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Recent increase in fuel prices, greenhouse emissions, global warming issue, as well as 
future predictions regarding fossil fuel depletion concerns have prompted widespread 
research on carbon-neutral renewable liquid biofuels as an alternative of petroleum 
fuels. In the present study, a numerical approach was used to design and optimize a 
novel design of pre-evaporation chamber, to pre-evaporate crude palm oil fuel using 
exhaust gas recycling to allow partially premixed fuel vapors to be introduced to the 
main combustion chamber. Discrete Phase Model (DPM) and species non-premixed 
model used in ANSYS-FLUENT software to simulate fuel evaporation. The pre-chamber 
optimization included the addition of variable number of revolve geometry to the walls 
to induce turbulence and to enhance the cyclonic motion caused by the tangential hot 
exhaust gas inlets with different fuel injection configurations. The number of revolves 
was varied in the range of 5-8 and diameter range of 40-90 mm with three injector 
configurations. The results revealed that the optimum chamber geometry consist of 7 
revolves with 70 mm diameter with fuel evaporation rate about 0.0023kg/s and fuel 
evaporation percentage about 89%. Increasing the exhaust gas temperature from 950 
°C up to 1050°C did not show a significant fuel evaporation enhancement. Results also 
showed that the evaporation enhancement is proportional to the number of fuel 
injectors where evaporation increased gradually from 73% to 89% when increasing 
number of injectors from 1 to 3. 
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1. Introduction 
 

The rapid development in industry towards the full automation and the other aspects of modern 
human life are heavily dependent on fossil fuel consumption as it supplies more than 80% of the 
global energy requirements. Power generation in Malaysia mainly depends on three significant types 
of fossil fuel (coal, natural gas and fuel oil). Fossil fuels combustions leads to generate greenhouse 
gases to the surroundings [1]. Therefore, the energy requirement is rapidly increasing leading to 
serious concerns about finding alternatives for fossil fuels as their depletion is inevitable. However, 
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due to the increase of greenhouse emissions released from fossil fuel combustion, environmental 
issues have increased. One of the most important environmental issues is global warming due to 
increasing rate of greenhouse gases generation. For this reason, using alternative fuels instead of 
conventional fuel as well as efficient combustion technology become urgent [2-4]. Recently, 
renewable energy was presented as solution for global warming and shortage of fossil fuel issues. 
Malaysia has a huge resource of biomass currently utilized to generate electricity, such as waste of 
palm oil [5]. In the last few years, using renewable energy sources such as biomass, solar energy, 
wind energy, hydropower and geothermal has been developed. Furthermore, biogas from 
wastewater effluent, municipal solid wastes (MSW), animal waste and agricultural by-products have 
been used for combined heat and power (CHP) generation purposes [6-10]. However, liquid biofuels 
are of an utmost importance as they can directly replace petroleum products in transport, aviation 
and power sectors. The Butyl Nonanoate biofuel performance was experimentally tested then 
compared to Hydrogenated Renewable Jet (HRJ) fuel and JP-8. The phase doppler particle technique 
was used to examine atomization properties. The emissions of CO were lower when using Butyl 
Nonanoate as compared to JP-8, in contradict to HRJ biofuel which revealed Co increment as 
compared to JP-8 [11]. Similar results were observed when using blends of biofuels with jet-A1 with 
drop in CO and slight elevation in NOx emissions [12, 13]. Another technology to enhance the 
combustion of liquid biofuels is the medium or severe low oxygen dilution (MILD). An experimental 
study has been done on pre-vaporized liquid fuels burning in a reverse-flow MILD combustor under 
high pressures. The results revealed that the stability of combustion is dependent mainly on fuel 
type, with n-heptane being the most unstable due to its fast ignition under all high pressure 
conditions studied [14]. Another combustion technology getting more attention lately is the 
flameless combustion achieved through intensive internal heat circulation or highly preheated air 
supply. Experimental and numerical analysis of combustor with double stage combustor reaching 
flameless combustion with liquid fuels examined variable inputs of thermal heat in the range of 20-
60 kW with heat intensity release of 5–15 MW/m3. Characteristics of Combustion and unwanted 
emissions were studied for different three fuels, kerosene, diesel and gasoline. Computational fluid 
dynamics (CFD) analysis of the characteristics flow reveals that reducing the diameter of exit port of 
the primary chamber increases the recirculation rate of products and helped in reaching the mode 
of flameless combustion [15]. Swirl flow was also proposed to enhance heat circulation allowing to 
attain flameless combustion with heat liberate intensity of 5.4–21 MW/m3 using kerosene fuel. CFD 
analysis showed enhancement in flameless combustion by increasing chamfer radius, recirculation 
of the combustion products and fuel residence time [16]. The effect of the high injection pressure 
and ambient condition of blended bio-diesel on spray features were numerically investigated using 
(CFD) analysis. The results revealed that more spray penetration length with fewer spray remarkably 
influence the formation of bio-diesel blends compared to pure diesel at high injection pressure and 
surrounding temperature [17]. 

