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Abstract

Numerical modeling of a food waste pellet downdraft gasifier was carried out in this
research. The model was created in Solid works and exported to ANSYS FLUENT in
order to simulate non-premixed combustion of biomass fuel. The proximate and
ultimate analysis of the pellet as well as the heating value were carried out based on
ASTM Standards to determine the required properties of the food waste pellet for the
simulation. The model inherent to ANSYS FLUENT contains the same atomic
species (C, H, N, O, and S) as the biomass tested. Result showed that the mass
fractions of CO, Hz, Nz, CO2, CHi, H20 andC:Hasat the exit of the gasifier are
35.81%, 7.89%, 44.49%, 6.89%, 2.15%, 2.11%, 0.65% and 0.0076% respectively using
the food waste pellet as fuel.
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1.0Introduction

Fossil fuels are the biggest sources of energy used by the world. Fossil fuels are limited and the emitted gases by the burning of fossil
fuels have very dangerous effect on our environment. Presently the power generated in Nigeria by the use of fossil fuel is not enough to
meet the energy needs of the country. On a rough evaluation, only about 54.4% of Nigerians are connected to the national energy grid,
according to the World Bank data as at 2017 [1]. This percentage of Nigerians who actually have electric power supplied to them still
suffer electric power problems, about 60% of the time [2]. It is very important to harness the renewable energy sources or clean energy
sources such as the solar, wind, biomass which have no negative impact on our environment.

Food waste constitute a great percentage of municipal solid wastes generated across Nigeria [3,4]. A study by Ahmed and Gupta [5] have
shown that food waste is a potential source of power generation and energy conservation, ultimately reducing the amount of residual
waste through recycling using bio-energy systems such as bio-methanation, gasification, pyrolysis and incineration. Bio-energy systems
constitute biomass resources, supply systems, technologies for conversion from biomass to energy and energy services [6]. By wasting
food we are wasting energy. Food waste has critical effect on our environment, rotting food releases methane gas, which the US agency
(EPA) say is 20 times more damaging to environment than carbon dioxide.

Biomass gasification is a complicated chemical process during which fuel goes through pyrolysis, oxidation and reduction stages [7].
Syngas production is the result of the gasification process. Biomass gasification produces lower amounts of emissions compared to
combustion. Almost all types of biomass including wood fuel with high moisture agriculture residues and even municipal waste can
beused for the gasification process [8]. Several researchers have presented modeling of the gasification process using equilibrium model
such as [9] for coal gasification simulation, [10] and [11]. Yueshi et al. [12] developed a two-dimensional computational fluid dynamics
(CFD) model to study the gasification process in a downdraft configuration considering drying, pyrolysis, combustion and the
gasification reactions. Rukshan and Souman [13]; Janajreh and Shrah [14] also presented modeling and experimental gasification using
different wood as fuel. Colomba [15] formulated a one-dimensional unsteady model for biomass gasification in a stratified concurrent
(downdraft) reactor. Heat and mass transfer across the bed were coupled with moisture evaporation, biomass pyrolysis, char combustion
and gasification, gas-phase combustion and thermal cracking of tars. Numerical simulation was used to predict the influence of model
parameters, Kinetic constants and operational variables on process dynamics, structure of the reaction front and quality of the producer
gas. This study examines the numerical gasification of food waste pellet in a downdraft gasifier in-order to predict the mass fraction of
syngas at the exit of the gasifier.
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2.0Methodology

2.1 Description of Gasifier Model

The schematic diagram of the downdraft gasifier installed at Josh Engineering Services workshop, opposite Uselu market, Benin City is

shown in the figure 1. This gasifier is considered for this study.
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Figure 1. The Modelled Downdraft gasifier

2.2 The Model setup

In this analysis, a computational fluid dynamics model of the gasifier was developed using commercial CFD software ANSYS FLUENT
version19. The geometry was designed using Solidworks and then imported into ANSYS Fluent design modeler. The geometry andthe
structured mesh are shown in Figure 2 and Figure 3 respectively. The number of nodes was 326,067 and the number of elements was
72356,0rthogonal quality was 0.790535 and aspect ratio was 2.87 of the generated mesh model. A finite volume structured mesh
approach was introduced to solve the Reynolds-average Navier-Stokes (RANS) equations. Turbulence flow field of the gasifier was
modeled using standard k epsilon. During the modeling, discrete phase model (DPM)was applied by considering the Eulerian-Lagrangian
approach.
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Figure 2: The Gasifier Geometry
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Figure 3: The Mesh
Modelling Assumptions
The assumptions for this model are stated below

a) The flow is steady and three-dimensional.

b)  The flow inside the domain is considered as incompressible and turbulent.

