steam reforming process. 
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CHAPTER 1 INTRODUCTION 

1.1 Motivation 
Nowadays, global warming becomes a serious problem which affects our 

communities, our health, and our climate. Human activities that release carbon to the 
atmosphere are the primary causes of the global warming problem. The combustion 
of fossil fuels usually uses for transportation, agriculture activity, industrial usage, 
residential consumption, or electricity generation.  The emissions of carbon dioxide 
(CO2) from fossil fuel and industrial processes contributed about 78% of the total 
carbon dioxide emission from 1970 to 2010 [1]. Therefore, the development of 
sustainable and renewable energy becomes the goal of our study. 

Hydrogen is one of the cleaner alternative energies that can replace fossil fuels. 
It’s been used as an alternative fuel for vehicles and industries. Moreover, hydrogen 
can be used as a raw material in many chemical processes such as the production of 
green diesel, hydrochloric acid, and other substances. The combustion of hydrogen 
yields totally non-polluting products and has a high combustion efficiency. Hydrogen 
production processes mainly comprise water electrolysis, thermochemical process, 
and biological process [2]. Among these alternatives, the thermochemical process is 
the most widely used because of its economic advantage, it’s proper for a large-scale 
production, and causes less environmental damage [3]. Several thermochemical 
hydrogen production technologies have been studied with various types of raw 
materials, including renewable and non-renewable sources. The reforming of 
oxygenated hydrocarbons for hydrogen production is one of the most efficient 
technologies for producing hydrogen from any reactants [4]. 

Several feedstocks for hydrogen production have been investigated [3]. During 
the last century, hydrogen was being produced primarily by fossil fuels [5]. However, 
the fossil fuel pathway has a disadvantage in the carbon dioxide emission that causes 
global warming. Due to the concern over the global warming issue, the feedstock for 
the production of hydrogen has been shifted towards cleaner alternatives such as 
methanol  [6], ethanol [7], dimethyl ether (DME) [8], and glycerol [9].  
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Glycerol (C3H8O3) is the main byproduct from the production of biodiesel. 
Approximately 10% of glycerol is produced for every 100% of biodiesel production 
[10]. Generally, glycerol from biodiesel production is used in the textile, cosmetics, 
and food industries. From the year 2000 to 2012, the production of biodiesel increased 
from about 10 thousand barrels/day to 450 thousand barrels/day, as shown in Figure 
1.1 [11]. As a result, glycerol is overproduced for use in those industries, thus the value 
of glycerol has been continuously decreased. The strategy for the value-adding of 
glycerol is to convert it into higher-value products such as hydrogen via the steam 
reforming process [12]. 

 
Figure 1.1 Biodiesel and hydrogen production  [11] 

The glycerol steam reforming reaction commonly operates in a packed bed 

reactor with a catalytic domain. In heterogeneous catalytic of glycerol steam reforming 

reaction, Pt, Ni, Ru, Re, Rh, Ir, Co, and Pd were used as catalysts. Among these catalysts, 

Ni/Al2O3 is favorable because of its high catalyst activity and cheapness [12]. The 

material type of the catalyst is not only significant for the process, but the structure 

of the catalyst is also important. The modification of catalyst structures was used and 

explored to optimize reaction, energy, mass, and momentum transfer in the reactor. 

Several different catalyst structures have been developed, for example, pellet, 
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powder, monolith, and foams [13]. In a laboratory scale, previous studies [14, 15] used 

a powder catalyst for the experiment, and some studies [16, 17] investigated the effect 

of the catalyst structures such as the shape, porosity, and surface area to the hydrogen 

production efficiency. In an industrial scale, the low ratio between the reactor and 

particle diameter is used in the packed bed reactor [18]. The pellet catalyst is normally 

packed in the reactor to achieve this ratio. The pellet catalyst provided a low catalyst 

activity per unit mass and yielded low conversion because of the difficult diffusion of 

reactants through the catalyst pore [19]. The powder catalyst was applied to improve 

the conversion; however, its small particle size led to a large pressure drop across the 

reactor, which increased the operating cost of the pump or compressor for the 

operation [20]. The novel structure of foam with an open-cell structure is an alternative 

to study the improvement of process performance in the reactor. 

The present study aimed to simultaneously analyze the reaction and transport 

phenomena of the system on an industrial scale using CFD technique. COMSOL 

Multiphysics software is used to simulate the glycerol steam reforming process in the 

reactor packed with the different catalyst structures. The goal of this study is to 

compare the hydrogen production performance between two different catalyst 

structures of pellet (1-inch spherical shape) and foam (10-30PPI) and illustrate and 

validate the effect of the catalyst structure using the CFD technique. 

1.2 Research objectives 
1.2.1 To simulate glycerol steam reforming with novel foam catalyst and 

conventional pellet catalyst in packed bed reactor for hydrogen production 

1.2.2 To study the effect of catalyst structure on glycerol steam reforming in 

packed bed reactor. 
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1.3 Scope of work 
1.3.1 Simulate the two-dimensional steady state pseudo homogeneous 

packed bed reactor by COMSOL Multiphysics version 5.3a program. 

1.3.2 Validate the kinetic model for glycerol steam reforming in 2 case of 

catalyst structures: 

- conventional pellet catalyst (1-inch spherical shape) 

- novel foam catalyst (10-30PPI foam) 

using Computational Fluid Dynamics (CFD) simulations,  

1.3.3 Investigate the effect of different catalyst structures on the performance 

of hydrogen production in packed bed reactor. 

1.4 Expected benefits 
Find the suitable catalyst structure for improvement the hydrogen production 

between conventional pellet catalyst and novel foam catalyst in the packed bed 

reactor.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 FUNDAMENTAL AND LITERATURE REVIEWS 

This chapter collects and describes information involved in this thesis, including 

the subjects of hydrogen production, glycerol steam reforming process, nature of 

packed bed reactor, characteristic of catalyst structure, kinetic modeling, 

computational fluid dynamics modeling, and literature review of previous model 

results by comparing between the conventional pellet catalyst and the novel foam 

catalyst. 

2.1. Hydrogen production 
 Hydrogen is the simplest element on earth, but it’s rarely found in the pure 

form, wherein the physical and chemical properties are following in Table 2.1. 

Table 2.1 The basic and chemical properties of hydrogen  [21] 

Properties of hydrogen molecule 

Formula H2 
Chemical structure H-H 

Molecular weight 2.0159 

Appearance Colorless and odorless gas at room temperature 
Density (gas) 0.08988 gL-1 (0 ๐C, 1 atm) 

Relative vapor density (air = 1) 0.07 
Density (liquid) 70.8 gL-1 (at -253 ๐C) 

Melting point -259.35 ๐C 

Boiling point -252.88 ๐C (at 1 atm) 
Solubility in water 0.0214 cm3g-1 (0 ๐C, 1 atm) 

Energy content for 1 kg hydrogen (when reacting with oxygen to form water) 

Higher heating value 141,900 kJ; 33,900 kcal; 39.4 kWh 
Lower heating value 120,000 kJ; 28,680 kcal; 32.9 kWh 

Hydrogen is versatile and uses in many applications such as feedstocks in 

chemical processes, energy carrier in transportation, the gas industry, and electricity or 
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heat generation. More than 80% of the hydrogen produced today is used as feedstocks 

to make ammonia, fertilizer, and to remove sulfur from fuel in oil refining. Only 1% is 

used as an energy carrier, to launch satellites and rockets in the space industry [22]. 

Therefore, the increase in hydrogen production enhances the probability of hydrogen 

utilization in the future. 

Hydrogen can produce from several processes such as electrolysis, 

biochemical, and thermochemical, as shown in Figure 2.1 [2]. Although the production 

of hydrogen via the biochemical process consumes less energy, it produces wastewater 

as a byproduct. The electrolysis of water produces high purity hydrogen without any 

waste generated, but this process only uses in the special case because of its infeasible 

economically in the industrial scale. Therefore, the thermochemical process widely 

uses for hydrogen production because of its more efficient, suitable for large-scale 

production and less environment damage [3]. 

 

Figure 2.1 Pathways to hydrogen production and utilization  [2] 

Nowadays, most hydrogen productions are mainly produced from fossil fuel, 

but the concerning over global warming issues has been shifted towards the feedstocks 

to produce hydrogen to be cleaner alternatives. Several renewable compounds such 
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as (glycerol, methanol, and ethanol) can be transformed into hydrogen form from the 

above processes. 

2.2 Glycerol steam reforming process (GSR) 
The production of biodiesel is continuously grown in recent years. The biodiesel 

production process consists of transesterification oil-containing raw materials such as 

soybean, rapeseed, and sunflower oils. This process produces biodiesel as a main 

product and glycerol as the main byproduct, as shown in Figure 2.2. Approximately 

10% of glycerol is produced from the biodiesel process [7]. 

 

Figure 2.2 Example of the interaction of biodiesel plants and agribusinesses with 
hydrogen  [12] 

Glycerol is used as the feedstock in many industrial fields such as 

pharmaceutics, cosmetics, personal care products, resins, plastic, and detergents. 

Glycerol (C3H8O3) is also knowns as 1,2,3-propane tri-ol or glycerine [23]. The chemical 

structure is shown in Figure 2.3: and the properties of glycerol are shown in Table 

2.2. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 

 

Figure 2.3 Chemical structure of glycerol  [23] 

Table 2.2 The properties of glycerol compound  [24] 

Properties of glycerol compound 

Formula C3H8O3 
Molecular Weight 92.09 g/mol 

Appearance Colorless to brown colored liquid and odorless 

Density 1.2613 gL-1 (at 68 ๐F) 
Flash point 177 ๐C 

Melting point 18.2 ๐C 

Boiling point 290.0 ๐C (at 1 atm) 
Solubility in water 500 gL-1 (at 20 ๐C) 

Vapor pressure < 1 mm Hg (at 20 ๐C) 
Form Viscous liquid 

Color APHA: ≤10 

Explosive limit 2.6 – 11.3 % 

Stream reforming is commonly used in the thermochemical processes to 

produce hydrogen from fossil fuels or renewable fuels such as glycerol. In GSR process, 

glycerol reacts with steam in the presence of catalysts, and produces hydrogen, carbon 

dioxide, and carbon monoxide. The overall reaction of the GSR process presents as 

the sum between two reactions of glycerol decomposition reaction and water-gas shift 

reaction as shown in Eq. 2.1. 