Large portion of research on liquid biofuels is dedicated for gas turbine technology as a major 
beneficiary of such fuels. The palm methyl ester (PME) combustion features as a replacement fuel 
for gas turbines have been investigated experimentally with preheated air at 673 K. Results showed 
that combustion features of PME are same to those of diesel fuel. Besides, it gives an indication that 
NOx emissions can be lessen by using PME rather than diesel fuel for gas turbines [18]. Another 
experimental investigation on gas turbine fuels compared between two liquid fuels: biodiesel and 
mixture of biodiesel with pyrolysis by-product. These two fuels were compared with a kerosene as 
benchmark. In terms of stability and combustion, it is suggested that the saturated blend would be a 
workable candidate for gas turbine power generation [19]. Similarly, blends of kerosene with waste 
tyre pyrolysis oil (up to 50%) achieved stable turbine operation but with elevation in CO and NOx 
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emissions [20]. The combustion analysis of an extremely oxygenated and economically feasible 
viscous fuel such as glycerol in MGT has been conducted. Results revealed that such fuel provided 
environmental advantages in terms of the reduction in NOx emission and PM concentration [21]. 
Utilizing the well-established and low-cost turbocharger technology for the development of small-
scale MGT is a promising alternative to reduce the cost of MGT. However, a small-scale combustion 
chamber has to be developed since turbocharges do not include it. Combustion chamber design for 
turbocharger-based two-stage MGT was performed using CFD simulation. Different chamber and 
flame tube geometries were used with species transport and non-premixed combustion models in 
order to find the optimize chamber design [22]. Fuel spray patterns and atomization quality with 
different sizes of injectors and fuel flow rates were experimentally investigated to study their effect 
on quality of combustion [23]. The original chamber design was not fully optimized for liquid fuels, 
thus, further CFD optimization utilized discrete phase model (DPM) to simulate fuel evaporation. The 
flame tube was extended with fuel pre-evaporation portion resulting of low CO emissions of 99 ppm 
and NOx of 13 ppm at TIT of 1329 K when using diesel fuel [23]. Other simulations investigated MGT 
life cycle analysis, greenhouse effect and combustion characteristics of natural gas blends with 
ammonia and methanol [24].  

Fuel spray characteristics is essential for liquid biofuels combustion. For reciprocating internal 
combustion engines, ignition delay when using higher viscosity fuels such as biodiesel compared to 
fossil diesel presents a major issue [25]. However, this issue is not of a concern in gas turbines due to 
the fundamentally different nature of combustion utilizing steady-state combustion rather than 
intermittent combustion. Despite that, the poor fuel atomization and evaporation when using viscous 
liquid biofuels still presents a major issue since fuels with poor evaporation would require significant 
extension of the flame which requires modifications in combustion chamber geometry. Therefore, 
studying the fuel evaporation mechanism and how to enhance it is a priority to utilize low-grade 
liquid biofuels in gas turbines. A droplet evaporation model of biodiesel fuels which is based on 
theory continuous mixture was investigated. The model was compared to single suspended droplets 
experiments and was in good agreement with the measurements within 3% error [26]. The 
evaporation spray and combustion features of wide range of ethanol–gasoline blends (E0-E100) were 
investigated using a constant volume vessel with single-hole-type nozzle. The result reveals that the 
ethanol evaporates more than gasoline. According to difference in boiling points, a vapor ambient-
gas recognizable layer mixture is constructed in the E85 spray [27].  