¢) Cylindrical particles are used to define the fuel particles.

d) The chemical reactions are faster than the time scale of the turbulence eddies.

e) The no-slip condition is imposed on inside wall surfaces.

Evenly distributed particle regime is utilized.

g) Discrete phase model was used, given the small particle size compared to the reactor volume.

The equation for mass flow, momentum and energy are given by equations (1) to (3) respectively [16].

V.p¥ = Stg @
V.(p99) = —Vp+ AV.[(V + VoT) = 2V.5] + pg + Ste @)
V.(p3H) = V. (gVH) + Stee 3)

The energy equation is used for non-adiabatic, non-premixed combustion problem as the viscous dissipation appears in the energy source
term (St..). The conduction and species terms from the energy equation are combined in the first term on the right hand side of the
equation in this model where the total enthalpy is defined as the sum of the mass fraction and enthalpy for the it species given by
equation (4)

H= 5% [y Codl + hf(Trer.) (4)

Where h{ (Tyz;) is the enthalpy of formation of species iat the i"reference temperature, Y; is the mass fraction of specie i. This term
negates the need for the heat of reaction source term since the heat of formation is included. The energy equation also include a radiation
source term defined by equation (5).

—V.qr = aG — 4an?¢@Te* (5)

Turbulence Model

Standard k- epsilon turbulence model was considered for simulation of flow. The k and € was derived from the transport equations (6) and (7) [16].
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The eddy viscosity, A, is computed by combining k and € as in equation (8)

2
A= pC, S (8)

Where Cie, Cze, and Cp are all constants given as 1.44, 1.92 and 0.09 respectively. The turbulent Prandlt numbers for k and ¢, &k and (e,
are given as 1.0 and 1.3, respectively. For this model, no user-defined source terms were used.

Species Transport Model

The specie model was deployed to model biomass gasification. The species transport model has been chosen to model the chemical
reactions inside the gasifier and to find out the composition of various species like Carbon Il oxide (CO), Carbon IV oxide (COy),
Nitrogen (N2), Hydrogen (Hz), Ethylene (C2H4) and Methane (CH4). The common form of the transport equations for each specie is given
in equation (9). [16]

%(pmmi) + V.(pvmm;) = —=V(pDm;Vmm;) + R; 9)

Chemical Reaction Model

Chemical reactions in biomass gasification model involve the following processes: drying, devolatilization of biomass, homogenous
reaction and heterogeneous reactions [16].

a. Drying
The drying model is given by equation (10)
Moist feedstock+ Heat — Dry feedstock+ H20 (10)

b. Devolatilization
The devolatilization model for biomass is given by equation (11).

Dry Biomass —  Char + Ash + Moisture + Volatiles (12)

The reaction kinetic rate is expressed in single-step Arrhenius fashion by equation (12)
E

k = Apexp (— R—;) (12)

The pre-exponential factor and activation energy are given in Table 1

a. Volatile Reduction

A qualitative and quantitative knowledge of the devolatilization species is essential for realistic modelling of the coupled thermochemical conversion of
food waste pellet into syngas [14]. Therefore, the volatiles, which are represented by a single molecule of the form CH,0, N,S.are decomposed according
to equation (13) which holds a strict balance of mass and heat into gas components (CO,, H;O, N,).

CH,0u,Ny4S, + v(0, + 3.76N,) » wCO0, + xH,0 + yN, + zH,S (13)

The empirical formula of biomass and volatiles are based on proximate and ultimate analysis of biomass chemical formula.

b. Gas Phase Homogeneous Reactions

The various homogeneous reactions are given by equations (14) to (17) [16; 17; 18].

