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Abstract- The paper describes a 3D numerical simulation of pulverized solid olive waste (OW) combustion in a vertical 
combustor. This study is developed, in order to design a new efficient burner which operates with olive waste as a biomass 
fuel. Two types of injection modes are studied. The first named (R) where the biomass particles is perpendicularly injected to 
symmetric axis close to the co-flow entry by four injection square shape tubes and the second named (P) where particles are 
injected in parallel to the furnace central axis. The mean diameter of the pulverized particles is about 70 µm. The designed 
system is a vertical cylindrical furnace with swirling co-flow burner entry. The k-ε, mixture fraction PDF and discrete phase 
DPM models are used for turbulence closure, turbulence-chemistry interactions and tracking the particle motion respectively. 
Results show that the flame is more stabilized in the recirculation zones and achieved the higher temperature at 1560 K for (R) 
case. The particles residence time inside to the combustor is very important for the (R) case in comparison to (P) case. The 
analyses and comparison of the formed species for CO, CO2 and NOx formation profiles at several longitudinal locations 
between (R) and (P) cases are performed. 

Keywords: Pulverized biomass, Olive waste Combustion, CFD, Swirling flame, Numerical simulation. 

 

1. Introduction 

The biomass can be considered as a very momentous 
fuel for heating and electricity production, following his 
contribution to reduce greenhouse gas emissions. 
Combustion is one of famous methods of biomass energy 
recovery. It’s noted that the areas of application of biomass 
combustion are numerous and interesting, such as pilot-scale 
and large-scale boilers, furnace and stoves [1-2]. In addition, 
to meeting society's energy needs the biomass combustion in 
mixing with another fossil fuel, contribute to reducing 
polluting emissions. Moreover, the conversion biomass 
technologies know a great development and elevate new 
opportunities for growth and economic recovery. [3-4]. 

Solid olive waste (OW) is a byproduct of the process of 
extracting the olive oil made skins, residue of the pulp and 
fragments of the cores. About 1.5 million tons of olives are 
produced every year and 675,000 tons of olive wastes are 
results [5] in Morocco. We are facing two major problems: 
the first is environmental problems linked to management of 
this waste; the second is linked to the energy requirements. 
Effective use of OC in energy recovery will be a good 
solution to solve these problems. the importance of the 
higher olive waste high heating value (HHV) allow to energy 
recovery and compare his energetic efficiency to that of soft 
coal and wood mostly in the regions where the olive tree are 
high. [6-7]. 

Lockwood et al. (1980) and Bermudez et al. (1997) [8-9] 
have developed several code of computational fluid dynamic 
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(CFD) to solving equations generated during pulverized coal 
combustion. Eaton et al. 1999 [10] studied the CFD 
modelling methodology as applied to combustion processes. 
Different combustion models have been presented. The 
categories of necessary data for validation of the detailed 
combustion codes forecasts are considered. A comparison 
between results of simulations and experimental data was 
made.  

The coal combustion modelling limitation due to 
simplified models used to simulate the various coal 
conversion phases (devolatilization and char combustion) has 
studied by Korytnyi et al. [11] and Williams et al. [12]. Two 
separately models were developed by Yin et al. [13-14-15] 
using the integrated model of commercial software Fluent. 
First 3D model developed from entry boundary conditions of 
the experience and second is a one-dimensional model of the 
transport equations for fixed-bed modelling. Scharler et al. 
[16-17] studied the numerical simulation of biomass 
combustion in an industrial furnace (0.55 MW). This 
research group used the Finite Rate Chemistry model to 
simulate the wood flame. 

In 2013 Elfasakhany et al. [18] investigated the 
experimental and numerical studies on pulverized wood 
flame in a pilot-scale combustor. The objectives of this work 
were to study the basic structures of the pulverized wood 
flame, to identify the main reasons that caused emissions of 
volatile substances and unburnt. 