The viscosity of vegetable oil of 80.7 mm2/s is about one order of magnitude higher than diesel 
(3.6 mm2/s) whereas biodiesel is only slightly higher than diesel (5.9 mm2/s) [28]. The use of fuel pre-
heaters to reduce the viscosity of biofuels is one of the oldest utilized methods. However, using 
exhaust hot gas or other preheat methods can cause fuel fouling and blockage due to fuel coking at 
the hot surfaces, additional to the creation of gas pockets inside fuel lines that can cause pressure 
fluctuation [29]. MGT performance was tested with diesel as the benchmark fuel compared to 
externally pre-heated biodiesel and vegetable oil using electrical heaters [28]. A method of diesel 
evaporation without the use of atomization injectors was tested. Superheated steam thermal power 
from steam injector is used to evaporate liquid diesel in a container at the bottom of the burner 
which can be suitable for high viscosity fuels [30]. However, this was tested with atmospheric burner, 
and the stability for such a design in gas turbine applications is questionable. The changes of spray 
patterns and vaporization behaviour for flash-boiling multi-hole sprays over a wide range of 
superheated conditions were studied using Mie-scattering and Laser-induced-exciplex- fluorescence 
(LIEF) optical techniques. The vaporization operation was tested by using the LIEF optical technique 
for n-hexane, providing the relative vapor quantity throughout the spray transformation process. The 
correlations of the spray structural change and extent of vaporization with increasing superheated 
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degree provided good insight into the mechanisms responsible for the observed behaviours during 
flash-boiling conditions [30]. Using vibration analysis [31] and combustion acoustic analysis [32] to 
analyse the effect of poor atomization of biofuels on combustion stability was also investigated. The 
Dielectric-Barrier-Discharge (DBD) plasma actuator was experimentally used to measure it is ability 
in micro combustors on the air flow based controlling. Smoke generator was used in experiments. 
The results shows that the generated plasma has small effects of the characteristics of flow while the 
temperature of plasma has a maximum of 90˚C when it is generated continuously [33]. Neon-oxygen 
was investigated for the hydrogen ignition stabilization with the ambient intake condition standard 
using CFD modelling. The results showed that the mean value of the initial hydrogen temperature in 
the neon-oxygen atmosphere was lower as compared to oxygen-argon [34]. CFD modelling has 
proven to be a useful tool for the optimization of turbine geometry and flow characteristics to 
increase the power coefficient of the turbine in effective way before testing the geometry 
experimentally [35].  

In this paper, an evaporation process of palm oil fuel was studied numerically using CFD 
simulation with DPM model to imitate fuel atomization and evaporation. A novel pre-evaporation 
chamber geometry was investigated utilizing exhaust gas recirculation and strong swirling motion for 
the evaporation of the fuel.     
 
 
2. Methodology  
 

For the design of the pre-evaporation chamber, SolidWorks (2019) and ANSYS-FLUENT software 
(2019) were used for the CFD numerical analysis. As for the fuel source material, palm oil is produced 
in abundance in Malaysia with high waste potential that can cause environmental concerns. 
 
2.1 Fuel 
 

Palm oil (Elaeis guianensis) was originated in Africa. It spreads in Malaysia due to the humid and 
wet environment [36,37]. Malaysian palm oil production has increased vastly over the last 25 years, 
from 2.57 million metric tons in year 1980 to 14.96 million metric tons in year 2005, due to preference 
for palm oil as compared to rubber and other crops [37]. Two methods are used to convert palm oil 
into biofuel: (1)   of palm oil into methyl or ethyl esters (biodiesel) by reaction with alcohol, (2) 
catalytic cracking of palm oil to lower molecular hydrocarbon products [38, 39]. The fuel used in the 
simulation is the crude palm oil extracted from oil palm mills in Malaysia. Thermal properties of fuel 
which have been used to perform chamber simulation are listed in Table 1. 
 