C3H8O3 + 3H2O → 7H2 + 3CO2 (∆Hr
0= +128 kJ/mol)  (Eq. 2.1) 
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Generally, the reactions of the GSR process involve 2 main reactions (glycerol 

decomposition and water-gas shift) and 2 side reactions (CO-methanation and coke 

formation), as shown in Eq. 2.2 – 2.5 [12]. 

- Glycerol decomposition 

C3H8O3 → 3CO + 4H2 (∆Hr
0= +251 kJ/mol)  (Eq. 2.2) 

- Water-gas shift 

CO + H2O ⇌ H2 + CO2 (∆Hr
0= -41 kJ/mol)  (Eq. 2.3) 

- CO-Methanation 

CO + 3H2 ⇌ CH4 + H2O (∆Hr
0= -206 kJ/mol)  (Eq. 2.4) 

- Coke formation 

H2 + CO ⇌ C + H2O  (∆Hr
0= -131 kJ/mol)  (Eq. 2.5) 

2.2.1 Process operating condition 
Many researchers have been studied to find the suitable operating condition 

for the GSR process by varying temperature, pressure, and water to glycerol feed ratio 

(WGFR). 

• Temperature 

The temperatures were studied to find the proper ranges that gave the highest 

glycerol conversion. According to the high positive enthalpy of the overall reaction in 

Eq. 2.1, the GSR reaction performs as an endothermic behavior that requires an 

external heat to convert the glycerol into synthesis gas. As shown in Figure 2.4, 

hydrogen yield increased with the temperature raised and beyond an optimum 

temperature. The favorable temperatures for the GSR process are in the range of 823 

- 923 K. Above the temperature of 923 K, the hydrogen yield continuously decreased 

because at this point the catalyst was deactivated and lost the reaction area [25]. 
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• Pressure 

According to the thermodynamic analysis, the optimal pressure for hydrogen 

production is operated at atmospheric condition [26]. In an ideal case, a vacuum 

pressure can improve the operation of hydrogen production because this condition 

reduced the reacting temperature, energy consumption, and catalyst deactivation [27]. 

But in the real operation, the use of vacuum pressure will enhance the operating cost 

of pump working and the use of atmospheric pressure must be favorable. 

 

Figure 2.4 Hydrogen yield (mol of hydrogen produced per mol of glycerol converted) 
vs temperature on Rh/Al2O3 catalyst. GHSV= 30,000 h−1; WGR = 3 mol/mol.  [25] 

• Water to glycerol feed ratio (WGFR) 

The water to glycerol feed ratio strongly influences the yield and selectivity of 

hydrogen production. From Le Chatelier’s Principle, at high water to glycerol feed ratio, 

the equilibrium will shift towards the excess water consumption and producing more 

hydrogen [27]. As shown in Figure 2.5, the most favorable ratio is 9:1 and above this 

ratio the hydrogen yield slowly increases. Moreover, at the high WGFR, the coke 

formation reaction is neglected because of the limiting of glycerol reactant [28]. 
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Figure 2.5 Thermodynamic investigation of hydrogen production: effects of WGR at 
temperature (850 K), atmospheric pressure (f is hydrogen fraction removal)  [27] 

2.3 Packed bed reactor 
A packed bed reactor commonly uses in the heterogeneous catalytic process 

because of its economic efficiency. In basic design, a column fills with catalyst particles, 

and these particles can create with various structures. The main advantage of the 

packed bed reactor is the high conversion rate per weight of catalyst. 

The structure of the catalyst particles makes the modeling of mass and energy 

transport in the packed bed reactor, whereas the chemical reaction occurs on the 

surface of the catalyst. The heterogeneous catalytic reaction involves the following 7 

steps as shown in Figure 2.6 [29], where each steps are explained below [30]: 

1. Diffusion of the reactants from the bulk fluid to the external surface of the 

catalyst pellet 

2. Diffusion of the reactants through catalyst pores 

3. Adsorption of the reactants onto the catalyst surface inside pores 

4. Reaction on the catalyst surface 

5. Desorption of the products from catalyst surface 
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6. Diffusion of the products from inside catalyst pores to catalyst surface 

7. Diffusion of the products from surface of the catalyst pellet to the bulk fluid 

 

Figure 2.6 The heterogeneous catalytic steps for catalytic fluid–solid reaction  

A1 → A2 on a catalyst media  [29] 

2.4 Catalyst structure 
Catalysts are chemical species that decrease the activation energy and increase 

the rate of a chemical reaction. Various catalyst structures have been developed to 

improve the reaction performance. The important properties of catalyst structure to 

achieve high product yield are large surface area, good mechanical strength, high 

activity, high coefficient of heat transfer, high coking resistance, and high permeability 

for flowing of the reactants [31]. The examples of catalyst structure are pellet, powder, 

monolith, and foams. 

Nowadays, the widespread study of novel catalyst structures to replace the 

conventional catalyst structure becomes attentions. Most studies applied the pellet 

or the monolith structure to use in the packed bed reactor [13], and less study used 

the foam structure. The application of the novel foam structure is one of the 

interesting structures to compare the performance of the packed bed reactor with the 

conventional one. 
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2.4.1 Conventional pellet catalyst 
In the industrial scale, the catalyst structure in the packed bed reactor 

commonly uses the large size of pellet structure to maintain the low ratio between 

the reactor and particle diameter [18], wherein the catalyst pellets hold inside the bed 

and do not move during the operation, as shown in Figure 2.7. The conventional pellet 

catalyst has fine pores at the outer surface for accessibility of the reactants inside the 

structure. Because of the difficult accessibility of the reactants through very fine pores, 

the design towards smaller particles to obtain a larger specific surface area and rises 

to maximum reaction rate. However, the use of small catalyst particles leads to a large 

pressure drop and contrary affecting the operating cost of the pump working [20]. 

 

Figure 2.7 Conventional spherical catalyst pellets  [20] 

2.4.2 Novel foam catalyst 
The novel structure of foam catalysts for improving the process performances 

has been presented. Foam structures characterizes as “closed–cell” and “open-cell”, 

the two characterizations have different properties and structures. The closed-cell 

structure has the form of no interconnectivity between cells, while the open-cell 

structure has the form of interconnectivity between cells to allow the flowing of fluid. 

The open-cell structure is widely used and applied to be the catalytic domains. The 

open-cell structure is shown in Figure 2.8, comprising three main components: struts, 
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which are composed of solid material; cells which are approximately spherical voids 

enclosed by struts; and windows, which are opening and connecting the cells [32]. 

 

Figure 2.8 Open-cell foam structure  [32] 

In comparison, the obviously different parameters between the pellet and 

foam catalyst are open porosity in the packed bed reactor. Normally, the porosity 

ranges of the conventional pellet catalyst are 0.2 to 0.4, based on the different shapes 

and structures, while the foam catalyst has the porosity more than 0.8 according to 

the open-cell structure. 

2.5 Kinetic Modeling 
In simulation, the kinetic modeling is an important point to present the reaction 

of process. Many studies have been investigated the kinetic modeling of the GSR 

process using different catalysts.  

Adhikari, S. et al. (2009) kinetic modeling 

Adhikari, S. et al. [33] compared the different supported catalysts of CeO2-, 

MgO-, and TiO2- in the GSR process. From the study, Ni catalyst with CeO2- support 

performed the best performance. As shown in Eq. 2.6, the kinetic modeling of this 

study performed only the glycerol changes because the concentration of water was 

presented in excess compared to the concentration of glycerol. The other kinetic 

parameters are shown in Table 2.3. 
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Ea/RT 0.233
0 glycerolR k exp [C ]−=    (Eq. 2.6) 

The average deviation between the experimental conversion and the model-

predicted values was 6.7%, as shown in Figure 2.9. 

 

Figure 2.9 The comparison between experimental and model predicted of glycerol 
conversion  [33] 

Cheng, C.K. et al. (2010) kinetic modeling 

Cheng, C.K. et al. [34] used a bimetallic Co-Ni/Al2O3 catalyst to investigate the 

catalyst activity in the GSR process and compared with other catalysts. The reaction 

study over Co-Ni/Al2O3 presented the kinetic rate in both the Power-law and Langmuir-

Hinshelwood form for representing the summation of the glycerol decomposition and 

water-gas shift reaction. The Power-law model of this study referred to the parameter 

of glycerol consumption and product generation such as CO2, H2, CO, and CH4 [34], as 

shown in Eq. 2.7. The constant values of the kinetic parameters are shown in Table 

2.3. 

−= ( Ea/RT ) 0.253 0.358
i 0 C H O H O3 8 3 2

R k exp p p    (Eq. 2.7) 

Moreover, Langmuir-Hinshelwood model described the adsorption of glycerol 

and steam on the catalytic domains. The model depended on the partial pressure of 

glycerol and steam. As a result, it seems that the GSR process on the Co-Ni/Al2O3 
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catalyst proceeded via a dual-site mechanism involving molecular adsorption of both 

reactants, as shown in Eq. 2.8. The kinetic parameters are shown in Table 2.3. 

=
+ +

0 C H O H O
GSR

C H O C H O H O H O

3 8 3 2

3 8 3 3 8 3 2 2

k p p
R

(1 K p )(1 K p )
  (Eq. 2.8) 

From the estimation of the kinetic modeling, the parity of model predictions 

was similar to the experimental, as shown in Figure 2.10. 

 

Figure 2.10 Parity plot showing comparison between predicted and measured 
formation rates for H2, CO2, CO, and CH4   [34] 

Nor Shahirah, M.N., et al. (2016) kinetic modeling 

Nor Shahirah, M.N., et al. [35] studied the kinetics of GSR process over Ni/Al2O3 

catalyst, as shown in Eq. 2.9-2.10. This study revealed only the power-law model of 

the glycerol decomposition reaction and did not show other side reactions. The other 

kinetic parameters are shown in Table 2.3. 

− −= 1.2
glycerol decomposition glycerol decomposition C H O3 8 3

R k p   (Eq. 2.9) 

glycerol decomposition 0

Ea
k k exp

RT−

− =  
 

   (Eq. 2.10) 
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Abbas, S.Z. et al. (2017) kinetic modeling 

Abbas, S.Z. et al. [26] studied the kinetic modeling of other side reactions of 

the water-gas shift and CO-methanation reaction with respect to the Ni/Al2O3 catalyst. 

The complex form of the Langmuir-Hinshelwood model was expressed in Eq. 2.11-

2.12. Moreover, the auxiliary equation and the kinetic parameters constant are shown 

in Eq. 2.13-2.16, and Table 2.3, respectively. 