Ma [19] modeled coal and biomass combustion and 
proves that it’s possible to predict the flame behavior. Arafat 
et al [20] studied radiative and convective performance 
effects in pulverized Russian coal flame. Recently in (2015) 
Stroh et al. [21] performed a 3D digital simulation with CFD 
code ANSYS FLUENT 14, to investigate the combustion 
characteristics of pulverized solid fuel.  

Obaidullah et al. [22] studied particle emissions from Small 
scale biomass combustion biomass combustion. Mayin et al. 
[23-24] studied numerically Bag-type collector flow field in 
biomass energy of power plant and combustion of circulation 
fluidized bed biomass boiler. Wickramasinghe et al. [25] 
Developped a numerical model to analyze the transport 
phenomena of suspension biomass combustor with two 
chambers. The CFD model was based on Eulerian-
Lagrangian concept, which tracks each biomass particle 
individually with association of multiple physics and thermo-
chemical properties. 

To the best knowledge of the authors, the first olive 
waste (OW) combustion work was study carried out on the 
possibility of using OW as source of energy in 1998 was 
done by Alkhamis et al [26]. One year ago Khraisha et al 
[27] studied the direct OW combustion in fluidized bed 
combustor. In 2007 Varol et al [28] studied the OW 
combustion characteristics with different air inlet conditions. 

The aim of this work is to investigate a 3D modelling of 
pulverized OW combustion in vertical pilot-scale combustor 
with different type of biomass injection. Two cases (R) and 
(P) with parallel and perpendicular OW particles injection to 
the combustor symmetrical axis are studied. The Discrete 
Phase Model (DPM) to study OW particles motion is used. 

Flow turbulence was modeled using k-ε model. To predict 
the interaction between turbulence and chemistry the PDF 
model is used. The obtained results regarding flow, axial 
velocity contours, temperature profiles, CO and CO2 
concentrations and NOx formation profiles are presented for 
(R) and (P) cases. 

1. Presentation of the Global Process 

The olive waste particles can be used to generate the 
electric power as the conventional solid fuel (coal). As 
shown in Figure 1, combustion generates high temperature 
steam and high pressures; Turbine is drive by steam and 
alternator by turbine in order to produce the electricity. The 
residual heat from the turbine can be used to heat building or 
other facilities.  

 
Fig. 1. Process of combined heat and co-generation 

2. Combustor and the Operating Condition 

Schematic figure of the combustor is illustrated in Figure 
2. The atmospheric pressure combustors include burner with 
co-flow jet, four perpendicular particle injection tubes and a 
combustion chamber. A swirling motion is given to the air in 
the central entry (swirl flow entry). The burner is a 
cylindrical tube with co-axial air inlet diameter d = 80 mm, 
length of 2.25 d and inner air inlet diameter of 0.75 d. The 
particles injectors are four square tubes with a length of 1.25 
d. The olive cake particles are injected throughout tubes with 
air. The length of the cylindrical combustor is 18.75 d and 
diameter is 6.25 d. 
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Fig. 2. Schematic figure of the combustor: (a) 2D view; 

(b) 3D view   

The inlet air temperature is T0=300 K and the swirl 
number used for swirl flow entry is Sn=1.2. The air mass 
flow rate of swirl and axial flows entry are 

 and  respectively. 

The particles biomass mass flow rate is . 

The HHV of biomass used in this is 20.2 MJ/kg 
measured using a bomb calorimetric available in the 
laboratory. The ultimate and approximate analyses used of 
olive cake are presented in Table 1 [29]. 

Table 1. Olive waste composition (wt. %) 

3. Computational Method and Modeling 

3.1. Grid generation 

A quarter of the total configuration is chosen to cover the 
computational domain. To create mesh we have used a 
technique of multi block. 29 blocks have been created, 28 

blocks with hexahedral mesh and the 29th with mixing of 
hexahedral and prism mesh. The mesh is plotted for the total 
domain (Figure 3a) and for the computational domain (Fig 
3b). The CFD simulations were conducted with a grid 
spacing of 1956384 cells in computational domain (Figure 3-
b). 

