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Abstract
[bookmark: _GoBack]This paper presents a numerical reactor model for the catalytic autothermal reforming (ATR) reaction of crude glycerol in fixed bed tubular reactor over an in-house developed metal oxide catalyst. The heterogeneous model accounts for a two-phase system of solid catalyst and bulk feed gas developed using finite element method. The reaction scheme and intrinsic kinetic rate model over an active, selective, and stable catalyst were integrated in the developed model. The model was validated using experimental data. The modelling results adequately described the detailed gas product composition and distribution, temperature profiles, and conversion propagation in axial direction of the fixed bed reactor over a wide range of reaction temperature and hourly space velocity. The crude glycerol conversion predicted with the model showing close resemblance to those obtained experimentally with an average absolute deviation of 8%. The maximum conversion and yield were 92% and 3 mol. H2/mol. crude glycerol, respectively. 
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1. Introduction
The provision of sustainable and affordable energy solutions for the world’s growing population poses a major challenge for governments as it is estimated that the world’s population will reach approximately 9 billion by the year 2050 [1]. With the growing population, energy demands will exponentially increase, with the need for clean, sustainable sources. Hydrogen utilization for energy generation as a clean source has garnered some attention in recent times and has been the focal point of various researchers around the world to produce this form of clean energy at a competitive price, while meeting consumer needs [2].
Being the most abundant element on Earth, hydrogen has been identified as a potential energy carrier because of some advantageous physical and chemical properties, most notably, its combustibility releasing a considerably high amount of energy per unit mass (-120 MJ/kg). Apart from that, it can be economically stored, transported and recycled. Hydrogen is utilized in the petrochemical industry fuel processing, as there is still a heavy dependence on fossil fuel utilization [3]. Apart from the petrochemical industry, the element is used as a building block for different industrial applications such as the manufacture of fertilizers, paints, methanol, ammonia and hydrogenated vegetable oils [4].
The underlying cause of concern for fossil fuel utilization is due to the pollutants such as carbon monoxide, particulates and nitrous oxides being released into the atmosphere after combustion, having harmful effects on the environment. Meanwhile, the outlook of hydrogen production indicates the positive global impact on the world, by challenging the fuel prices, and providing a clean transportation fuel and power source [5]. 
Glycerol, a by-product of biodiesel production, provides an alternative from methane (CH4), which is the most common feedstock used H2 production [6, 7]. The glycerol product can be purified and sold for different applications, but as an oxygenated hydrocarbon we can utilize this to create H2 gas. With increased glycerol production, after the demand of bio-fuels, a potential glut on the market gives us the opportunity to take advantage of the hydrogen production potential from glycerol [8]. 
This paper presents a model developed to simulate the conversion of CG to H2 via an ATR process developed by Abdul Ghani [9]. Abdul Ghani’s experimental work included evaluation of the catalytic performance of different compositions of a Ni catalyst over a CeZrM (M= Ca, Mg, Gd) support. With Ca, the highest CG conversion and H2 selectivity was observed. Their kinetic experiments were performed under conditions to eliminate resistance to heat and mass transfer. After initial experiments, it proves beneficial to transition to a simulation environment, where results can be reproduced at a lower cost and faster rate. A heterogeneous model was developed for this study, which can prove to be more comprehensive, although more computationally expensive than a pseudo-homogeneous model [10]. The heterogeneous model explicitly accounts for the catalyst phase and interactions between the bulk fluid and solid catalyst allowing for more conclusions to be drawn on the process being modelled. 

1. Experimentation details
1 
2 
Background 
The physical experiments for the ATR process being modelled in this work were done under the portfolio of the Advanced Green Energy Systems Research Group at the University of Regina [9]. The experimental setup is shown in Figure 1. Based on the required steam to carbon ratio, water was mixed into the batch of the synthetic crude glycerol. Simultaneously, based on the oxygen to carbon ratio, air was fed into the laboratory scale reactor, with a catalyst bed being 45 mm in length and 12.7 mm in diameter, in the ratio of approximately 21% oxygen and 79% nitrogen. After the reactants were passed through the cylindrical reactor packed with spherical catalyst pellets, where the outlet gas was passed through a condenser, removing the water, where the remaining gas was analyzed with a gas chromatograph (GC). Specifications of the setup including catalyst particle diameter, bed porosity are given in Table 1. 