Water-gas shift: 

H CO
water gas shift CO H O 2

H

water gas shift 2 2
2

2 water gas shift

k p p 1
R p p

p K− −

− −

− −

 
 = −  

   
 

 (Eq. 2.11) 

CO-methanation: 

2
H COCO methanation

CO methanation CH H O2.5 2
H CO methanation

2
4 2

2

p pk 1
R p p

p K
−

−

−

  = −   
   

 (Eq. 2.12) 

water gas shift/CO methanation
water gas shift/CO methanation 0

Ea
k k exp

RT
− − −

− − −

− 
=  

 
 (Eq. 2.13) 

water gas shift

4400
K exp 4.036

T− −

 = − 
 

    (Eq. 2.14) 

CO methanation

26830
K exp 30.114

T−

 = − + 
 

  (Eq. 2.15) 

H O
CO CO H H CH CH H O

H

2
2 2 4 4 2

2

p
1 K p K p K p K

p
= + + + +   (Eq. 2.16) 
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Table 2.3 Summary of kinetic modeling parameter of glycerol steam reforming 
reaction from previous studied 

Study Parameter Value Unit 

Adhikari, S. et al. [33] 

• Ni/CeO2 

• 873-923 K 

k0 
Ea 

8135.5 
103.4 

kmol0.767/s0.767kgcat 
kJ/mol 

Cheng, C.K. et al. [34] 
Power law model 

• Co-Ni/Al2O3 

• 773-823 K 

k0 
Ea 

0.036 
63.30 

mol·m-2·s-1·kPa-0.611 

kJ/mol 

Cheng, C.K. et al. [34] 
LH model 

• Co-Ni/Al2O3 

• 773-823 K 

k0 
KC3H8O3 

KH2O 

5.570×10-7 
0.2830 
0.0369 

mol·m-2·s-1·kPa-2 

kPa-1 
kPa-1 

Nor Shahirah, M.N., et al. [35] 

• Ni/Al2O3 

• 823-1073 K 

k0 
Ea 

3.483×10-3 
35.80 

molkPa-1.2m-2s-1 
kJ/mol 

Abbas, S.Z. et al. [26] 

• Ni/Al2O3 

• 573-973 K 

k0, water-gas-shift 
k0, CO-methanation 

Eawater-gas-shift 

EaCO-methanation 

5.84×10-1 

1.258×1012 
89.23 
257.01 

molkPa-1m-2s-1 
molkPa0.5m-2s-1 
kJ/mol 
kJ/mol 

2.6 Computational fluid dynamics modeling 
The computational fluid dynamics (CFD) is a tool that used to describe a 

transport phenomenon and apply to a wide range of research and engineering 

problems. The CFD uses numerical analysis and data structures to analyze and solve 

problems that involve fluid flows. The CFD uses in many fields of study such as 

aerodynamics analysis, weather simulation, natural science and environmental 

engineering, industrial design and analysis, biological engineering and fluid flows, and 

engine and combustion analysis [36]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 19 

The CFD modeling commonly uses to describe the mass transfer, momentum 

transfer, energy transfer, and chemical or physical phenomena inside the reactor. In 

order to obtain an approximate solution in CFD modeling, discretization of the partial 

differential equations to a system of algebraic equations has been done using finite 

element analysis. The method breaks the domain into many small elements and uses 

a solver for the approximate solution of each element. 

COMSOL Multiphysics is one of the examples of CFD modeling software for 

modeling and solving all kinds of scientific and engineering problems based on partial 

differential equations (PDEs). COMSOL Multiphysics is an interactive software with 

Graphical User Interface (GUI) and finite element method to solve the problems. The 

software is a simulation platform that encompasses all of the steps in the modeling 

workflow by defining geometries, appropriate boundary conditions, material properties, 

and other quantities to describe phenomena and solving or predicting the system [37]. 

The CFD analysis framework composes of three main elements: pre-processor, 

solver, and post-processor as shown in Figure 2.11. The pre-processor is an input of 

the system by composing geometry creation, mesh generation, specification of physical 

and chemical properties, and definition of the boundary conditions. The solver is a 

step for applied the boundary condition and transport equations to solve the 

problems. The post-processor is a step for reported the results from the solver. 

Moreover, the results from the solver were validated with the experimental data for 

confirmation of the CFD simulation results. 
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Figure 2.11 CFD analysis framework 

2.6.1 Governing equations 
The mathematical models for computational fluid dynamics study include fluid 

flow, chemical reaction, mass, and heat transfer to describe phenomena in both fluid 

and catalyst phases. The fundamental governing equations are the conservation of 

mass, momentum, energy, and chemical species. 

Conservation of mass: 

The conservation of mass is usually expressed using the continuity equation, 

given in differential form as following: 

( )f
fu 0

t


+  =


   (Eq. 2.17) 
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This equation validly uses for both compressible and incompressible flows. If 

the system operates under a steady state condition, the term of ρf/t will neglect. 

Conservation of momentum: 

The conservation of momentum is implied by Newton’s laws of motion, given 

in differential form as following: 

( )
( )f

f stress

u
uu P F 0

t

 
+  + −  + =


  (Eq. 2.18) 

The example of an external force (F) is the gravitational body force in the flow 

direction. 

A general form of Newton’s law of viscosity uses as the equation to calculate 

the shear stress (τstress), as following the equation below: 

( )( ) ( )
T

stress

2
u u K u

3
  = −  +  + −   
 

 (Eq. 2.19) 

Conservation of energy: 

 The conservation equation for energy given in differential form as following: 

( ) ( )f p ,f f
stress sv

p

C DT ln DP
q : u Q

Dt lnT Dt

   
= −  −   − + 

 
 (Eq. 2.20) 

Conservation of chemical species: 

 The conservation equation for chemical species given in differential form as 

following: 

( ) ( )i
i i i

C
C u J R

t


+ +  =


   (Eq. 2.21) 
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 The molar diffusion flux (Ji) of species i calculates using a Fick’s law, given in 

differential form as following: 

= m
i i iJ D C     (Eq. 2.22) 

The diffusion coefficient (Di
m) is calculated by using the mixture of average 

diffusion model (Eq. 2.24) and the binary diffusion coefficient (Dik) that determined 

from Fuller equation (Eq. 2.23). 

The binary diffusion coefficient (Dik) from Fuller correlation is following below 

equation: 

( ) ( )

1
2

3 1.75

i k
2ik 11

33
i k

1 1
10 T

Mw Mw
D

P v v

−  
+ 

 
=

 + 
 

   (Eq. 2.23) 

where sum of the diffusion volume of component i or k (∑vi or ∑vk) can 

calculate using the sum of atomic diffusion volume as shown in Table 2.4.  

Later, the Stefan-Maxwell diffusion equations provided an approximate 

solution to convert the binary diffusion coefficient (Dik) to the diffusion coefficient (Di
m) 

of each species in a mixture as following: 

m i
i

i

k i ik

1 y
D y

D

−
=


    (Eq. 2.24) 

According to the fluid flow in packed bed reactor, an effective diffusion 

coefficient (Deff,i) is one of the important parameter to describe the average diffusion 

taking place in the catalyst phase as following: 

m
p i KA ,i

eff ,i m
i KA ,i

D D
D

D D

 
=  
 + 

   (Eq. 2.25) 
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The Knudsen diffusivity (DKA,i) was calculated by using below equation: 

KA ,i por
i

T
D 4850d

Mw
=    (Eq. 2.26) 

Table 2.4 The values of atomic and simple molecular diffusion volumes[38] 

Atomic and structural diffusion volume increments 

C 16.5 (Cl) 19.5 
H 1.98 (S) 17.0 
O 5.48 

Aromatic or heterocyclic rings -20.2 
(N)a 5.69 

Diffusion volumes of simple molecules 
H2 7.07 CO2 26.9 
D2 6.70 N2O 35.9 
He 2.88 NH3 14.9 
N2 17.9 H2O 12.7 
O2 16.6 (CCl2F2) 114.8 
Air 20.1 (SF6) 69.7 
Ne 5.59 (Cl2) 37.7 
Ar 16.1 (Br2) 67.2 
Kr 22.8 (SO2) 41.1 

(Xe) 37.9   
CO 18.9   

aParentheses indicate that the value is based on only a few data points. 
Source: E. N. Fuller, F. D. Schettler, and J. C. Giddings, Ind. Eng. Chem., 58(5), 19 (1966). 

2.6.2 Algorithm for finding the solution 
A mathematical model of COMSOL Multiphysics software defines based on the 

finite element method. The finite element method is an engineering tool to 

understand, predict, and optimize the design or operation of a device or process. This 

method divides the problem domain into several elements, as shown in Figure 2.12. 

Then the partial differential equations (PDEs) of each physical law and an algorithm 

were applied to find the solution of each element [39]. 
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Figure 2.12 Hemispherical domain discretized into elements of simple geometry  [39] 

A common algorithm for finding the solution of simulation software is Newton’s 

method. Newton’s method, also known as the Newton-Raphson method, is an 

algorithm for finding roots of the equation. This algorithm starts with an initial guess 

which is reasonably close to the true root, then approximates the function by its 

tangent line using calculus [40]. As shown in Figure 2.13, let f(x) be a well-behaved 

function and let xs be a root of the equation f(x)=0. In the beginning, starting with an 

estimate x0 as the initial guess and drawing the tangent line at x= x0. The new estimate 

xNR is obtained by sliding from the point of (x0, f(x0)) to the x-intercept of the tangent 

line. After that repeating this step until the xNR is closed to the real root of the equation 

(xs) [41]. The equation for finding xNR estimate is following in Eq. 2.27. 

0
NR 0

0

f (x )
x x

f (x )
= −


    (Eq. 2.27) 

 

Figure 2.13 The algorithm of Newton’s method  [41] 
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2.7 Literature review of previous model results  
In order to study the effect of the different structures of catalyst in the packed 

bed reactor, the simulation studies have been applied to create the model for 

describing the phenomenon inside the reactor. The literature of previous model results 

is separated into two parts of the conventional pellet catalyst and the novel foam 

catalyst. 

2.7.1 Conventional pellet catalyst 
Joel M.Silva et al. (2016) [9] revealed the investigation of a phenomenological 

model for finding the suitable operating condition in the packed bed reactor of the 

GSR process. The parametric analysis considered the difference of temperature: 748-

848 K, water to glycerol feed ratios: 3-12, and pressure: 1-5 atm. The simulation study 

used MATLAB software for solving the result of different operating conditions. The 

catalyst in the reactor was assumed as a powder spherical catalyst with a catalyst 

particle diameter of 1.40×10-4 m and neglected any transportation within the catalyst. 