 Table 1  
 Thermal properties of oil palm fuel at 30 °C [40] 

Properties Value 

Density (𝑘𝑔 𝑚3)⁄  885 
Specific heat(J/Kg.°C) 1875 
Viscosity (Pa.S) 0.05785 
Vaporization temperature (°C) 450 
Boiling Point (°C) 510 
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2.2 Chamber Drawing 
 

The drawing of pre-evaporation chamber geometry prior to mesh creation is done using 
SolidWorks software (2019) due to its flexibility in modifying the geometry to accommodate wider 
range of geometry variation for the design optimization. Part of the hot exhaust gas from MGT 
combustion chamber is recycled into the pre-evaporation chamber where it is introduced through 
two tangential inlet ports to create a cyclonic motion through the chamber. A revolve chamber 
geometry was chosen with the revolve curvature diameter (Dr) which is circuit diameter that revolves 
360° around the pre-chamber axis to create the revolve. Dr was increased from 40mm up to 90mm 
for the geometry optimization process. The distance between this circuit centre and the pre-chamber 
axis was fixed at 25mm for all designs, thus, this will give an outer diameter (Do) range of 90-140mm 
for the pre-chamber with 10mm increments. The number of the revolves was varied from 5 to 8 as 
the second manipulated variable for the geometry optimization process. The last revolve before the 
exit had the same Dr as the other revolves but the distance to the axis was reduced to 12.5mm 
resulting in an outer diameter range of 65-115mm. This reduction was designed for smooth transition 
to the outlet nozzle before the fuel vapour in injected to the main combustion chamber. The length 
of a single revolve is same as Dr and the length of the exit nozzle is 25mm. Fuel injection ports were 
not added physically to the chamber geometry since the use of DPM allows the alteration of injection 
location and the number of injectors inside the CFD settings. The general geometry of the pre-
evaporation chamber is shown in Figure 1. 
 

 
Fig. 1. Schematic of the revolve pre-evaporation chamber with 3D SOLIDWORS 
drawing of 5 revolves and revolve diameter of 70mm 
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2.3 CFD Simulation 
 

ANSYS-Fluent software is used in order to analyzed the flow of recycle hot gas and simulate the 
flow of fuel inside chamber through the k-epsilon model. DPM is utilized to simulate the fuel injection 
and evaporation process while non-premixed model is used to identify the species of recycled hot 
exhaust gas. 
 
2.3.1 Non-premixed Model Setup  
 

In the non-premixed model, a PDF was generated in order to identify the composition of the hot 
exhaust recycled gas species (located under oxidizer section) as well as the palm oil fuel. It should be 
noticed that the PDF only specifies the properties of the species and their changes with temperature 
only in the gaseous form. Therefore, palm oil is identified in this model as oil vapor and not as a liquid 
fuel. And since the fuel (i.e., liquid palm oil) will be introduced through the fuel injectors only, thus, 
no boundary condition is allocated as “fuel inlet”, and the only inlet boundary is for the recycled hot 
exhaust gas. One more thing to notice is that the original purpose of this model in ANSYS-Fluent is to 
simulate combustion. However, in the current study, the operating conditions of low oxygen content 
and temperature ensure that combustion process does not start in the pre-evaporation chamber and 
it is postponed to the main chamber where fuel vapor is mixed with air in the main combustion 
chamber. The target of CO emissions exiting the MGT combustion chamber was set to be below 100 
ppm, thus, the exhaust gas from the chamber was calculated based on the chemical reaction of palm 
oil shown in Eq. (1). Elemental analysis of palm cooking oil available commercially in the Malaysian 
market revealed the mass content of the elements to be 83% carbon, 11.4% hydrogen, 2.5% nitrogen 
and 3% oxygen.     
 