[image: ]
[bookmark: _Ref505645058]Figure 1 Schematic diagram of the experimental setup [9]   

ATR Reaction 
The overall reaction for ATR of synthetic crude glycerol in this work was simplified to [9], as shown in Equation 1:
	
	
	(1)


The coefficients for a, b, c and d can be found in work done by Abdul Ghani [9], as well as the details on the development of the rate expression given as: 
	
	
	(2)


Because of the number of reactions that would be involved the synthetic crude mixture this rate expression was adopted for the sake of simplicity.
Model Development [11]
Model Assumptions
The assumptions made in the derivation of the numerical models are as follows:
1) The continuity equations being used for this model are implemented for cylindrical coordinates, neglecting angular variations, making it two-dimensional. As shown in Figure 2 , the reactor tube is represented as rectangular domain. 
2) The feed mixture entering the reactor is at an elevated temperature (greater than or equal to 773 K) and at atmospheric pressure. Under these conditions of temperature and pressure, intermolecular interactions can be neglected, and the feed mixture is assumed to behave as an ideal gas [12, 13].
3) The axial velocity is assumed to be constant and equal to the inlet velocity. 
4) Under plug flow criterion, dispersion in the radial direction is dominant over convective flux, making radial convection terms for both heat and mass negligible.

Numerical Modelling
The FBTR model was defined by a set of mass and energy balance partial differential equations (PDEs). A numerical approximation has been proven to provide an acceptable solution for the PDEs developed for the equations described in this work [10, 14]. The domain for the model is depicted in Figure 2. 
[image: ]
[bookmark: _Ref505644328][bookmark: _Ref30947442]Figure 2 Schematic of the Cross-Section of the Packed Bed Reactor [20]


Modelling Equations
The modelling equations are as follows [10, 14]:
Bulk Fluid Phase
Mass Balance:
	[bookmark: _Hlk481412666]
	
	[bookmark: Eqn1](3)


Energy Balance:
	
	
	[bookmark: Eqn2](4)


For the solid, spherical catalyst phase, the set of equations can be given as follows:
Mass Balance:
	
	
	[bookmark: Eqn3](5)


Energy Balance:
	
	
	[bookmark: Eqn4](6)


The initial and boundary conditions are applied for Equations 3-6 given the modelling domain in Figure 2 are given as:
	z =0, 0≤ r≤ R:
(Inlet)
	
	[bookmark: Eqn5](7)

	z =L, 0≤ r≤ R:
(Outlet)
	    
	[bookmark: Eqn6](8)

	
(Outlet)
	
	[bookmark: Eqn7](9)

	
(Wall)
	
	[bookmark: Eqn8](10)

	
	
	

	
(Pellet Surface)
	
	[bookmark: Eqn9](11)

	[bookmark: Eqn10]
(Pellet Center)
	
	(12)




Numerical Solutions
The equations were solved with COMSOL Multiphysics® version 5.2A. This new version of the software has a Reactive Pellet sub-module, which makes developing the heterogeneous model easier. The user can enter the physical properties for the pellet and the software platform generates an extended dimension giving a one dimensional (1-D) radial profile of the pellet, as shown in Figure 2 
The Heat Transfer in Fluids module, which is commonly used to generate profiles does not incorporate this feature and assumes that the temperature of the bulk fluid is in equilibrium with the pellet. Allain [15] modelled a 2-D heterogeneous model utilizing the General Extrusion coupling feature, generating temperature profiles for a solid pellet. Given the continuity equations are of the same form, each with a convective and conductive term, a  simpler of way of generating temperature profiles proposed in this work was to utilize the Transport of Diluted Species module for this heat transfer problem. 
Results and Discussion
Model Input Data
[bookmark: _Ref505650741]The input values for the model are given in the Table 1. There are non-experimental parameters listed in this table used in this work which have been calculated using correlations detailed in Appendix A. 
Table 1 Operating Conditions and Parameters Used for the FBTR Numerical Models
	Parameters
	Definition and units
	Values