 
Fig. 3. Computational grid for the mesh: a) All domain 

b) Computational domain 

3.2. Numerical method 

The finite volume method using the commercial 
software ANSYS14 is used to solve all equations systems. 
P1 model was chosen for radiation model. Flow turbulence 
was modelled by k-ε model. Non-premixed combustion 
model was chosen with the mixture fraction PDF for 
interaction between chemistry and turbulence. Solid phase 
was modelled using Lagrangian method by discrete phase 
model (DPM). 

3.3. Flow modeling 

As mentioned in the introduction, the k-ε model is used, 
where k and ε are calculated using the two following 
transportation equations: 

𝜕
𝜕𝑡 	

(𝜌𝑘) +	
𝜕
𝜕𝑥*

	(𝜌𝑘𝑢*) = 	
𝜕
𝜕𝑥-

	./µ +
µ1
𝜎3
4
𝜕𝑘
𝜕𝑥-

5 + 𝐺3 + 𝐺7 − 𝜌𝜀	 (1) 

𝜕
𝜕𝑡 	

(𝜌𝜀) +	
𝜕
𝜕𝑥*

	(𝜌𝜀𝑢*) = 	
𝜕
𝜕𝑥-

	./µ +
µ1
𝜎:
4
𝜕𝜀
𝜕𝑥-

5 + 𝐶<:
𝜀
𝑘 𝐺3 − 𝐶=:𝜌

𝜀=

𝑘  (2) 

4.55 /swirlm g s=! 2.83 /airm g s=!

0.561 /OWm g s=!

Proximate Analysis (%) Ultimate analysis (%) 

Volatile Matter (VM) 
Fixed Carbon (FC) 

Ash (Ash) 
Moisture (M) 

64 
23.2 
6.5 
6.3 

Carbon (C) 
Hydrogen (H) 
Nitrogen (N) 
Oxygen (O) 

59 
8.5 
1.5 
31 
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Where the turbulent viscosity is given by the relationship 
of Prandtl-Kolmogorov as 

µ1 = 𝜌	𝐶>
𝑘=

𝜀  (3) 

In the above equation,	𝐺3 = µ1 /
?@A
?BC

+ ?@C
?BA
4 ?@C
?BA

 and 	𝐺7 =

𝛽𝑔*
>F
GHF

?I
?BC

  represents the turbulence kinetic energy 
generation due respectively to the mean velocity gradients 
and buoyancy. 

𝐶<:	and 𝐶=: are a constants and 𝜎3, 𝜎:  are turbulent 
Prandtl numbers for k and 𝜀 respectively, more details are 
given in reference [30-31]. The constants 𝐶<:, 𝐶=:, 𝜎3 and 
𝜎:are given by the Launder and Sharma model as mentioned 
below:  

Table 2: The k-ε model constants 

𝐶K 𝐶<: 𝐶=: 𝜎3 𝜎: 

0.09 1.44 1.92 1.0 1.3 

 

3.4. Model of Radiation P-1: 

The P-1 equation is interested in the incident radiation 
distribution (G) in a computation domain as show in equation 
below: 

∇(Γ∇G) − αG + 4ασ𝑇S = 0 (4) 

Here, α is the absorption coefficient, σ is constant and 
Γ	 U= <

V(WXYZ)[\YZ
] is the radiative flux vector with 𝜎^is the 

scattering coefficient and C the linear-anisotropic phase 
function.  

More details about P-1 radiation model in reference [32]. 

3.5. Mixture fraction model 

The principle of the approach for modeling a non-
premixed flame consists in linking the thermochemical 
quantities (temperature, density and mass fraction) to a scalar 
quantity. The model named mixture fraction PDF model. 