83

12
𝐶 +

11.43

1
𝐻 +

3

16
𝑂 +

2.47

14
𝑁 + 25.62(𝑂2 + 3.76𝑁2)

→ 5.69𝐶𝑂2 + 1.23𝐶𝑂 + 5.71𝐻2𝑂 + 16.55𝑂2 + 96.67𝑁2                                            (1) 
                            

The full molar fraction for the exhaust recycled gas was then calculated from Eq. (1) and the PDF 
setting as molar fraction for the fuel and oxidizer (i.e., exhaust recycled gas) was then keyed in to the 
CFD simulation as shown in Table 2. 
 

Table 2  
Species mole fraction for PDF setup 
Species Fuel setup Oxidizer setup 

N2  0 0.765.5 
O2  0 0.132 
CO  0 0.0098 
CO2  0 0.0452 
Palm oil vapor  1 0 
H2O  0 0.0454 

 
2.3.2 DPM and Viscosity Models Setup 
 

The k-ε model was used in this study since it suitable for flow with swirling motion. Heat transfer 
and turbulence behavior can be predicted through standard k-ε model. This model is based on two 
transport equations for the turbulence kinetic energy (k) and its dissipation rate (ε) shown as Eq. (2) 
and Eq. (3). 
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      (3) 

where, Gk and Gb are turbulence kinetic energy generation by mean velocity and buoyancy; YM is 
fluctuating dilatation contribution in compressible turbulence to the overall dissipation rate; 
C_1ε,C_2ε,C_3ε are constants; ρk,ρε are turbulent Prandtl numbers for k, ε. The heat losses through 
the outer walls was set as a fixed heat flux of 12.9 kW/m2 calculated from the expected efficiency of 
this chamber. Discreet phase model used to imitate the injection of fuel particles with 1 to 3 injectors 
tests. For the single injector setup, the injector is located at the centre axis of the chamber while two 
and three injector setups are arranged radially with 180° and 120° angle, respectively, between the 
injectors. Chamber axis is on X-axis, and the injection stream velocity for the Y & Z axes was changed 
from 0.6 m/s in the axis direction then drops to zero for the central stream then increases to 0.6 m/s 
in the opposite direction. Therefore, only the central injection stream travels parallel to the chamber 
axis while the two streams (on each side) are pushed tangentially towards Y & Z axes creating a swirl 
injector motion with 30° injector angle to match the specification of the commercially available fuel 
injectors that will be used in the experimental phase of this project. The boundary conditions of the 
pre-evaporation chamber and DPM injector setup for three injector mode with multiple droplets is 
shown in Table 3. The gas inlet condition is set to mass flow inlet, with normal-to-boundary setup, 
while outlet is set to pressure outlet. There is no fuel inlet boundary condition since the fuel injection 
is handled by the DPM. 
 

  Table 3  
  Boundary conditions and DPM 3-injector setup 
Parameters Values Parameters Values 

Fuel input (DPM)  Gas inlet (mass flow inlet) 
Particle type Droplet Temperature (K) 1223 
Injection type Group Pressure 1atm 
Number of streams 5 Mass flowrate (kg/s) 0.0042365 
Mass flowrate (kg/s) 0.000174 Turbulent viscosity intensity 5% 
X-velocity (m/s) +1 Turbulent viscosity ratio 10 
Y-velocity +0.6 to -0.6   
Z-velocity (m/s) +0.6 to -0.6 Walls  
Temperature (K) 300 Heat Flux (W/m2) 12946 
  Thickness (mm) 3 
Outlet (pressure outlet)  DPM reflect 
Pressure 1atm   
Back flow temperature (K) 1000   

 
Two inlet ports with (8 mm diameter and 30 mm length) are attached tangentially to the pre-

chamber to introduce the recycled hot exhaust gas which will be pushed in cyclonic motion inside 
the chamber in order to create turbulence motion inside the chamber and enhance fuel evaporation 
process. The gas temperature was set to 950°C throughout the simulation since turbine inlet 
temperature is expected to be limited. However, additional evaluation of the temperature effect on 
evaporation was performed on the optimum chamber geometry where gas temperature was 
elevated up to 1050°C. The gas recycling was fixed at 10% of the total exhaust flow rate, thus, gas 
flow rate to the pre-evaporation chamber was set to 0.00847 kg/s. 
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3. Mesh Independence Study 
 