	er
	Effective Gas Radial Conductivity, W/m-K
	  0.063[16]

	ez
	Effective Gas Axial Conductivity, W/m-K
	0.063 [16]

	es
	Catalyst Conductivity, W/m-K
	0.348 [21]

	av
	Particle surface area to volume ratio, m2/m3
	4476.2

	Cpf 
	Specific heat capacity of bulk fluid, J/kg-K
	1920

	D
	Internal reactor diameter, mm
	12.7

	R
	Internal reactor radius, mm
	6.35

	Der
	Effective Gas Radial Diffusivity, m2/s
	5.55 × 10-5

	Dez
	Effective Gas Axial Diffusivity, m2/s
	7.37 × 10-5

	dp
	Catalyst particle diameter, mm
	0.8

	EA
	Activation energy, J/mol
	93700

	FCG0
	Inlet Molar Flowrate of Crude Glycerol, mol/s
	1.3067 ×10-5

	k0
	Frequency Factor, mol C kgcat-1 min-1 atm-3.5
	2.09 × 1011

	L
	Packed bed length, mm
	45

	Mave
	Average molecular weight of Reactor Feed Mixture, g/mol
	26

	Ptot
	Total pressure, atm
	1

	T0
	Inlet temperature, K
	773-923

	Tw
	Environment temperature, K
	773-923

	Utw
	Heat transfer coefficient, W/m2 oC
	16[16]

	W/FA0
	Weight-time, g cat min/mol C
	12.71

	εb
	Catalyst bed porosity
	0.40317

	εs
	Catalyst Pellet porosity
	0.4132

	Μ
	Viscosity, Pa s
	3 ×10-5

	ρg
	Gas Density, kg/m3
	0.388



Model Validation
The experimental conversions for the sample runs obtained from earlier work [9] were compared with the predicted conversion of synthetic crude glycerol using the heterogeneous model developed in this work. The conversion in the reactor was determined by the following formula:
	
	
	(13)


The parity plot given in Figure 3 shows the conversions obtained for a temperature range of 773-923K, W/FA0 range of 12.71- 158.23 g cat min/mol C. 
[image: ]
[bookmark: _Ref491029270][bookmark: _Toc485253953][bookmark: _Toc485290014][bookmark: _Toc490844557]Figure 3 Comparison of measured and predicted crude glycerol conversion for temperature and weight-time ranges of 773 K - 923 K and W/FA0 of 12.71- 158.23 g cat min/mol C respectively.

The AAD of the heterogeneous model was 7.56%, and higher AADs were observed in the runs at lower temperature (T = 773K), probably because of side reactions of components in the synthetic crude glycerol not accounted for. The simulation data used in the parity plot is given in Table 2. The experimental conversions were obtained from the experiments performed elsewhere [9]. The mole fractions of components as given by the GC analysis were compared against the mole fractions given by the numerical model. The prediction of the mole fractions in Table 3 gave an acceptable agreement with an AAD of 10.84%. A considerably lower methane concentration (5.82%) was obtained in the model, also probably due to side reactions for components which are not present in the simplified stoichiometric equation used for the model. 