Turbulence-chemistry interaction is modelled using a 
probability density function (PDF). This method is based on 
simplifying hypotheses; the value of mixture fraction f is 
giving by the solution equation below [33]:  

𝜕
𝜕𝑥*

	(𝜌𝑢*𝑓) = 	
𝜕
𝜕𝑥*

`
µ1
𝜎1
𝜕𝑓̅
𝜕𝑥*

b	+ 𝑆d (7) 

The mixture fraction variance, f’2  is given by equation 
(8): 

𝜕
𝜕𝑥*

	e𝜌𝑢*𝑓f=ggggh = 	
𝜕
𝜕𝑥*

`
µ1
𝜎1
𝜕𝑓f=gggg
𝜕𝑥*

b 	+ 𝐶iµ1 `
𝜕𝑓̅
𝜕𝑥*

b
=

− 𝐶j𝜌
𝜀
𝑘 𝑓

f=gggg 
(8) 

Where the values of	𝜎1, 𝐶i	and 𝐶j in Eq. (8) are given by 
Jones and Whitelaw [33].  

3.6. Discrete phase model (DPM) 

The Discrete Phase Model is used to modelling the olive 
waste particles motion. The particles trajectory has been 
interpreted by integrating the force balances in particles 
motion equation [34]. 

Method of Rosin-Rammler distribution is used for 
particles diameter injection. The particles are considered as 
spherical with mean diameter of Dmean = 70 µm.   

Equation (9) show the force balance expression acting on 
the particle 

𝜕𝑢kllll⃗
𝜕𝑡 	= 	𝐹oe𝑢l⃗ 	+ 𝑢l⃗ kh + 𝑔⃗(𝜌k − 𝜌)/𝜌k	 

(9) 

Where  represent the drag force; u: velocity 
of the fluid; up velocity of the particle; : density of fluid 

and : density of particle. 

3.7. Devolatilization submodel  

The one-step model is used in this work. In this model 
the devolatilization process is interpreted by a single 
Arrhenius first order reaction in the following form [35-36]: 

				𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑒
3
→ 	𝑉(𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠) + (1 − 𝑉)(𝑐ℎ𝑎𝑟) 

Where V is volatiles fraction and k can be expressed by 
law Arrhenius as  

                                                (10) 

A and E are giving by Oevermann et al. [35] and 
respectively are 1.43 104 s-1 and 88.6 kJ/mol,  

4. Results and Discussion 

4.1. Flow topology 

Figure 4 present the flow topology along the furnace 
using streamline patterns. The flow is complex and distinct 
two main regions which are: the recirculation zones and the 
axial jet region. The first takes it shape from the 
neighbouring walls and it serves as an aerodynamic flame 
holder. The second, it locates in the centre of the furnace, and 
it comes as a result of the high axial velocity gradient in this 
region. In addition, the flow contains various critical points 
in its topology. Those points are positions in the flow field 
domain where the velocity vanishes. For the present case 
there are four critical points: recirculation points (red dots), 
the horseshoes (blue dots), separation points (repelling nodes 
“purple cross mark”) and stagnation points (green plus 
mark). The recirculation points, named also the centres 
because they are the centres of the recirculation regions. The 
horseshoes appear as a pair of counter rotation vortices. They 
are generated as a result of the interaction between the 
incoming swirling flow and the perpendicular flow of the 
injected particles. Those vortices are small and strong, they 
contain a high turbulent energy and high negative velocity 
(see Figure 5). The separation points are characterized by the 

tµ

( )D pF u u+! !

r

pr

( )aE RTk Ae -=
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outflow behaviour from one point to all directions, where the 
stream lines do not touch each other. The stagnation points 
(named also saddle points) are formed to the interaction 
between the horseshoes vortices and the recirculation 
vortices, on the one hand, and between the horseshoes 
vortices and the repelling nodes, on the other hand. 

 
Fig. 4. Streamline patterns of the flow topology 

4.2. Axial velocity and turbulence kinetic energy profiles 

   Figure 5 illustrates the axial velocity (a) and turbulence 
kinetic energy (b) contours along the combustor. High 
velocity gradients are identified in three regions which are: 
the inlet tube, the center region and at the outlet. The first 
high velocity gradient is due to the small confined section of 
the tube; the second is due to the high axial jet in the center 
of the burner and the third is due to the converging section at 
the outlet which accelerates the gas flue. Regarding the 
turbulence kinetic energy (Figure 5.b), there are two main 
regions contain high turbulent energy values. The firs region 
is the sheer layer below zones of recirculation and right of 
center axial jet. This region contains a high sheer force which 
leads to high production of kinetic energy. The second region 
is the outlet of the furnace with converging shape, which 
accelerates the flow and induces a high kinetic energy. 