Figure 2 shows the mesh independence test results when varying the number of elements from 
50,000 all the way up to 3,441,543 elements for the largest dimeter and number of revolves. The 
main respond variable is the accumulated mass flow rate of the evaporated palm oil liquid mass 
input. In general, the difference in DPM mass flow rate was not significant, and results became near 
constant with the subsequent elevation in the number of elements above 10^6 elements. It was 
found that any elevation in mesh size of 2,523,353 elements will result in less than 0.01% change 
DPM values, thus, this mesh setting was used for the simulation. 
 

 
Fig.2. Mesh independence study 

 
4. Results and Discussions 
 

The effect of geometry changes in the form of the number of revolves, diameter of the chamber 
and the configuration of the injectors on the pre-evaporation chamber are discussed in this section. 
 
4.1. Effect of Chamber Geometry 
  

The pre-chamber performance as the number of revolves is increased from 5 to 8 and the 
diameter is increased from 40 to 90 mm is evaluated in this section. The general target is to achieve 
acceptable pre-chamber performance with minimal size that represents the least number of revolves 
with smallest possible diameter. The main performance indicating variable is the fuel evaporation 
capacity prior to the main chamber as the target is to introduce the fuel to the MGT combustion 
chamber mostly as vapor so it can be efficiently mixed with air which can reduce pollutant emissions 
considerably compared to conventional liquid-fueled MGTs. DPM was used to simulate both fuel 
injection and evaporation processes. The fuel inlet flow rate is 0.0026 kg/s, thus, the accumulated 
total mass flow rate of the evaporated fuel through the mass balance reported by DPM is compared 
to the fuel input to determine the fuel evaporation capacity as a percentage of the fuel input. Figure 
3 shows the effect of the number of revolves and the chamber diameter on the evaporated fuel flow 
along with the corresponding evaporation %. Testing the two geometry variables, it was shown that 
minimum number of revolves to start evaporation is 5. However, having a small diameter of 40mm 
was not adequate to pre-evaporate the fuel with 0.00057 kg/s evaporated fuel which corresponded 
to only 22% fuel evaporation. This low number of revolves required the increment of chamber 
diameter which enhanced the evaporation gradually reaching nearly 87% evaporation at maximum 
diameter of 90mm. On the other hand, geometries with 7 and 8 revolves showed different 
performance trend where the evaporation peaked at 88.5% when reaching 70mm and 80 mm 
diameters, but then dropped at 90mm diameter. 
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Fig. 3. Effect of number of revolves and diameter on fuel evaporation 

 
Figure 4 show the effect of diameter and number of revolves on tangential velocity at the exit. 

Observing the tangential velocity profiles at the pre-chamber exit showed similar trend where 70mm 
and 80mm diameter at 7 and 8 revolves geometries showed low values indicating that the swirling 
motion was totally converted to axial motion at the exit. All other lower and higher diameters but 
still sharing similar chamber length (i.e., number of revolves) showed higher swirling motion at the 
chamber exit which was associated with lower fuel evaporation. The velocity was affected by the 
change of diameter since flow rate was kept as constant. Therefore, at small diameters, strong 
swirling motion extended all the way to the chamber exit pushing fuel droplets to the walls by the 
centrifugal force which reduce the interaction between the hot gas and droplets resulting in less 
evaporation. As for the effect of number of revolves, increasing the number has shown a considerable 
reduction in swirling motion as evident by the reduction of tangential velocity at the exit. Two factors 
are expected to affect the flow hydrodynamics when passing through the revolves along the 
chamber. First factor is the flow friction that increases with the number of revolves, but this factor is 
less pronounced at large diameters as friction losses become negligible. Second factor is the 
compression and de-compression effects at the inlet and exit of each revolve as this geometry does 
not resemble a simple cyclonic or screw chamber. At very large diameters such as 90mm, the effect 
of compression and de-compression become less pronounced as the flow rate is not enough to carry 
the effect at such large diameter. Therefore, 70mm and 80mm diameter presented an optimal size 
for this specific flow rate for this chamber.  In conclusion, swirling motion is needed at the earlier 
stages where the fuel mist is concentrated and needs to be vigorously mixed with the hot gas to 
enhance heat transfer from the gas to the fuel. The other major mechanism to aid evaporation is the 
periodic compression and de-compression of flow that disturbs the swirling motion downstream the 
chamber that should be maintained by maintaining the balance between the flow and the diameter 
of the revolves. 
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Fig. 4. Effect of geometry variables on outlet tangential velocity 