Moreover, this study used the power-law kinetic model of glycerol decomposition 

reaction to present the reaction mechanism in the modeling. The study result 

presented the maximum amount of 4.93 mol of H2 per mol of glycerol fed. This value 

was observed at a temperature of 848 K, WGFR of 9, and pressure of 2 atm, as shown 

in Figure 2.14. 

 

Figure 2.14 Effect of pressure on the amount of hydrogen produced per glycerol fed 
to the reactor at different temperature and WGFR of 9  [9] 
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Diego Rua and Liliana Hernandez (2016) [42] revealed the phenomenological 

evaluation of industrial reformers for the GSR process by studying the effect of catalyst 

particle size and shape under an adiabatic condition in a 1D heterogeneous model. 

The operation was set the mass fraction of glycerol in feed at 0.35, temperature and 

pressure of feed at 500๐C and 10 bar and the mass flow of feed at 3.2 (kg/m2•s) for all 

case. The reactor behavior was evaluated for spheres and raschig rings with particle 

diameters of 8.5 mm, 17 mm, and 25.5 mm in a reactor length of 10 m. The kinetic 

model in this study used only the power-law type of the glycerol decomposition 

reaction to represent the GSR behavior. The results of this study showed the effect of 

catalyst structure on the glycerol conversion and pressure change, as shown in Figure 

2.15 a.). For both catalyst shapes, the larger particle (25.5 mm) required a longer reactor 

for reaching 100% glycerol conversion, as compared with the reactor filled with the 

smallest particle (8.5mm). The small particle can reach the complete conversion by 

using the short reactor length but its dense particles reducts the void fraction and 

increas the pressure drop in the packed bed reactor, as shown in Figure 2.15 b.). 

 

Figure 2.15 Comparative results between different catalyst size and shape  [42] 

John Eamon Kent (2013) [43] revealed the simulation of the GSR process in an 

industrial-sized packed bed reactor to understand its transport limitations. This study 

considered the effect of internal diffusion limitations and effectiveness factors in the 

reactor by comparing different spherical catalyst diameters (1-1/64 inches). From the 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 27 

study results, the limiting step of the GSR process was an internal diffusion limitation 

because most of the glycerol consumed only on the edge of the catalyst particle, as 

shown in Figure 2.16. The diffusion-limited can improve by using the smaller catalyst 

particles, but the small particles will increase the pressure drop in the reactor. 

 

Figure 2.16 1-inch diameter catalyst cross-section of glycerol mass fraction  [43] 

From previous studies of conventional catalysts, the GSR process is performed 

as the diffusion-limited behavior while the external surface area of the catalyst is 

performed as a reaction area. The limitation of the catalyst size became a serious 

problem because the large catalyst size provided the large transport resistances while 

the small catalyst size provided the large pressure drop that affected the pump 

working. 

2.7.2 Foam catalyst 
Gregor D et al. (2019) [17] revealed the modeling packed bed reactor from 

open-cell metal foams as a catalyst structure. A pseudo-homogeneous model is 

applied to describe pressure drop and heat transfer inside the foam pellets. The open-

cell solid foams are characterized by a high porosity that increased the surface area of 

catalyst in the reaction, as shown in Figure 2.17. 
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Figure 2.17 Characteristics of open cell solid foam 

(A) Metal foams of different size and shape.  

(B) Detail with cell size definition (here, nominal cell size is 3 mm)  [44] 

From the study results, the open-cell foam catalyst showed excellent radial 

heat transfer characteristics. Moreover, this study has been compared the result of 

pressure drop between two different catalyst structures because this parameter 

affected to the operating cost in the reactor. For the bed of solid pellets, the pressure 

drop was 1141 Pa, where the pressure drop of a porous cube (open-cell foams) was 

only 560 Pa. From the result, the porous foam catalysts improved the performance of 

heat transfer, pressure drop, and mixing behavior in the packed bed reactor. 

V. Palma et al. (2018) [45] revealed the study of structured catalysts in the 

water gas shift reaction by using CFD modeling to investigate two different catalytic 

configurations between the powder catalysts and the novel foam catalysts. The 

different types of material properties were simulated and shown in Table 2.5. 

Table 2.5 Material properties of powder catalyst and foam catalyst  [45] 

Material property Powder catalysts Foam catalysts 

Thermal conductivity 1.4 Wm-1K-1 218 Wm-1K-1 

Porosity 0.4 0.93 
Permeability 10-5 m2 10-6 m2 
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A model of the adiabatic reactor was set for both powder catalysts and foam 

catalysts. It demonstrated that the use of highly conductive carriers reduced the 

temperature difference in the reactor. The use of a highly active catalytic formulation 

coupled with the conductive carrier provided the possibility to realize a strong 

intensification of the water gas shift process. Moreover, the studies of CO molar fraction 

in both catalyst structures have been investigated to show the CO mass balance along 

the reactor length, as shown in Figure 2.18. The CO molar concentration showed in 

the range of 6.22×10-4 to 0.08 mol/m3 and 9.97× 10-7 to 1.43× 10-4 mol/m3 for powder 

catalyst and foam catalyst, respectively. The result showed the effect of the high 

porosity of the foam catalyst that facilitated the mass transfer and increased the 

reaction within the reactor. 

 

Figure 2.18 2D simulation of the CO molar concentration (mol m-3) 
a.) powder catalyst, and b.) foam catalyst  [45] 

G. Anna et al. (2019) [44] revealed the comparison between solid foam, a 

packed bed of 3 mm grains, and 100 cpsi monolith to study the modeling results of 

the selective catalytic reduction of nitrogen oxides (SCR deNOx) process. The 

a.) b.) 
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characteristic parameters of different catalyst are shown in Table 2.6. Moreover, the 

reaction conversion of this study was calculated based on temperature and superficial 

velocity constant. 

Table 2.6 The characteristic parameters of the different catalyst  [44] 

 NC 0610 foam NC 2733 foam monolith grain 

Sv (m2/m3) 1298 3616 1339 1240 
dh (m) 2.73×10-3 9.61×10-3 2.15×10-3 1.23×10-3 

The study results showed in Figure 2.19. NC 2733 foam performed the higher 

reaction conversion and used a shorter reactor length to achieve 100% conversion. On 

the other hand, another catalyst (NC 0610 foam, monolith, and packed bed grain) 

achieved 100% conversion at the longer reactor length. This result was caused by a 

specific surface area of the NC 2733 foam much larger than the other catalyst about 

three times. The large specific surface area significantly increased the reaction rate in 

the reactor. 

 

Figure 2.19 Conversion profile along the reactor length of different catalyst for SCR 
deNOx process in T=723K and u=2m/s  [44] 

The previous studies performed the advantage of foam catalysts over the 

classic packed bed particles in a part of the momentum, heat, and mass transfer under 

the same condition of various reactions. Most studies only compared between the 
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foam catalyst and the small catalyst size in the laboratory reactor scale instead of the 

industrial scale with real catalyst size. 

The previous simulation studies of the GSR process used the power-law type 

of the overall reaction or only glycerol decomposition reaction to study the reaction 

phenomena inside the reactor. Moreover, in part of the catalyst structures, the 

previous studies commonly used the pellet or powder catalyst in the packed bed 

reactor and did not study other novel catalyst structures. From all the problems 

mentioned above, the comparison of the novel foam catalyst and the conventional 

pellet catalyst of the GSR process in the industrial scale with the separating kinetic 

model of the glycerol decomposition, water gas shift, and CO-methanation reaction 

became an interesting subject to investigate in this research.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 SIMULATION AND DESIGN 
 This chapter explains the method for simulation and design of the packed bed 

reactor with different catalyst structures (conventional pellet catalyst and novel foam 

catalyst) for hydrogen production of glycerol steam reforming (GSR) process. The 

solving of numerical solution achieved by COMSOL Multiphysics version 5.3a with finite 

element method. The method represented all of the momentum, heat, and mass 

transfer phenomena inside the packed bed reactor. 

3.1 Model description 

Generally, the packed bed reactor is a cylindrical shape, as presented with a 

3D geometry in Figure 3.1 a). Because of the very complex calculation of the 3D 

geometry, an assumption of uniformly distributed catalysts has been applied in the 

geometry to provide symmetric cylindrical characteristics. As a result, a 3D geometric 

cylindrical coordinate (r, , z) is reduced to be a 2D geometric cylindrical coordinate 

a.) 

r=0 

b.) 

Figure 3.1 The schematic of the packed bed reactor 

a.) 3D geometry, b.) 2D geometry 
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(r, z) by neglecting any change in an angular direction, as shown in Figure 3.1 b.). In the 

study, an industrial-scale reactor with 2D-symmetric cylindrical coordinates is used to 

simulate the GSR process with length and diameter of 15 m and 0.15 m, respectively. 

In the reactor, a mixture of glycerol and steam flows through the Ni/Al2O3 catalysts 

and the reaction will take place around the catalyst domains. According to the 

significant effect of the catalyst domains on the reactor design, the different structures 

of catalyst domains are one of the interesting parameters to improve the reaction 

performance. From the above reason, the study is divided the catalyst structure into 

two cases consisting of the conventional pellet catalysts and the novel foam catalyst 

to study and compare the reactor performances of the GSR process. 

In the simulation, the operating parameters are expressed in Table. 3.1 where 

the reactor with the conventional pellet catalyst and the novel foam catalyst are 

simulated under the same operating condition in order to compare the effect of the 

catalyst structure on the glycerol conversion, temperature distribution, pressure 

distribution, hydrogen yield, and components distribution of the GSR process along the 

reactor length. 

Table 3.1 The operating parameters for packed bed reactor 
Parameter Value 

Inlet pressure (Pa) 2.02×105 

Inlet temperature (K) 823 

Steam to glycerol feed ratio (mole basis) 9:1 

Linear inlet velocity (m/s) 5 

3.2 Model assumptions and equations 

 3.2.1 Model assumptions 
The fluid dynamic simulation was performed on the system with the different 

catalyst structures, in order to study the macroscopic flow regime, heat transfer, and 
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reaction inside the reactor. The phenomenological model of the work followed with 

the below assumption: 

• A pseudo-homogeneous model is used in the study to describe momentum, 

heat, mass, and chemical reaction in the packed bed reactor. 

• The catalyst domains are assumed to be homogeneous, in which the catalysts 

uniformly distribute along the reactor length with constant open porosity. 