 
Fig. 5. Predicted axial velocity contours (a) and turbulence 
kinetic energy (b). 

 

4.3. Gas temperature 

Figure 6 shows the predicted temperature profile along 
the furnace. There is no flame in the centre region of the 
chamber, because of the high velocity of axial air which 
occurs in this region. The flame locates where the high 
gradient of temperature occurs, close to the particles injector 
outlet and in the recirculation zones. Those zones are 
partially filled with combustion gases and are involved in the 
flame stabilization when the burnt and fresh gases are in 
contact and the flame ignition stay permanent. The flame 
maximum temperature of OW (olive waste) is about 1560 K 
found in the centre of the flame. 
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Fig. 6. Temperature distribution along the burner 

4.4. Temperature and O2 concentration profiles 

Figure 7 shows the oxygen mass fraction and the flame 
temperature in several locations along to the combustor. The 
temperature and oxygen values are plotted in relative to the 
reference values (Tref =1560K, Oref =0.233) corresponding to 
the maximum values in the furnace. The evolution of 
adimensional temperature and O2 profiles for five locations 
are presented. It is shown that for all the location along the 
furnace the low O2 concentration zones correspond to the 
high gas temperature zones. 

Fig. 7. Adimentional temperature and oxygen mass fraction ( 
Tref=1560K, Oref=0.233) 

4.5. Particles trajectory  

Trajectories of four tracks OW particles entering the 
furnace colourful by temperature and residence time are 
shown in Figure 8 (a) and 8 (b) respectively. In figure 8 (a) 
we can see the particles temperature during devolatilization 
in the bottom part of the combustor and char combustion in 

upper part of the combustor. According to approximate 
analysis presented before, olive waste contains 29.7% of char 
(fixed carbon + ash). The particle achieves the char 
combustion phase with a maximum temperature of 1600 K, 
and the mass continued to decrease until they leave the exit 
of combustor. Figure 8 (b) shows that the maximum olive 
waste particles residence time is about 29 s. 

 
Fig. 8. Trajectory of particles colored by: (a) temperature 

(four tracks) and (b) residence time (one track). 

4.6. Combustion products  

Figure 9 shows CO2 and CO mass fraction radials 
profiles in five locations along to the combustor. For all 
locations, we can see that the CO and CO2 concentrations 
increase with the same trend until distance of X/d = 0.4. 
Then, CO mass fraction decreases until the minimum value 
of 0 and CO2 increases until his higher value (CO2)ref = 0.253 
and remains constant up to the walls.  

 
Fig. 9. Adimentional CO2 and CO mass fractions radials 

profiles (d=80 mm, CO2ref=0.253, COref=0.149) 

Figure 10 illustrates the distribution of adimentional NOx 
concentration profiles in five distances along to the 
combustor Z/d. NOx can be formed by nitrogen oxidation or 
by high speed front flame level reactions [36]. Although a 
maximum of NOx mass fraction is noticed respectively at the 
level of the wall and at the combustor outlet. NOx mass 
fraction reaches a maximum value NOxref=3.5×10-4 at the 
combustion temperature peak at the level of recirculation 
zone. These values are shown in both distances along to the 
combustor Z/d=4.375 and Z/d=5.625 as shown in Figure 10. 
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Fig. 10. Adimentional NOx radials profiles (d=80 mm 

and NOxref=3.5×10-4) 

5. Injection types effects on pulverized biomass flame 

To study the effects of injections nature on flame 
behaviour of pulverized olive waste combustion, we have 
compared two cases with different injection nature. The first 
named (R) case: correspond to the cases studied in the 
section before where the particles are injected 
perpendicularly to the central axis, the second named (P) 
case: where the particles are injected in parallel to central 
axis with swirl air injection.  