CO+ 050, - CO, (14)
Hy,+ 050, — H,0 (15)

c. Particle Surface Heterogeneous Reaction:

Multiple surface reaction models were used to model the food waste particles oxidation and gasification reactions. The heterogeneous
equations are given by equations (18) to (21) [16; 19]

a. Oxidation reaction

C+ 0, — (O, (18)
b. Boudourd reaction

Ci + CO, —» 2C0 (19)
¢. Hydrogasification reaction

Cs+ 2H, - CH, (20)
d. Water-gas reaction

Cs+ H,0 —» CO+H, (21)

Chemical kinetics of reactions is summarized in Table 1[20; 21; 22; 23].
Table 1: Kinetic Constants of the reactions

S/no Equation Pre-exponential factor (sec'1) Activation energy (kJ/mol)
1 (13) 5.3e10 88

2 (14) 10e17 166.28

3 (15) 1.08e13 1.25e06

4 (16) 5.16e15 1.3e08

5 17) 1.0e12 1.73e08

6 (18) le-11 2.49e07

7 (19) 6.35e-11 1.62e08

8 (20) 1.18e-13 1.49e08

9 (21) 2e-10 3.85e07
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The Boundary Condition

The fuel was introduced at the top of the gasifier with a flow rate of 0.0013889kg/s and temperature of 350K. Air was used as gasifying
agent and was introduced through the air inlet pipe at a flow rate of 0.0026683kg/s (using equivalence ratio of 0.3) and temperature
400K. The wall of the gasifier is defined as adiabatic wall with no slip condition. Since it is a combustion and eddy dissipation model, a
false time stepping is followed to obtain a converged solution with a relaxation factor of 0.01 [23]. Pressure-outlet boundary was
assigned to the gas outlet and the mass fraction of individual species were obtained at the outlet of the gasifier model using the probe tool
in ANSYS post processing.

Model Validation

The model was validated with models of Kirsanovs and Zandeckis [7]and Jayah et al. [24]. Fuel chemical composition (proximate and
ultimate analysis of the fuel) and equivalence ratio were similar with other studies in validation. The comparison result is presented in
Table 2. The results obtained using similar condition are in close range with results from others models.

Table 2: Model Validation Results

Biomass | Equivalence Syngas Composition (%)

Moisture Ratio CO CO2 | H2 CH4 N2
Jayah et al. [24], 20.2 97 [183 1.1 50.7
Present model 16% 0.4 21.8 9.1 17.52 2.3 49.28
Kirsanovs and Zandeckis [7] 224 9.03 | 18.1 0.31 50.2
Present model 14% 0.39 20.12 8.91 | 2043 0.46 50.08

Feedstock fuel property

Some common food waste samples were collected from the University of Benin cafeterias, Benin City, Nigeria. It is a complex that
comprise of seventeen food restaurants and is located at the back of student’s hostels. Four (4) bagswere distributed to each of the food
vendors to collect four different food waste samples used for this study (Rice, Yam peel, Potato peel and Eba). Orange peel was sourced
from different orange sellers at Uselu market, a popular market in Benin City which is located along Benin Lagos expressway, Benin
City, Nigeria. The percentage mass composition of the food waste samples are rice 29%, yam peel 16%, potato peel 14%, orange peel
22% and eba 19%. The selected food wastes were mixed using a food waste mixer to obtain a uniform mixture. The mixed food waste
samples was subjected to pelletization process at an ambient temperature of 25°C. The produced pellets has a diameter of 30mm and
average height of 200mm. The briquettes were dried under sun for a period of 16days (6 hours daily) in an open area with an average air
temperature of 27°C.

The proximate, ultimate analysis and higher heating value of the food waste pellet (dry bases) are shown in Table 3.