• The model is performed for the 2D-symmetric cylindrical coordinates (r, z) by 

neglecting angular direction. As show in Figure 3.1, the packed bed reactor is 

presented as symmetric rectangular geometry.  

• The model is calculated under the steady state condition by neglecting any 

parameter change with time. 

• The mixture reactants were fed at high temperature (823K) and low pressure 

(2.02×105 Pa). Under these conditions, the mixture reactants are presented an 

ideal gas behavior. 

• Thermo-physical properties such as diffusivity, conductivity, and heat capacity 

of the mixture reactants are assumed constant because the mixture reactants 

were fed to the reactor in dilute form (WGFR is 9:1 base on mole basis). 

• The model was performed in the industrial scale with high flowrate and 

dominated by convection transport, then an axial dispersion was neglected. 

• The model is simulated under the non-isothermal constant-wall temperature 

conditions (wall and inlet of the reactor maintain at 823K). 

3.2.2 Governing equations 
From the general form of the governing equations in Chapter 2, the 2D-

symmetric cylindrical coordinates and model assumptions have been applied to the 

governing equations (Eq. 2.17-2.21). The equations of mass, energy, and momentum 

balance of the simulation were presented in (Eq. 3.1–3.3). 
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• The mass balance 
n

i i
i v ij j

j 1

C J 1
u J S R

z r r =

 
= − − + 

 
  (Eq. 3.1) 

• The energy balance 

=

 
 = − − + −

 

n

f P,f v j j
j 1

T q 1
C u q S ( H )R

z r r
    (Eq. 3.2) 

• The momentum balance 

In the simulation, Forchheimer equation is used to calculate the pressure 

distribution in form of a pseudo-steady state momentum balance where the 

pressure drop in the reactor is dominated by the catalyst structure inside the 

reactor. In Eq. 3.3, the Forchheimer equation shows the summation between two 

terms of laminar and turbulent regimes. The first term of the laminar flow condition 

shows the viscous effect, while the second term of the turbulent flow condition 

shows the inertial effect in the porous media. 

  
= − −



2f f

F

P
u(r) u (r)

z K C
     (Eq. 3.3) 

where the permeability (K) and Forchheimer-coefficient (CF) of the spherical 

pellet catalyst and foam catalyst can be calculated using (Eq. 3.4 – 3.5) and (Eq. 3.6 

– 3.7), respectively. 

The spherical pellet catalyst [46]: 


=

− 

3 2
o P

2
0

d
K

150(1 )
 (Eq. 3.4)  


=

− 

3
o p

F
o

d
C

1.75(1 )
 (Eq. 3.5) 

In spherical pellet catalyst, the characteristic length of the conventional pellet 

catalyst is a spherical particle diameter (dp). 
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The foam catalyst [47]: 

2
o h

2

d
K

32


=


  (Eq. 3.6)  

2
o h

F 3

d
C

2


=


  (Eq. 3.7) 

In foam catalyst, the characteristic length of the novel foam catalyst is a 

hydraulic diameter (dh) by respecting the foam structure with the spherical pellet 

catalyst. 

• Catalyst geometrical characterization 

In the simulation, both catalyst structures used different correlations to 

represent their characteristics, where the correlations are expressed in Table 3.2.  

Table 3.2 The correlations of the catalyst structures  [47] 

Parameter Pellet catalysts 
Foam catalyst 

10PPI 20PPI 30PPI 

geometry 
 

(spherical shape) 
 

(foam structure cut to be a cylindrical 
shape) 

εo bed
o

cat

1
 

 = − 
 

 

Characteri- 
stic length 

measured (dp) 
o

h
v

4
d

S


=  

dpor measured 

Sv ( )v ,pellet o
p

6
S 1

d
= −   ( )v ,foam o

s

3
S 1

d
= −   
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Table 3.3 (continue) The correlations of the catalyst structures  [47] 

Parameter Pellet catalysts 
Foam catalyst 

10PPI 20PPI 30PPI 

ds - 

 

( )

( )

−
=

− −

por o
s

o

0.5338d 1
d

1 0.971 1
 

 measured por

h

d
1

d
 = +  

 

The different characteristics are presented in the parameters of open porosity 

(εo), characteristic length, pore diameter (dpor), and the specific (volumetric) surface 

area (Sv), as shown in Table 3.3. 

Table 3.4 The different dimension of catalyst structures  [32, 48] 

Parameters 
Pellet 

catalysts 
Foam catalyst 

10PPI 20PPI 30PPI 
dp (m) 2.54×10-2 - - - 

dpor (m) 1.40×10-8 1.52×10-3 9.40×10-4 7.50×10-4 

ds (m) - 4.51×10-4 3.11×10-4 2.75×10-4 
dh (m) - 4.02×10-3 2.35×10-3 1.79×10-3 

o 0.4 0.87 0.85 0.83 

Sv (m2/m3) 1.41×102 8.65×102 1.44×103 1.85×103 

 3.54 1.38 1.40 1.42 

• Kinetic model 

The reactions of the GSR process in this study considered three main 

equilibrium reactions (glycerol decomposition, water-gas shift, and CO-methanation), 

as shown in Eq. 2.2-2.4, and neglected coke formation reaction due to high steam and 

glycerol feed ratio [28]. 
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- Glycerol decomposition 

C3H8O3 → 3CO + 4H2  (∆Hr
0= +251 kJ/mol)       (Eq. 2.2) 

- Water-gas shift 

CO + H2O ⇌ H2 + CO2  (∆Hr
0= -41 kJ/mol)       (Eq. 2.3) 

- CO-Methanation 

CO + 3H2 ⇌ CH4 + H2O  (∆Hr
0= -206 kJ/mol)       (Eq. 2.4) 

In this study, the kinetic model of glycerol steam reforming reaction over 

Ni/Al2O3 catalyst was applied to the simulation because of the extensive studies of the 

kinetic modeling in three main equilibrium reactions of the GSR process. The kinetic 

rate of the glycerol decomposition reaction [35] is shown in Eq. 3.8, and the water-gas 

shift and CO-methanation reaction [26] are shown in Eq. 3.9 – 3.10, whereas other 

parameters is shown in Table 3.4. 

Glycerol decomposition (1st reaction): 

=1 1 C H O3 8 3
R k p      (Eq. 3.8) 

Water-gas shift (2nd reaction): 

  = −   
   

H CO2
2 CO H O 2

H 2

2 2
2

2

p pk 1
R p p

p K
  (Eq. 3.9) 

CO methanation (3rd reaction): 

  = −   
   

2
H CO3

3 CH H O2.5 2
H 3

2
4 2

2

p pk 1
R p p

p K
  (Eq. 3.10) 

The auxiliary equations of the kinetic model were presented in Eq. 3.11–3.15. 

j
j 0 , j

Ea
k k exp

RT

− 
=  

 
    (Eq. 3.11) 
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2

4400
K exp 4.036

T
 = − 
 

   (Eq. 3.12) 

3

26830
K exp 30.114

T
 = − + 
 

  (Eq. 3.13) 

H O
CO CO H H CH CH H O

H

2
2 2 4 4 2

2

p
1 K p K p K p K

p
= + + + +  (Eq. 3.14) 

i
i 0 ,i

H
K K exp

RT

− 
=  

 
   (Eq. 3.15) 

3.3 COMSOL Multiphysics 

 3.3.1 Module configuration 
In this study, the module configurations comprise: 

- Transport of diluted species in porous media module is used to describe 

mass transfers of fluid in reactor and catalysts according to the mass 

balance in Eq. 3.1, 

- Heat transfer in porous media module is used to describe heat transfers 

of fluid in reactor according to the energy balance in Eq. 3.2, 

- Chemistry module is used to describe the kinetic equations of GSR 

reactions that occurred on the catalyst surface, and 

- The Forchheimer equation is applied in Coefficient form PDEs node to 

describe the pressure change in the reactor according to the 

momentum balance in Eq. 3.3. 

All four physic modules have been applied to the COMSOL Multiphysics 

program to describe all phenomena that occurred in the reactor model. 
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Table 3.5 Kinetic parameters for the different reactions  [26, 35] 

Parameter Value 

Order of reaction β 1.2 

Activation energy 
E1 (kJmol-1) 35.80 
E2 (kJmol-1) 67.13 

E3 (kJmol-1) 240.10 

Pre-exponential factor of 
reaction j 

k0,1 (molkPa-βm-2s-1) 3.48×10-3 

k0,2 (molkPa-1m-2s-1) 5.84×10-1 
k0,3 (molkPa0.5m-2s-1) 1.26×1012 

Adsorption constant of species I 
at reference temperature of 

823K 

K0,co (kPa-1) 8.23×10-7 

K0,H2 (kPa-1) 6.12×10-11 

K0,CH4 (kPa-1) 6.65×10-6 

K0,H2O (-) 1.77×103 

Heat of adsorption of species i 

HCO (kJmol-1) -70.65 

HH2 (kJmol-1) -82.90 

HCH4 (kJmol-1) -38.28 

HH2O (kJmol-1) 88.68 

 

3.3.2 Boundary condition 
In the mathematical equations, boundary conditions are necessary constraints 

to solve the problems in the reactor model. As shown in Table 3.5, the feed 

parameters of temperature, pressure, and reactant concentration were set to the 

boundary condition. All parameters are set to be constant at the reactor inlet. At the 

reactor wall, the temperature is also set to be constant with the feed temperature to 

maintain the adiabatic condition, and the gradient of any components set to be zero. 
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Table 3.6 The boundary conditions 

Location 
Mass balance 

(eq. 3.1) 
Energy balance 

(eq. 3.2) 

Momentum 
balance 
(eq. 3.3) 

Reactor inlet 
z = 0 

Ci (0,r) = Ci
in T (0,r) = Tin P (0,r) = Pin 

u (0,r) = uin 

Reactor outlet 
z = Lre 

Ji (Lre,r) = 0 qi (Lre,r) = 0 - 

Reactor wall 
r = Rre 

Ji (0, Rre) = 0 T (0, Rre) = Twall=Tin u (z,Rre) = 0 

The global parameters and variables were added to explain the operating 

condition, fluid and catalyst properties, mass transfer correlation, and diffusion 

coefficients in the COMSOL Multiphysics program. After the module configurations and 

the boundary condition added to this program, a finite element method (FEM) will 

solve the problems. Under the FEM, the model is separated into several elements and 

set the simultaneous algebraic equations to solve with a finite number of degrees of 

freedom. 