 
Mean mixture fraction (MMF) is another important performance indicating variable. MMF is used 

to indicate the molar fraction in PDF (as vapor form) where MMF = 1 for fuel inlet and MMF = 0 for 
the oxidizer inlet. Therefore, both the dilution of fuel by the oxidizer stream (i.e., recycle exhaust gas) 
as well as the evaporation of fuel are indicated by MMF values. Figure 5 shows the effect of increasing 
the number of revolves and chamber diameter on MMF values. The findings are similar to those of 
the DPM flow of the evaporated fuel showing the worst case to be with 5 revolves and 40mm 
diameter where molar fraction of fuel vapor was only 6% of the total flow exiting the pre-chamber. 
On the other hand, MMF was less sensitive to the changes in geometry and did not reveal the minute 
effects of geometry due to the high gas dilution. Therefore, MMF can still be used as a general 
indicator of the performance to show roughly the acceptable geometry limits. MMF showed that 
geometries with diameters above 60mm and 6 revolves produces vapor fuel molar fraction of about 
21% at the pre-chamber exit. It should be noticed that, as MGTs normally operate at much higher 
excess air supply compared to other technologies such as boilers and IC engines, the recycling of 
exhaust gas will provide considerable amount of oxygen. Thus, making the gas stream exiting the pre-
evaporation chamber as partially mixed fuel stream, which can shorten flame extent inside the 
combustion chamber as the length of premixing zone will be shorter. In the current design with 10% 
exhaust recycling flow and 21% fuel mole fraction, oxygen molar fraction in the premixed fuel stream 
will be 10.4% which is still slightly beyond the rich flammability limit of the fuel. Therefore, preignition 
will not occur in the pre-evaporation chamber. 
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Fig. 5. Effect of number of revolves and diameter on mean mixture fraction 

 
Results showed the minimum geometry that can achieve best evaporation was at 70mm diameter 

and 7 revolves. Two major factors that influence the evaporation process are the temperature and 
velocity magnitude. Therefore, the contours of overall temperature and velocity magnitude along 
the pre-chamber were investigated as shown in Figure 6. As the oxygen content at the hot exhaust 
recycled gas tangential inlet is about 10.4%, spontaneous ignition occurs near the wall leading to a 
sudden spike in temperature (around 1900K). However, the flame extinguishes immediately when 
pushed toward the centre due to the high fuel concentration. The temperature drops drastically to 
1430K and then it gradually decreases along the pre-chamber length due to the heat losses through 
the outer walls. Despite the drop in temperature, the average outlet temperature was around 1330K 
(1057°C) which is still way above the fuel vaporization temperature of 450°C. The velocity contour 
demonstrated the flow hydrodynamics where the flow started tangentially with high velocity (around 
20m/s) which generated the centrifugal effect where the mass was pushed to the walls creating low 
pressure and slow flow at the centre. The second effect of flow compression then de-compression 
when passing through the revolves can also be seen from the velocity profile. At the third revolve, 
the sudden expansion created a low pressure (and low flow velocity) zone at the centre which 
collapsed when the revolve started to converge again, creating the compression effect. However, this 
effect gradually faded towards the exit as the velocity dropped significantly near the walls due to 
friction and the tangential flow started to convert into axial flow. The last change in the velocity is at 
the outlet nozzle where the flow is compressed again as a preparation for the fuel injection into the 
main chamber.    
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Fig. 6. Temperature and velocity distribution contours for the optimum geometry 