Table 3: Proximate, Ultimate Analysis and Heating Value of the Food Waste Pellet (Dry bases)

Proximate Analysis Ultimate Analysis
Moisture Content 4.12% C 48.10%
Volatile Matter 79.90% N 1.97%
Ash 2.30% S 0.094%
Fixed Cabon 13.68% H 7.24%
Higher heating value 17.65MJ/kg 0] 40.30

3.0 Results and Discussions
The temperature distribution, air mass fraction and syngas composition mass fraction contours are presented in this section.
3.1 Temperature Distribution
The temperature distribution from the simulation is shown in Figure 4. The maximum temperature recorded is 1771K (1498°C) and
occurs at the gasification zone. The drying zone temperature was observed to be 343K (70°C) at the top and increased progressively to
470K at the end of the drying zone as the biomass move downwards towards the combustion area. The temperature of the gas at exit
using the probe tool is 594K (320°C).
3.2 Air Mass Fraction
The mass fraction of air in the simulation as shown in Figure 5 depicts a maximum value of 1 at the four air inlet pipes to the model
gasifier. At the air inlet pipe, air is the only expected substance and hence a value of 1 is justified. A known mass of air is necessary to
combine with the known mass of fuel pellet to achieve the desired equivalence ratio for the simulation.

M O

a

Ty

Figure 5: Air Mass Fraction Contour Plot

Figure 4: Temperature Contour
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3.3 Syngas Composition

. om om0
e ——

Figure 6: N2 Mass Fraction Contour
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Figure 9: CH4 Mass Fraction Contour
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Figure 13: O2 Mass Fraction Contour
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Figure 12: C2H4 Mass Fraction Contour

Figures 6, 7, 8, 9, 10, 11, 12 and 13 respectively show the contour plots of N2, CO2, Hz, CHs, CO, H20, C2H4 and Oz mass fractions respectively.
Figure 6 shows the highest value of the mass fraction for Nitrogen as 0.4672 which occurs at the gasification zone while the lowest value is 0 and
occurs at the top of the gasifier model. The probe value at the exit of the syngas gave a value of 0.4449. Figure 7 shows that the maximum and
minimum values of COz in the gasifier model are 0.1071 and O respectively and occurring at the pyrolysis zone and at the top respectively. The
values of CO: at the exit of the gasifier obtained from the simulation using the probe tool in ANSYS gave a value of 0.0689. Figure 8 depicts the
maximum and minimum values of hydrogen in the model gasifier as 0.07997 which occurs at the gasification zone and 0 which occurs at the top
of the gasifier. The value of hydrogen gas at the outlet of the gasifier was gotten to be 0.0789. The values for CHa gas in the simulation result
were generally low as can be seen from Figure 9 with the maximum occurring at gasification zone with a value of 0.02165 and a minimum
occurring at the top of the gasifier with a value 0. The mass fraction of CHa4 at the gasifier exit was gotten from the figure as 0.0215. Also, the
maximum values of the mass fractions for CO, H20, Cz:Hs and O are 0.4429, 0.02256, 0.007601 and 0.00000000196 respectively while their
minimum values are 0 as can be seen from Figures (10), (11), (12) and (13) respectively. The mass fraction contours as expected had their
maximum values at the gasification zone while their minimum values occurred at the top or drying zone of the gasifier model. The probe tool in
ANSYS CFD post was used to obtain the actual values of each mass fraction at the syngas exit for the various constituents. The result depict high
composition of CO and N2 gases in the syngas obtained from food waste pellet, though the CO value is less than the value obtained in [16].
Hagos et al. [25] Dion et al. [26] also presented values of CO between 21% and 44% in wood and rice husk gasification.
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4

Conclusion

Modeling thermochemical conversion of food waste pellet to produce syngas using a downdraft gasifier was presented in this paper. Air was used
as the gasifying agent and the properties of the food waste pellet were obtained from the proximate and ultimate analysis of food waste prepared
for this purpose. The model was developed to predict the mass fraction of syngas at exit of the gasifier. Result showed that the mass fractions of
CO, Hz, N2, CO2, CH4, H20 and CzHa4 at the exit of the gasifier are 35.81%, 7.89%, 44.49%, 6.89%, 2.15%, 2.11% and 0.65% respectively from
the simulation.
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