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achieved due to stationary parts of existing types of mixer. Therefore, this paper
carried out a computational fluid dynamics (CFD) study to investigate the performance
of new commercial mixer. This mixer is a secondary fuel pre mixing controller designed
for a 3.168 liter dual fuel-diesel engine and positioned at the air inlet manifold. The
mixing process of CNG and air is controlled by the interior design of the mixer and the
movement of controller valve. Preliminary analysis was conducted when the maximum
engine speed (3600 rpm) and at a fully open secondary fuel inlet pipe. With this case,
atmospheric pressure was used at the gas inlet to see if the gas could be sucked or
need to be supplied with pressure higher than atmospheric pressure. The second step
of investigation was done when the valve moved to last position and mass flowrate
was used at the mixer outlet and gas inlet according to required air fuel ratio (AFR) to
find the pressure at the gas inlet besides examine the homogeneity of CNG-air mixture.
The mixer had been tested with various AFRs starting with (10) for rich, (17.2) for
stoichiometric, and (20, 30, 40) for lean combustion. Uniformity index (Ul) and color
contours of methane mass fraction (Mcha) were used to evaluate the mixing quality of
CNG and air. The results of testing showed that the gas should be supplied with
pressure higher than atmospheric pressure to obtain the AFR close to stoichiometric
ratio. This pressure was very high which not allowed in the pressure regulator that
available in the market. This problem caused by the design of control valve shaft.
Furthermore, the study showed that the mixer is unable to provide a homogeneous
mixture of CNG and air. Therefore, the mixer needs to be optimized in terms of
controlling AFR and CNG-air mixture homogeneity.
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1. Introduction

High thermal efficiency, durability, low carbon dioxide emission, reliability, high torque, and fuel
economy are the factors that made the diesel engines preferable to passenger transport, trucks, and
power generation operations. In contrast, high localized temperature and combustion with
heterogeneous air-fuel mixture have made the diesel engine produces a high level of nitrogen oxides
emission and particulate matter emission [1-3]. Previous investigations showed that people are
prone to heart and lung diseases when exposed to exhaust particulate matter emission [1, 4]. Many
types of alternative fuels like alcohol, CNG, LPG, biogas, producer gas, and hydrogen were studied
broadly in the literature [5]. The factors such as high auto-ignition temperature, clean nature of
combustion, and high availability at attractive prices make the natural gas as a good alternative fuel
for diesel and gasoline engines [6-8].

Compressed natural gas (CNG) is one of the of natural gas forms, which has some properties made
it as attractive alternative fuel for diesel fuel such as high octane ratio, high hydrogen to carbon rate,
and leaner burn due to wide ignition limit [8, 9]. Although the significant role of CNG in reducing
combustion emissions, the problem of high rate of NOx and PM (particulate matter) emissions has
been taken into account in recent times [7, 10-13]. CNG-diesel dual fuel (DDF) system has been
developed to decrease NOx and particulate emissions of diesel engines [1, 12, 14-16]. The working
principle of dual-fuel IC engine is represented by burning amount of the premixed gaseous fuel-air
mixture by injecting a small amount of diesel fuel into the engine combustion chamber near the end
of the compression stroke [17, 18].

CNG-air mixer is a device like carburetor that positioned at the air intake manifold and used to
convert the diesel engine to dual fuel engine without more engine modifications [11, 19-23]. The
main purpose of the mixer is to obtain a homogeneous mixture and suitable ratios of air and CNG as
required by the engine [8, 22, 24-27]. Performances of the DDF engines in terms of power output and
exhaust gas emissions are related to the combustion efficiency. Better performance of the DDF
engines can be obtained if the mixture of air and CNG is homogeneously mixed prior to entry to the
combustion chamber [8, 19, 23, 26, 28, 29].

Previous works proved that by an application of mixing chamber such as a CNG-air mixer, there
is no losses occur in terms of power output at higher engine speeds due to the CNG fuel starvation
[30, 31]. Besides that, power output and efficiency of the diesel-dual fuel engines are also affected
by the amount of air induced to combustion chamber. The reduction of air quantity induced leads to
a drop in engine power and efficiency. Therefore, the diesel-dual fuel engine should not to be
throttled on the air side [32]. Throttle body injection mixer, venturi mixer, high-pressure mixer,
venturi mixjector, intake manifold CNG injector, and secondary fuel premixing controller are the
devices used to mix the CNG and air prior to entering the engine combustion chamber [11, 19-23].