3.3.3 Mesh geometry 
In the simulation, mesh quality has influenced to the accuracy, and speed of 

the simulation. The high quantity of mesh provides more accuracy but also takes more 

time to calculate. To avoid unnecessary mesh quantity, mesh analysis must be studied 

in the simulation. As shown in Figure 3.2, a mapped structure with a rectangular shape 

is created on the geometry. The average quality of the mapped structure equaled 1.0, 

which meant this structure suitable for geometry. The mesh analysis has been 

performed for mapped meshes of 504, 1053, 2985, 4320, 5670, 6244, 7680, 8488, 9855, 

10800, and 12600 domain elements. As shown in Figure 3.3, the simulation results of 

the glycerol conversion were almost constant after 7680 domain elements. Therefore, 

this point is used as mesh geometry for the study. 
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Figure 3.2 The mapped mesh 

 

Figure 3.3 Mesh analysis 
3.4 Methodology 

The methodology of the study is presented in Figure 3.4. First of all, the 

simulation model must be checked the validation and verification via the results from 

previous studied. Then the mesh analysis has been studied to check the accuracy of 

the model, and the comparison between different catalyst structures will simulate via 

the following three steps: 

Step 1: Validating and verifying the model study of the conventional pellet 

catalyst with the previous study of the GSR process to ensure the accuracy of the 

simulation results. 

Step 2: Creating the model study of the novel foam catalyst in the GSR process 

by dividing the foam catalyst into 3 cases of 10, 20, and 30 PPI. 

Step 3: Comparing the simulation results between both catalyst structures of 

the conventional pellet catalyst and the novel 10-30 PPI foam catalyst. 
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Wherein the simulation results are shown in Chapter 4 in terms of the glycerol 
conversion, temperature distribution, pressure distribution, hydrogen yield, and 
components distribution of the GSR process along the reactor length. 

Figure 3.4 Methodology
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CHAPTER 4 RESULTS AND DISCUSSION 
 This chapter shows the comparative simulation results between the 

conventional pellet catalyst and the novel foam catalyst of the GSR process. The 

results and discussion include 4 main parts; 1.) The model validation & verification, 2.) 

The comparison of catalyst characteristics, 3.) The comparison of process performances 

between the conventional pellet catalyst and the novel foam catalyst, and 4.) The 

optimal design. 

4.1. The model validation & verification 
The model was verified and validated to ensure the correctness of its output 

results in terms of glycerol conversion. The simulation study of Macdonald, Bryan et 

al., (2014) [48] is used as the reference results for comparison. The characteristics of 

the reactor and the operating conditions for reference results are concluded in Tables 

A1 and A2 in Appendix A. The reference results were simulated for an industrial-scale 

packed bed reactor with GSR process under adiabatic condition. 

4.1.1 Model verification 
The mass balance between the reactor inlet and outlet is calculated to verify 

the model accuracy, wherein the boundary is created around the reactor unit, as 

shown in Figure 4.1. The reactants are fed only glycerol and water at the inlet, while 

the output contained glycerol, water, hydrogen, carbon dioxide, carbon monoxide, and 

methane. The results are shown in Table 4.1 in terms of the component mass flow 

rates. The results displayed a slight difference between the values of the inlet and the 

outlet where the deviation was within 1×10-3 kg/hr. 
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Figure 4.1 Boundary for mass balance calculation 

Table 4.1 The mass flow (kg/hr) at inlet and outlet of the reactor 

Mass flow (kg/hr) Inlet Outlet 

C3H8O3 23.857 5.299 
H2O 214.708 135.149 

H2 - 61.352 

CO - 3.417 
CO2 - 28.090 

CH4 - 5.256 
Total 238.565 238.564 

Moreover, the temperature and pressure distributions along the reactor length 

are also investigated in order to assess the reactor behaviors. The temperature 

distribution along 4 m length is showed in Figure 4.2. At the first 3 m length, the 

temperature distribution dissipates from 823 to 760 K because of the endothermic 

behavior of the glycerol decomposition reaction. Then the temperature will increase 

along the reactor length because the products of hydrogen and carbon monoxide are 

reacted with the feed water and the reaction has been shifted toward the water-gas 

shift and the CO-methanation reactions that are exothermic. 
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Figure 4.2 Temperature distribution along 4 m length 

Similarly, the pressure distribution along 4 m length is shown in Figure 4.3. The 

pressure distribution gradually drops from 202 to 175 kPa because of the friction force 

from the catalyst domains inside the reactor. 

 

Figure 4.3 Pressure distribution along 4 m length 

4.1.2 Model validation 
 The result in Figure 4.4, line graph represents the results from the model 

prediction and red point represents the data from reference results [48], showed a 

good agreement between the model prediction and the reference results [48] by 
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concerning the glycerol conversion along the reactor length. The relative error in term 

of mean absolute percentage error (MAPE) between the model prediction and the 

reference result [48] is also calculated, the average error and the maximum error are 

1.71% and 2.55%, respectively. 

 

Figure 4.4 The glycerol conversion along the bed length comparing between this 
study and Macdonald, Bryan et al., (2014)  [48] 

4.2. The comparison of catalyst characteristics 
Each catalyst structure provides different characteristics in terms of geometry, 

porosity, specific surface area, and effective diffusivity. All parameters influence on the 

reactor and reaction performances. The parameters of open porosity, total catalyst 

weight, and total catalyst external surface area are shown in Table 4.2, whereas the 

values of the diffusivity are explained in Table B1 and B2 in Appendix B. 

Table 4.2 The catalyst characteristics 

 1-inch pellet 10PPI 20PPI 30PPI 
Open porosity 0.4 0.87 0.85 0.83 

Total catalyst weight (kg) 307.59 119.81 138.24 156.67 
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The open-cell structure of foam catalyst not only increases the open porosity 

but also improves the total catalyst weight and catalyst external surface area inside 

the packed bed reactor. As presented in Table 4.2, all foam sizes presented the high 

value of open porosity and total catalyst external surface area and the low value of 

total catalyst weight compared to the 1-inch pellet. The higher open porosity increased 

the passage portion of fluid inside the reactor and lowered the pressure drop along 

the reactor length. Moreover, the lower catalyst weight of foam catalyst reduced the 

weight of reactor which is easier maintenances than a heavy reactor. 

According to the diffusion-limited of the GSR reaction, the external catalyst 

surface area became a presenting parameter for the chemical reaction. In the 

comparison, all foam catalyst sizes provided the larger external surface area than the 

1-inch pellet catalyst. This result is also affected from the natural open-cell structure 

of the foam catalyst that disclosed more than 80% of the catalyst surface. 

4.3 The comparison of process performances between the conventional pellet 
catalyst and the novel foam catalyst 

The different catalyst structures are compared between the conventional 

pellet catalyst (1-inch pellet spherical shape) and the novel foam catalyst (10PPI, 

20PPI, and 30PPI) to study the GSR process performance in the packed bed reactor. 

The comparison of GSR process performances is divided into two parts of physical 

profile and chemical profile. Each catalyst structure is simulated under the same 

operating condition, as shown in Table 3.1. The physical profiles are compared in terms 

of pressure, velocity, and temperature, whereas the chemical profiles are compared 

in terms of glycerol conversion, hydrogen yield, and components distribution. 

4.3.1 Physical profile 

• Pressure drop and velocity profile 
The graphical pressure drop and pressure contour along the reactor length are 

shown in Figure 4.5 and C1 of Appendix C, respectively. The reactor packed with the 

1-inch pellet catalyst had a pressure drop of 85 kPa, while the reactor packed with the 
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10PPI, 20PPI, and 30PPI foam had a pressure drop of 4.83, 10.49, and 17.38 kPa, 

respectively. From the results, all foam catalyst sizes showed a lower pressure drop 

than the 1-inch pellet, for example, the 1-inch pellet gave five times of pressure drop 

more than the 30PPI foam catalyst case. Moreover, the 10PPI provided the lowest 

pressure drop. 

The influenced parameter is explained from the open-cell structure of the 

foam catalyst. This structure increases the open porosity inside the reactor. The large 

open porosity increases the fluid flow passage and decreases the friction force from 

the catalyst domains inside the reactor. As explained in section 4.2, each foam catalyst 

provided about two times higher open porosity than the 1-inch pellet catalyst. The 

lower open porosity of the 1-inch pellet catalyst not only obstructs the fluid flow 

inside the reactor but also increases the pressure drop that influenced to the operating 

cost of the pump working in the system. 

 

Figure 4.5 Pressure drop along the reactor length 

Moreover, the velocity profile of the mixing fluid is also presented in Figure 4.6. 

In the 1-inch pellet case, the velocity almost directly increased along the reactor length 

and gave the outlet velocity at 12.50 m/s. Meanwhile in the 10PPI, 20PPI, and 30PPI 

foam case, the velocity drastically increased at the entrance length then the velocity 

slightly changed until the reactor end and gave the outlet velocity at 7.52, 7.75, and 

8.04 m/s, respectively. 
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According to the Forchheimer equation, the velocity directly changed with the 

variation of pressure drop. But in the calculation, the velocity is transformed not only 

the pressure changes but also the variation of components inside the reactor, wherein 

the components change is presented in section 4.3.2. At the entrance length, the 

velocity change is dominated by the component variation because the reactants 

rapidly reacted and converted to more gas products. After the reactions slow down 

and the components change is almost constant, the pressure drop more influenced 

to the velocity change. Moreover, the low velocity profile of each foam case is also 

occurred from the large open porosity similarity to the explanation in the variation of 

pressure drop above. 

 

Figure 4.6 Velocity profile along the reactor length 

 Moreover, a velocity profile along the radial direction is also calculated to 

present the effect of open porosity and reactor wall. The velocity profile of each 

catalyst structure at the reactor center (7.5 m length) is shown in Fig. 4.7. At the reactor 

wall of all catalyst structures, the velocity profile is equal to zero due to the wall 

friction. Then the velocity gradually increases and constant along the cross-section 

position, wherein the maximum velocity is observed near the reactor wall because of 

the greater open porosity. At the position far from the reactor wall, the velocity profile 
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shows a uniform distribution due to the homogeneous porous medium assumption in 

the model generator. 

 

Figure 4.7 Velocity profile along the radial direction 

• Temperature profile 
The temperature contour at the first 3m length and 15m length are shown in 

Figure 4.8 and C2 of Appendix C, respectively, where the blue to red colour 

represented the low (700K) to high (820K) temperature region along the reactor length. 