Table 2. Experimental and Prediction Conversion Results
	
	
	
	CG Conversion

	Run #
	Feed Temperature (K)
	W/FA0 (g cat min/mol C)
	Experimental (%)9
	FEM Simulation (%) 
	AAD (%)

	1
	773
	12.71
	45.25
	36.67
	18.96

	2
	773
	50.97
	50.15
	60.22
	20.08

	3
	773
	76.47
	55.34
	70.97
	28.24

	4
	773
	101.94
	56.99
	76.22
	33.74

	5
	823
	12.71
	55.65
	61.65
	10.78

	6
	823
	50.97
	68.83
	72.61
	5.49

	7
	823
	76.47
	74.09
	76.94
	3.85

	8
	823
	101.94
	79.38
	80.72
	1.69

	9
	873
	12.71
	65.03
	63.20
	2.81

	10
	873
	50.97
	79.15
	79.67
	0.66

	11
	873
	76.47
	84.77
	84.63
	0.17

	12
	873
	101.94
	88.46
	86.07
	2.70

	13
	923
	12.71
	74.85
	77.64
	3.73

	14
	923
	50.97
	84.29
	85.93
	1.95

	15
	923
	76.47
	88.82
	89.24
	0.47

	16
	923
	101.94
	90.16
	91.49
	1.48

	17
	873
	96.86
	78.93
	75.15
	4.79

	18
	873
	127.42
	76.43
	72.28
	5.43

	19
	873
	158.23
	73.45
	67.87
	7.60

	20
	873
	96.86
	92.45
	92.53
	0.09

	21
	873
	127.42
	90.54
	86.70
	4.24

	22
	873
	158.23
	86.94
	80.17
	7.79

	AAD
	
	
	
	
	7.56




Table 3. Outlet Concentration Profile of the FBTR at a Feed Temperature of 923 K and W/FA0 of 127.42 gcat min/molC
	Component
	Measured Mole Fraction (%)9
	Predicted Mole Fraction (FEM) (%)
	AAD FEM (%)

	H2
	40.3
	38.84
	3.62

	CO2
	21.17
	23.29
	10.00

	O2
	0.0079
	0.008
	4.07

	N2
	30.14
	32.13
	6.59

	CH4
	8.31
	5.82
	29.94

	AAD (%)
	
	
	10.84



Comparison of the Pseudo-Homogenous and Heterogeneous Model
Figure 4 shows the fluid temperature profile for the heterogeneous model, as well as a previously built pseudo-homogeneous model developed by Afabor [16] for the ATR of synthetic crude glycerol. As shown, the inclusion of governing equations for the solid catalyst shows a reduction in temperature of the reaction zone. The heterogeneous model has a reaction zone temperature approximately 5K less than that of the pseudo-homogeneous model. 
[bookmark: _Toc485253954][bookmark: _Toc485290015][bookmark: _Ref491115662][bookmark: _Toc490844558][image: ]
Figure 4 Bulk Fluid Temperature Profile along length of reactor at 873K and W/FA0 of 12.71 g cat min/mol C

The differences in concentration profile between the models are negligible, as shown in Figure 5. Similar results were reported in simulations done by Iordanidi [17] and Rout et al. [18], indicating that the reaction may be more sensitive to temperature than to the concentration of the reactants, and that heat and mass transfer rates across the boundary layer of catalyst particles influence the predicted temperature and concentration in the reactor. 
[bookmark: _Ref491117294][bookmark: _Toc485253955][bookmark: _Toc485290016][bookmark: _Toc490844559][image: ]
Figure 5 Bulk Fluid CG Concentration Profile along length of reactor at 873K and W/FA0 of 12.71 g cat min/mol C

[bookmark: _Hlk491120127]The basis of developing kinetic experiments requires removal of interphase limitations of heat and mass. This was done by using a smaller pellet size of 0.8mm and simulations done based on a smaller pellet size gave negligible difference between the temperature and concentration in solid and fluid phases. For a larger pellet size of 3.8 mm, an obvious difference is observed between the solid and fluid phase in Figure 6. There is also a 2-mm lag in the position of the peak temperature for the fluid phase, probably due to an increase in interphase resistance.