Figure 11-a present the comparison of flame temperature 
for the two cases. For perpendicular injection of the particles 
case (R) there is no flame in the center region of the 
chamber. The flame is located beside to the wall unlike (P) 
cases the flame is located in the center region of the 
combustor, because of high velocity of the axial air jet which 
occurs in this region. The comparison between the 
adimentional temperatures in the central axis for the two 
cases is given in figure 11-b. The results are divided by the 
reference value (Tref=1560 K) which corresponds to the 
higher temperature reached for the two cases. The centerline 
temperature of the parallel injected particles case (P) is 
higher than the centerline temperature of the perpendicular 
injection case (R). At the combustor exit, the temperature 
values are close to each other of both cases. 

  

  
Fig. 11. a) Temperature contours, b) central axis 

temperature. 

Figure 12 presents the adimentional profiles of CO2 
concentration in four different locations (Z/d=5.625, Z/d 
=9.375, Z/d =12.50 and Z/d =18.75) along to the combustor. 
The reference value (CO2)ref= 0.253 is use to normalize CO2 
mass fraction, this value is related to the maximum value 
reached for two cases. The maximum CO2 mass fraction 
value locates close to the wall condition for (R) cases and 
beside to central axis for (P) cases. The CO2 mass fraction 
decrease for case (R) and increase for case (P) when it is far 
of the central axis (r=0 m). It is shown that the case (R) 
provide less CO2 concentration in comparison with case (P) 
in the combustor exit (Z/d =18.75). Furthermore the 
perpendicular injection of particles helps to reduce the spread 
of CO2 emissions in the furnace outlet. 
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Fig. 12. Adimentional CO2 mass fraction radial profiles 

for the two cases 

 

Figure 13 shows the adimentional NOx concentration in 
four longitudinal locations (Z/d=5.625, Z/d =9.375, Z/d 
=12.50 and Z/d =18.75 (outlet)) along to the combustor. The 
mass fraction of NOx is higher respectively at the level of the 
wall for case (R) and close to central axis for case (P). NOx 

mass fraction reaches a maximum value NOxref=3.5×10-4 at 
the combustion temperature peak for two cases. It is shown 
that the case (R) dilute NOx concentration in comparison 
with case (P). This propriety observed in furnace exit 
(Z/d=18.75) that the NOx concentration is very less for case 
(R) than case (P). 

 
Fig. 13. NOx mass fraction radial profiles for the two 

cases 

 Trajectories of four tracks olive waste particles entering 
the furnace colourful by temperature for two cases are shown 
in Figure 14. As shown in the figure there are no particles in 
the bed of combustor. There are two particles phases for all 
cases: devolatilization and char combustion. The char 
combustion corresponds to higher particles temperature for 
the two cases. The trajectory of the olive waste particles for 
case (R) is very long compared to trajectory for case (P) and 
consequently particle residence time is long for (R) case 
compared to (P) case. This is due to the flow topologies 
nature created in the furnace for these cases. Furthermore the 
perpendicular particles injection type helps to increase the 
time of particle stays inside to the combustor. 

 
Figure 14. Trajectory of particles colored by 

temperature (four tracks) for two cases. 

6. Conclusion 

This paper summarized a 3D numerical simulation of 
pulverized olive waste combustion in pilot scale combustor 
(50kW) with different type of biomass injection. Two cases 
named (R) and (P) are studied. Flow turbulence was modeled 
using k-ε model. The Discrete Phase Model (DPM) to study 
OW particles motion is used. Interaction between turbulence 
and chemistry is predicted using PDF model. The maximum 
reached temperature for both cases is about 1560 K. 
Regarding combustion products, it is shown that the case (R) 
provide less CO2 concentration in comparison with case (P). 
It is also shown that the case (R) dilute NOx concentration in 
comparison with case (P). Concerning particles residence 
time, the time stays of (R) case particles is very important 
than (P) cases time stays inside to the combustor. However 
perpendicular particles injection type helps to increase the 
time of particle stays inside to the combustor. The results 
will be used to derive data for designing and optimizing the 
operation of a medium and large-scales combustor of 
pulverized biomass unit. 
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