In the radial direction of the reactor, all catalyst structures are performed the regions 

of the relatively highest temperature near the reactor wall and the lowest temperature 

at the center of the reactor due to the natural endothermic behavior of the GSR 

process. Moreover, near the entrance of reactor, all foam sizes had a temperature 

change more than the 1-inch pellet. Among all foam sizes, the 30PPI foam catalyst 

showed the region of minimum temperature closely to the entrance length more than 

other sizes and the 10PPI foam catalyst showed the farthest length. 
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Figure 4.8 The temperature contour of 2D-symmetric reactor at the first 3 m length 
a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 

Figure 4.9 showed the center temperature change along the reactor length of 

each catalyst structure. The reactor packed with the 1-inch pellet reached the 

minimum temperature of 755K at the early 20% of the reactor length; on the other 

hand, the temperature of all foam sizes drastically decreased from 823K to 700K in 

the early 7-10% of the reactor length. After this length, the temperature of both 

catalyst structures increased until constant at the inlet temperature of 823K. From the 

results, the magnitude of minimum temperature near the entrance length depended 

on the catalyst structures, wherein all foam sizes provided the lowest value compared 

to the 1-inch pellet. The feature of the external catalyst surface area influences to the 

reaction area and affects to the temperature change inside the reactor. The 30PPI foam 

catalyst with the greatest external catalyst surface area provided the minimum 

temperature of 696.71 K at 0.73 m length, while the 1-inch pellet catalyst with the 

lowest external catalyst surface area provided the minimum temperature of 755.65 K 

at 2.84 m length. 
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Figure 4.9 Temperature profile along the reactor length 

The temperature dropping at the entrance length occurred from the 

endothermic main reaction of the GSR process that required heat to driving the 

reaction. Moreover, the side reaction of the GSR process is also considered in the 

simulation. As explained in Chapter 2.2, the GSR process composes of the glycerol 

decomposition, water-gas shift, and CO-methanation reaction, whereas each reaction 

presents with different behaviors. At the entrance length, the glycerol decomposition 

reaction acted as a main reaction and drawn the temperature dropping due to the 

endothermic behavior. After that, the product gases are generated and reduced the 

glycerol amount. The side reactions of the water-gas shift and the CO-methanation 

reaction will take place and increasing the temperature. In order to consider the 

contrast between the 1-inch pellet and the 30PPI foam, the 30PPI foam case provided 

more temperature dropping than the 1-inch pellet case because its larger surface area 

increased the reacting area and provided more product gases. Wherein the results of 

temperature change in this section corresponded to the results of glycerol conversion 

in section 4.3.2. 
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4.3.2 Chemical profile 

• Glycerol conversion 
The glycerol conversion is shown in Figure 4.10. At the entrance reactor, the 

glycerol conversion of both catalyst structures rapidly raised, then the glycerol 

conversion slowly increased after almost reaching 99% conversion. In order to compare 

the reactor length at 99% glycerol conversion of each catalyst structure, the reactor 

packed with the 1-inch pellet catalyst gave 99% conversion at 15 m of the reactor 

length, while the 10PPI, 20PPI, and 30PPI foam catalyst achieved at only 9.78, 4.93, 

and 3.71 m of the reactor length, respectively. 

 

Figure 4.10 Glycerol conversion along the reactor length 

The different results depended on their catalyst characteristic structures of the 

external surface area and the open porosity. As explained in section 4.2, the 30PPI 

foam catalyst gave 13 times higher of the external surface area than the 1-inch pellet 

catalyst. The larger external surface area and open porosity increases the prospective 

interaction between the reactants and the catalyst and provides more reaction spaces. 

Moreover, the higher porosity of the 30PPI foam also allows the convenient accessing 

of the reactants in the void area of the reactor. 
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In order to consider a reaction half-life of both catalyst structures, the 10PPI, 

20PPI, and 30PPI foam catalyst gave only 0.4, 0.52, and 1.1 m of the reactor length, 

respectively, while the 1-inch pellet gave 2.3 m of the reactor length to decrease the 

glycerol concentration by half compared to the initial concentration, as shown in Figure 

4.11. These results are also affected from the open-cell structure of the foam catalyst. 

 

Figure 4.11 Glycerol concentration along the reactor length 

• Hydrogen yield 
The hydrogen yield of both catalyst structures is presented in Figure 4.12. The 

reactor packed with the 1-inch pellet catalyst gave the highest hydrogen yield of 56% 

at 15 m reactor length, while the reactor packed with the foam catalyst offered highest 

hydrogen yield of 60%. Although all foam sizes presented the same value of highest 

hydrogen yields, shooting points to achieve this highest hydrogen yield are differently. 

The shooting point of the 10PPI, 20PPI, and 30PPI foam are 5.56, 3.02, and 2.33m, 

respectively. After reaching the highest value, the hydrogen yield of all foam sizes 

slightly decreased and constant at 56% hydrogen yield, wherein the decreasing of 

hydrogen yield occurred from the shifting between the side reactions of the GSR 

process. 
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The results of hydrogen yield are corresponded to the results of glycerol 

conversion as explained above. But the results in the foam catalyst case presented a 

different behavior with the shooting point of maximum hydrogen yield. At this point, 

the glycerol conversion nearly completed, and the main reaction had been shifted 

from the glycerol decomposition reaction to other side reactions. The side reaction 

will change hydrogen to be the reactant and producing other undesired products of 

carbon monoxide, carbon dioxide, and methane. 

 

Figure 4.12 Hydrogen yield along the reactor length 

• Components distribution 
From the simulation, the concentration contour of each component is created 

and shown in Figure C3-C8 of Appendix C. But in chemical processing, the component 

flow rate must be presented to compare the quantity of components. The mole flow 

rates of all components in the GSR process are shown in Figure 4.13. The components 

of reactants (i.e., glycerol, and water) decreased along the reactor length, while the 

components of products (i.e., hydrogen, carbon dioxide, carbon monoxide, and 

methane) increased along the reactor length. At the entrance length, the reaction 

rapidly reacted to produce the product components from the reactants then the 

reaction gradually stabilized because the limiting reactant (glycerol) run out. At the 

outlet 15 m length, the reaction reached an equilibrium, and all catalyst structures 
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provided the same component mole flow rate but had a little deviation for water and 

methane. 

At the shooting point of the foam catalyst, the productivity of all products 

(include desired and undesired products) is larger than the 1-inch pellet case because 

of the open-cell structure effect. Although the open-cell structure increased the 

desired product (H2), the undesired products (CO2, CO, CH4) are also more occurred 

and affected to the purity of the desired product. 

Because each catalyst structures had similar results of the component 

distribution at the outlet 15 m reactor length, the purity of components at the 

maximum hydrogen yield was considered instead. As shown in Table 4.3, the 30PPI 

foam catalyst showed the shortest reactor length to achieve the maximum hydrogen 

yield and the 1-inch pellet catalyst used the longest reactor length. In comparison, all 

foam sizes presented similar results of the components mole fraction, but the length 

of the reactor was differently. From the results, the 10PPI foam catalyst used the 

longest length and the 30PPI foam catalyst used the shortest length. The results of 

the different values obtained from the different reaction areas of each foam size as 

explained in the section above. Moreover, among all catalyst structures, the hydrogen 

product that produced from the 10PPI foam catalyst was purer than other foam sizes 

because it’s produced less undesired byproducts, while the 1-inch pellet catalyst 

produced more impurity components with the longest reactor length. 
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Figure 4.13 Mole flow rate of all components along the reactor length 

a.) C3H8O3, b.) H2O, c.) H2, d.) CO, e.) CO2, and f.) CH4 
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Table 4.3 Mole fraction of components at the maximum hydrogen yield 

Mole fraction 1-inch pellet 10PPI foam 20PPI foam 30PPI foam 
L 15 5.563 3.017 2.332 

C3H8O3 0 0.005 0.005 0.004 

H2O 0.527 0.515 0.514 0.513 
H2 0.267 0.290 0.290 0.290 

CO 0.018 0.018 0.017 0.017 
CO2 0.139 0.136 0.138 0.139 

CH4 0.048 0.035 0.035 0.036 

Total 0.999 0.999 0.999 0.999 
 
4.4 Optimal design 

After the results of the physical and chemical profile of each catalyst structure 

have been discussed in the section above, the summary of optimal catalyst structure 

inside the packed bed reactor must be specified to select the suitable catalyst 

structure of the GSR process. As presented in Table 4.4, the summarized table is shown 

the important parameters that performed the activity of catalyst with different size or 

construction on the reactor, for example, the open porosity (ε0), the reactor length 

(L), a space-time yield (STY), the pressure drop (P), and the maximum temperature 

difference (Tmax). From the table, the 1-inch pellet case gave the maximum hydrogen 

yield at 55.61%, while all foam sizes gave about 60.5% and using less reactor length. 

The effect of short reactor length provided the lower pressure drop that corresponding 

to a decreasing of the operating cost in the reactor. Moreover, one of the parameters 

to measure the activity of catalyst on the reactor with a different size or construction 

is the space-time yield (STY). The space-time yield is a parameter that exhibited the 

ratio between the quantity of desired product per unit weight of catalyst per unit time. 

In Table 4.3, the 1-inch pellet showed the STY at 11.80 molH2/kgcat·hr, while the 10PPI, 

20PPI, and 30PPI foam are showed at 89.45, 142.81, and 163.33 molH2/kgcat·hr. The 

higher space time yield of all foam sizes performed the excellent catalyst activity more 
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than the 1-inch pellet catalyst because the open-cell structure of foam catalyst 

increased the amount of desired product (H2) by using the lower catalyst weight. 

Table 4.4 Summarized table of each catalyst structures at maximum hydrogen yield 

Catalyst structure ε0 L YH2
max STY P Tmax 

1-inch pellet catalyst 0.404 15 55.61 11.80 84.69 67.35 

10PPI foam catalyst 0.87 5.56 60.44 89.45 2.04 118.37 

20PPI foam catalyst 0.85 3.02 60.49 142.81 2.47 123.31 

30PPI foam catalyst 0.83 2.33 60.51 163.33 3.34 126.29 

From the above results, all foam sizes exhibited good results in both of physical 

and chemical profiles of the packed bed reactor in the GSR process. The foam catalyst 

performed the high value of space-time yield and hydrogen yield while using the lower 

catalyst weight, reactor length, and pressure drop. The use of foam catalyst instead of 

the pellet catalyst is one of the good choices to improve reactor performance. 