(a)

[image: ](b)
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[bookmark: _Toc485253958][bookmark: _Toc485290019][bookmark: _Toc490844560][bookmark: _Ref30959940][bookmark: _Ref30959944]Figure 6 Temperature Profile along the length of the reactor with spherical pellet diameters of (a) 0.8mm and (b) 3.8mm; at a feed temperature of 873K and W/FA0 of 76.47 g cat min/ mol C

3 
4 
4.1 
4.2 
4.3 
4.4 [bookmark: _Toc490507575][bookmark: _Toc490508478][bookmark: _Toc490605751]Effect of Temperature and W/FA0 on CG conversion and H2 Yield
When operating a FBTR, it is important to determine the optimum conditions for maximizing yield of desired products, minimizing coking within the reactor, which shortens the ‘life’ of the catalyst [19]. The weight-time, W/FA0 is commonly adjusted to affect the conversion of reactants and hydrogen yield in the reactor. Weight-time in the experiments performed elsewhere [9] was varied by changing the weight of the catalyst, while keeping the feed flowrate constant. Figure 7 shows the predicted yield at the reactor output for varying inlet temperatures (T= 773-923K) and weight-times (W/FA0= 12.71-101.94 gcat min/mol C) with a steam to carbon ratio of 2.6 and oxygen to carbon ratio of 0.125. It is observed that the increase in temperature will result in an increase in H2 yield. This effect is more obvious for higher W/FA0. It is also shown that the H2 yield increases with an increase in W/FA0, with diminishing returns.

[image: ]
[bookmark: _Ref491164755][bookmark: _Toc490844566]Figure 7 Effect of Temperature of H2 Yield at different W/FA0
[image: ]
Figure 8. Crude Glycerol Conversion along the length of the reactor with a feed temperature of 773K at a W/FA0 range from 12.71- 101.94 g cat min/mol C

[bookmark: _Toc485253964][bookmark: _Toc485290025][bookmark: _Toc486935051]The increase in H2 yield in these scenarios corresponds to an increase in conversion. As shown in Figure 8, at the feed temperature of 773K, with a higher weight-time, the conversion of the reactor will increase with conversions of 37%, 60%, 71% and 76%. With the higher weight-times, there is more contact between reactant molecules and the catalyst bed to incite greater reaction rates, higher crude glycerol conversion rates and H2 yield for this system.




Conclusions
[bookmark: _Hlk490609768]A 2-D heterogeneous model was developed for the auto-thermal reforming of synthetic crude glycerol to hydrogen in this study using FEM in COMSOL Multiphysics. The model was validated against measured experimental data with an acceptable absolute deviation of 7.56%. The model configuration was also used to simulate data from literature and a good agreement was observed. The simulations show that the increase in weight-time and temperature can increase H2 yield, greater than 40% in some cases depending on the temperature. Overall, the model proved reliable in predicting temperature and concentration variations in the reactor for the ATR process. Both the heterogeneous and pseudo-homogeneous model can describe the system being modelled but with a heterogenous model, there is more capability to simulate the effects of the catalyst properties on the system.
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Nomenclature
	1-D
	One Dimensional