 
Using vehicular turbocharger as the base for the MGT development will limit turbine inlet 

temperature below 1000°C to avoid damaging turbine blades. Therefore, 950°C recycled exhaust gas 
temperature was chosen for the chamber optimization process. However, further investigation was 
made to test the effect of higher temperatures (1000 & 1050°C) on the evaporation process as shown 
in Figure 7. As expected, increasing gas temperature enhanced the evaporation of the fuel as the 
evaporation process is mainly dependent on the thermal power transferred from the surrounding 
gasses to the fuel droplet to provide the needed latent heat of evaporation. However, it was noticed 
that the enhancement of evaporation was not significant resulting in less than 1% increment in 
evaporation at the highest temperature of 1050°C compared to the optimum case. Therefore, 
elevating the recycled gas temperature above 950°C is not recommended as it will increase the piping 
insulation and maintenance requirement without considerable enhancement of the pre-evaporation 
chamber performance. 
 

 
Fig. 7. Effect of hot gas inlet temperature on fuel evaporation using the 
optimum geometry 
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4.2 Effect of Number of Injectors 
 

For the MGT setup, having a single fuel injector is the most economical option in terms of the 
initial cost as well as the maintenance cost and requirement. However, when using single injector, 
large injector nozzle is needed to accommodate the large flow rate as all the fuel will be passed 
through this single injector. As expected, single injector provided the lowest evaporation as the 
exposed surface area of the fuel to perform the evaporation process is minimal as the fuel streams 
were limited to 5 per injector resulting in around 73% fuel evaporation as shown in Figure 8. On the 
other hand, three injectors provided 15 fuel streams and wider distribution of the fuel which 
provided better gas-fuel mixing and higher evaporation exceeding 88%. 
 

 
Fig. 8. Effect of number of injectors on fuel evaporation 

 
In order to study the quality of fuel distribution across the pre-chamber, fuel particle tracking 

based on evaporation time was used as shown in Figure 9. Having a single injector at the center of 
the pre-evaporation chamber extended the axial spray penetration without being mixed with the hot 
exhaust gas which represented the major downside of using single injector from the hydrodynamic 
flow point of view. On the other hand, shifting the injectors off-center in 2 &3 injector configurations 
eliminated this issue, where hot gas stream contacts the fuel droplets in a cross-flow manner 
spreading the droplets in the first revolve to maximize heat transfer before the gases cool down along 
the chamber.   
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Fig. 9. Injector particle tracking based on evaporation residence time for 1, 2 and 3 injectors 

 
5. Conclusions 
 

In this study, a novel pre-evaporation chamber was designed. It included several revolves that 
provide two major mechanisms to aid the fuel evaporation. First mechanism is the swirling motion 
at the injectors which provide cross-flow interaction between fuel droplets with hot gas in cyclonic 
motion which enhances the heat transfer process. The second mechanism is the compression and 
de-compression effects at the inlet and the exit of each revolve that ensures continuous gas-liquid 
interaction and prevents the droplets from being pushed to the chamber walls by the centrifugal 
force. However, this second mechanism can only be maintained by maintaining the balance between 
the flow and the diameter of the revolves. Minimum number of revolves to start the evaporation was 
found to be 5, while increasing the diameter from 40mm to 90mm increased the evaporation from 
22% up to 87%. As for the geometry effect on evaporation, best evaporation was achieved in the 
diameter range of 70-80mm, while increasing the number of revolves above 7 showed negative effect 
on evaporation. Therefore, the optimum pre-evaporation chamber was found to be 7 revolves with 
70mm diameter. Further investigations were done on the optimum geometry to investigate the 
effect of recycled exhaust gas temperature, where the elevation from 950°C up to 1050°C resulted 
in less than 1% evaporation enhancement. Finally, the effect of number of injectors was investigated 
by testing one central injector, two and three injectors at 180° and 120° from each other, 
respectively. It was found that the enhancement in evaporation process was proportional to the 
number of injectors. The future work will include testing this new pre-evaporation chamber with an 
existing MGT combustion chamber to utilize different types of low-grade liquid biofuels.   
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