Moreover, the 10PPI, 20PPI, and 30PPI foam catalysts are also investigated to 

evaluate the potential of foam sizes on the reactor performance by regarding the ratio 

between the hydrogen yield (desired product amount) and the pressure drop 

(operating cost), as shown in Figure 4.14. According to the summary results in Table 

4.4, the 30PPI foam showed the maximum hydrogen yield at the shortest reactor 

length at 2.33 m. At this length, the results of each foam sizes are normalized with the 

corresponding results of the 30PPI catalyst for representing the relative results. 

As shown in Figure 4.14 a.) and b.), the 10PPI foam presented the lowest value 

of normalized pressure drop and hydrogen yield, while the 30PPI foam presented the 

highest value comparing at the same reactor length. Furthermore, the ratio of 

normalized hydrogen yield to pressure drop was considered to assess the overall 

performance between the product and operation. In Figure 4.14 c.), the 10PPI foam 

had about three and two times more ratio than the 30PPI and 20PPI foam, respectively. 
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From the results, the 10PPI foam catalyst exhibited a better representation among all 

catalyst structures because this size reduced about 80% of the operating cost from 

the pressure drop by decreasing only 15% of product amount when compared with 

the 30PPI foam catalyst. 

 

 

 

Figure 4.14 Normalized comparison of the foam sizes at 2.33 reactor length 
a.) normalized pressure drop, b.) normalized hydrogen yield, and  

c.) normalized hydrogen yield per unit pressure drop 
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CHAPTER 5 CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 
To study the hydrogen production performances of the GSR process in the 

industrial-scale packed bed reactor. The different catalyst structures of the 

conventional pellet catalyst (1-inch spherical shape) and the novel foam catalyst (10-

30PPI) were simulated via CFD simulation to compare their process performances. 

From CFD results, all-foam catalyst cases offered the better results of pressure 

drop, glycerol conversion, and hydrogen yield than the conventional 1-inch pellet 

catalyst case. In the pressure drop section, the open-cell structure with the high open 

porosity of foam catalyst reduced more than five times of the pressure drop by 

compared with the 1-inch pellet catalyst. The lower pressure drop of the foam catalyst 

reduced the operating cost of the pump working in the reactor. Moreover, the open-

cell structure of the foam catalyst also increased the external catalyst surface that 

multiplied up the prospective interaction between the reactants and the catalysts and 

provided more reaction spaces. According to the large external catalyst surface area 

of the foam catalyst, the maximum values of glycerol conversion and hydrogen yield 

can achieve at a shorter reactor length than the 1-inch pellet catalyst case. Moreover, 

the maximum temperature difference of the foam catalyst exhibited two times higher 

than the conventional 1-inch pellet catalyst. The greater temperature dropping 

indicated the high catalytic activity of the novel foam catalyst. 

Furthermore, among 10PPI, 20PPI, and 30PPI foam catalysts, the 10PPI foam 

catalyst provided the better results more than other foam sizes. The 10PPI foam 

catalyst showed a lower normalized pressure drop and hydrogen yield about 80% and 

15% than the 30PPI foam catalyst, respectively. This result showed the important 

action of the open porosity on the process performance. The 10PPI foam catalyst with 

highest open porosity provided similar product amount while using the lowest pressure 

drop. 
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From the study, the simulation results of the different catalyst structures in the 

GSR process confirmed better results of using the novel foam catalyst instead of the 

conventional pellet catalyst because the open-cell structure of the foam catalyst can 

eliminate the diffusion-limited behavior and the large pressure drop that is observed 

in the conventional pellet catalyst. Moreover, the reactor packed with the novel foam 

catalyst can produce more hydrogen by using a shorter reactor length than the 

conventional pellet catalyst. For all these reasons, the use of the novel foam catalyst 

structure can improve the hydrogen production of the GSR process and be favored in 

the packed bed reactor. 

5.2 Recommendations 
 1. Including the reaction of the coke formation in the kinetic rate, because it 

was neglected in the study. 

2. Developing the pseudo-homogeneous model to heterogeneous model, 

because the pseudo-homogeneous model has limited accuracy and did not present 

the appearance in catalyst scale. 

3. Further study other operating condition of the GSR process in various foam 

sizes to study the effect of operating condition on the foam catalyst. 

4. Varying the reactor size of each catalyst to study the variation of momentum, 

heat, and mass transfer inside the packed bed reactor. 
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ABBREVIATIONS 
Symbol Description Unit 
CF Forchheimer-coefficient m 
CP,f Fluid (mixture) specific heat capacity J/kg·K 
Ci Molar concentration of species i mol/m3 

dp Spherical pellet catalyst diameter m 
dpor Particle pore diameter m 
dh  Hydraulic diameter m 
ds  Strut diameter m 
Deff,i Effective diffusion coefficient m2/s 
DKA,i Knudsen diffusivity m2/s 
Dik Binary diffusion coefficient of species i and k m2/s 
Di

m Diffusion coefficient of species i in a mixture m2/s 
Eaj Activation energy of reaction j kJ/mol 
Ji Molar diffusion flux of species i mol/m2s 
krxn Reaction constant - 
kj Kinetic rate constant of reaction j depends 
k0,j Pre-exponential factor of reaction j depends 
K Permeability m2 

Ki Adsorption constant of species i depends 
K0,i Reference adsorption constant of species i depends 

Kj 
Thermodynamic equilibrium constant of 
reaction j 

- 

Lre Reactor length m 
Mwi Molecular weight of species i kg/kmol 
n Order of reaction - 
pi Partial pressure of species i Pa 
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Symbol Description Unit 
P Pressure Pa 
q Heat flux W/m2 

Qsv External heat source W/m2 
r Radian coordinate m 
R Gas constant J/mol·K 
Rre Reactor radian m 
Rj Rate of reaction j mol/m2s 

Sv  
Geometric surface area of catalyst per unit 
volume reactor 

m2/m3 

STY Space-time yield molH2/kgcat·hr 
t Time s 
T Temperature K 
u Velocity m/s 
yi Mole fraction of species i - 
YH2 Hydrogen yield % 
z Axial coordinate m 
Greek   

 divergence - 

Hj Reaction enthalpy of reaction j kJ/mol 

Hi Heat of adsorption of species i kJ/mol 

β Partial reaction order of glycerol - 

 Partial reaction order of steam - 

p Catalyst particle porosity - 

o open porosity - 

 Unit less adsorption factor - 

τstress Shear stress Pa 

 Tortuosity - 
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Symbol Description Unit 

bulk Reactor bed density kg/m3 

cat Catalyst density kg/m3 

f Fluid (mixture) density kg/m3 

ij 
Stoichiometric coefficient of species I in 
reaction j 

- 

µf Fluid (mixture) viscosity Pa·s 

 Angular coordinate  
 Tensor unit - 
∑vi Sum of the diffusion volume of component - 
Abbreviations  
CFD Computational fluid dynamic  
GSR Glycerol steam reforming  
PDEs Partial differential equations  
PPI Pore per inch  
WGFR Steam to glycerol feed ratio (mole basis)  
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APPENDIX A: Details of model validation 
Table A1 Characteristics of reactor from Macdonald, Bryan et al., (2014) [48] 

Parameters Values 

Reactor length (m) 4 
Reactor diameter (m) 0.15 

Spherical catalyst diameter (m) 0.0254 

Catalyst density (kg/m3) 1947 
Porosity of bed (-) 0.4 

Mass of catalyst (kg) 80 

Table A2 Operating conditions from Macdonald, Bryan et al., (2014) [48] 

Parameters  Values 

Temperature (K) 823 
Pressure (Pa) 2.02×105 

Steam to glycerol ratio (mole basis) 9:1 

Linear velocity (m/s) 5 

APPENDIX B: Diffusion coefficient 
 The diffusion coefficient is a parameter to describe the transport of mass in gas, 

liquid, and solid phase under the influence of a concentration gradient. In the packed 

bed reactor, the main diffusion coefficient parameter is separated into 2 phases of gas 

and solid phase. In the gas phase, the Stefan-Maxwell diffusion equation with the 

characteristics of gas species (e.g. molecular weight, diffusion volume, and mole 

fraction) is used to describe the diffusion coefficient (Di
F) of each species in a mixture, 

as shown in Eq. 2.23-2.24. In the solid phase, the relation between the molecular 

diffusion and the Knudsen diffusion with the characteristics of medium (e.g. particle 

porosity, tortuosity, and particle pore diameter) is used to describe the effective 

diffusion coefficient (Deff,i), as shown in Eq. 2.25-2.26. The values of the diffusion 
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coefficient in Table B1 and B2 were calculated based on the operating condition in 

Table 9.  

Table B1: The diffusion coefficient 

Components Molecular diffusivity (Di
F) 

C3H8O3 4.73×10-5 
H2 8.17×10-4 
CO 1.04×10-4 
H2O 1.32×10-4 
CO2 7.91×10-5 
CH4 1.28×10-4 

Table B2: The effective diffusion coefficient 

Components 
Effective diffusivity (Deff,i) 

1-inch pellet 10PPI foam 20PPI foam 30PPI foam 
C3H8O3 4.62×10-7 2.99×10-5 2.88×10-5 2.77×10-5 

H2 3.28×10-6 5.15×10-4 4.96×10-4 4.77×10-4 
CO 8.49×10-7 6.56×10-5 6.31×10-5 6.08×10-5 
H2O 1.06×10-6 8.34×10-5 8.03×10-5 7.73×10-5 
CO2 6.75×10-7 4.99×10-5 4.80×10-5 4.62×10-5 
CH4 1.12×10-6 8.06×10-5 7.76×10-5 7.47×10-5 

APPENDIX C: CFD contour along the reactor length 
According to the CFD simulation, pressure, temperature, and concentration 

contours of each catalyst structure have been created to present the variation of 
each parameter along the reactor length. The representation color is shown between 
the blue and red colour, where the blue color presented the lowest value, and the 
red color presented the highest value. each result of pressure, temperature, and 
concentration contours in Figure C1, C2, and C3-C8 are corresponded to the results 
in Figure 4.5, 4.9, and 4.13. 
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Figure C1 Pressure contour along the reactor length 
a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 

Figure C2 Temperature contour along the reactor length 
a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 
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Figure C3 C3H8O3 concentration contour along the reactor length 

a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 

Figure C4 H2O concentration contour along the reactor length 
a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 
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Figure C5 H2 concentration contour along the reactor length 

a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 

Figure C6 CO concentration contour along the reactor length 
a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 
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Figure C7 CO2 concentration contour along the reactor length 

a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 

Figure C8 CH4 concentration contour along the reactor length 
a.) 1-inch pellet, b.) 10PPI foam, c.) 20PPI foam, and d.) 30PPI foam 
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