	2-D
	Two Dimensional

	AAD
	Average absolute deviation

	ATR
	Auto-Thermal Reforming

	Ac
	Cross-Sectional area of reactor tube, m2

	av
	Particle surface area to volume ratio, m2/m3

	Ci, Ci0
	Concentration of species i, mol/m3

	CG
	Synthetic Crude Glycerol

	Cpf
	Specific heat capacity of bulk fluid, kJ/J K

	DAB
	Binary Diffusivity between two species, m2/s

	Der
	Effective Radial Diffusivity in the Gas Phase, m2/s

	Des
	Effective Diffusivity in the Solid Phase, m2/s

	Dez
	Effective Axial Diffusivity in the Gas Phase, m2/s

	Dim
	Diffusivity of a species in a mixture, m2/s

	dp
	Diameter of Catalyst particle

	Dt
	Reactor internal diameter, m

	EA
	Activation energy, J/mol

	FCG0
	Inlet Molar Flowrate of Crude Glycerol, mol/s

	FEM
	Finite Element Method

	G
	Mass Flux, kg/m2-hr

	GC
	Gas Chromatograph

	hfs
	Effective heat transfer coefficient between solid and gas, J/s-m2-K

	Hrx
	Heat of reaction, kJ/mol 

	Jd
	Colburn- Chilton j factor

	kfs
	Effective mass transfer coefficient between solid and gas, m/s

	L
	Length of reactor, mm

	Mave
	Average molecular weight, kg/mol

	N
	Molar Flux, mol/s

	FBTR
	Fixed Bed Tubular Reactor

	PDE
	Partial Differential Equation

	Q
	Volumetric Flowrate, m3/s

	r
	Radial Distance, mm

	
	Reaction rate, mol/m3-s

	Rg
	Ideal Gas constant, J/mol-K

	rp
	Radius of Catalyst particle

	T, To, Tw 
	Temperature, K

	Utw
	Overall Heat Transfer Coefficient, W/m2-oK

	uz
	Axial superficial velocity, m/s

	V
	Stoichiometric coefficient

	W/FA0
	Weight-time, gcat min/ mol C

	z
	Axial distance, mm



Greek Letters
	b
	Catalyst bulk density, kg/m3

	g
	Gas density, kg/m3

	s
	Solid density, kg/m3

	εb
	Bulk fluid porosity

	εs
	Solid pellet porosity

	λer,f
	Effective radial conductivity, J/s-m-K

	λes
	Effective solid phase conductivity, J/s-m-K

	λez,f
	Effective axial conductivity, J/s-m-K

	μ
	Viscosity

	τ
	Tortuosity



Subscripts and Superscripts
	f
	Fluid phase

	ps
	Particle surface

	s
	Solid phase
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Appendices
[bookmark: _Hlk491700250]Appendix A – Auxiliary Equations
The ATR of glycerol is performed at the 773-923 K and under atmospheric pressure. At high temperatures and low pressure, the feed mixture will assume to behave as an ideal gas [13]. The density of the mixture can be calculated as:
	[bookmark: _Hlk483672143]
	
	[bookmark: EqnA1](A.1)


where Mave is average molecular weight of the feed mixture, kg/mol; Rg is the Ideal Gas Constant, J/mol/K.
[bookmark: _Hlk483672488]
For Effective Radial and Axial Diffusivity, the following correlations can be used [14]:
	
	
	[bookmark: EqnA2](A.2)



	
	
	[bookmark: EqnA3](A.3)


Q is the volumetric flow rate into the reactor, m3/s. NRE is the Reynolds number given by:
	
	
	[bookmark: EqnA4](A.4)


[bookmark: _Hlk483672580]Diffusion into the catalyst is governed by different phenomena than the diffusivity of the bulk fluid in a heterogeneous system. Equimolar counter-diffusion takes place in the catalyst dependent upon the pore geometry. The effective diffusivity for the solid catalyst, Des, i is described by the following equation [19]:
	
	
	[bookmark: EqnA5](A.5)


Where DAB is the ordinary bulk diffusivity in a binary gaseous mixture, m2/s, τ is tortuosity path of the particle assumed to be 2. The Fuller-Schettler- Giddings correlation given in Equation A.6 [22]:
	
	
	[bookmark: EqnA6](A.6)


With the Binary Diffusivity between the two species in a particle, the Diffusivity of a species within a mixture is given as [22]:
	
	
	(A.7)


M is the Molecular weight of the component, g/mol; V is the diffusion volume; N is the molar flux mol/s.
The particle surface area to volume ratio, av [m2/m3] [22]:

where 
Effective mass transfer coefficient between solid and gas, kfs [m/s] [23]:




Effective heat transfer coefficient between solid and gas, hfs [J/s-m2-K] [23]:
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