All these mixing devices have been investigated deeply except the latter type, secondary fuel
premixing controller. The best mixing of gas and air is hardly achieved due to stationary parts of
existing types of mixer. Consequently, this study focused on the modeling and performance
investigation of the secondary fuel premixing controller in terms of flow behavior and mixing quality
of CNG-Air mixture.

2. Design of CNG-Air Mixer
The mixer which modeled and investigated in the present work is a secondary fuel premixing

controller as shown in Figure 1. Ansys Design Modeler and CATIA were the software that used for
modeling the mixer while the Ansys Fluent was used for analysis. This mixer contains a hollow casing
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including an air inlet, a CNG-air mixture outlet, the main controller body, spring, and control valve
connected together in central grouping one to another. The air passes through the mixer air inlet and
pushes the control valve to open the pathway of air and CNG, and then the CNG-air mixture passes
through the mixer outlet to the engine manifold. The main controlling body contains the housing
which supports the axial movement of a control valve and contains the CNG fuel manifold which
consists of gas entrance, gas distribution room, and the asymmetrical distribution space seven gas
outlet holes. These holes positioned with air streamline as shown in Figures 1 and 2. The working
principle of this mixer is represented by fixing the inlet pressure of CNG, while the amount of CNG is
controlled by the surface design of control valve shaft which open and close the CNG pathway during
the movement of control valve as shown in Figure 1. The flow pattern of CNG and air is shown in
Figure 2. The control valve is biased to open and close the inner end of the CNG inlet according to
the engine air-fuel requirement.

Fig. 1. Parts of secondary fuel pre mixing controller. 1- Air inlet part, 2- CNG entrance,
3- Main controller body, 4- Mixture outlet part, 5- Control valve, 6- spring, 7- Plastic
washer, 8-CNG outlet holes
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B Mixture of air and CNG
Fig. 2. Boundary inputs and outputs for the mixer

3. Numerical Setup
In order to obtain accurate results from simulation software, verification, and mesh independent
test were used before doing any test for the mixer.
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3.1 Verification

In this research, verification is represented by repeating experimental work by CFD software and
found the error rate between experimental and CFD results. This process has been used to confirm
that the CFD software is working properly, in addition, to make a sure that the collected boundary
conditions and solving methods give results close to experimental results. Out of all research about
CNG-air mixer, thesis done by Ramasamy. [33] to develop a CNG-air mixer for a two-stroke internal
combustion engine was used in this verification because the researcher mentioned all mixer
dimensions and boundary conditions. Figure 3 shows the best fit drawn lines of pressure drop points
for each engine speed to indicate the errors between Ramasamy’s [33] experiments and the current
simulation results. A maximum of 4.52% pressure drop error on an average of all points was found
between Ramasamy’s [33] experiment and current simulation results, while for Ramasamy’s [33]
experiment and simulation results the pressure drop error was 4.96%.

Simulation and Experiment Pressure Drop
5000 4389.73
4500 o . .
4000 =4=Current simulation 1392.96
E 3500 | =@=Experiment (Ramasamy, 2006) 3330.19
~ 3388.25
@ 3000
Z 2500
o
E 2000
1500
1000
500 70.85
0 - T
0 1000 2000 3000 4000 5000 6000 7000 8000
Engine Speed (rpm)

Fig. 3. New simulations and experiment pressure drop results along CNG-
air mixer with various engine speeds

3.2 Mesh Generation

Mesh means to divide the solid or fluid geometry into finite volume cells consists of nodes and
faces. The quality of mesh is very important since the computational fluid dynamics equations like
momentum, energy, continuity, turbulent, and species transport are solved in these finite volume
mesh cells. Unstructured tetrahedral independent mesh method was used for the fluid part of the
mixer using ANSYS ICEM CFD mesh. Before further simulation was done a mesh dependence test was
carried in order to ensure that the results are not affected by increasing the number of mesh cells.
The mesh was gradually increased from mesh 1 to mesh 2, mesh 3, mesh 4, mesh 5 and mesh 6 as
shown in Table 1 and Figure 4. The testing results show that a rough grid, i.e., mesh 1, which consists
of 269937 cells, is the only mesh giving a little different result of Mchs and pressure as seen in Figure
5 and Figure 6. The other meshes show very close results of Mchs and pressure as seen in Figure5 and
Figure 6. Based on these tests, mesh consists of 505872 grid cells, was selected because less CPU
time was spent for calculation. In addition to mesh dependence test, care was taken to minimize the
maximum skewness which should not exceed 95%.
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Table 1
Number of cells for each level for original mixer simulation
Mesh Level Mesh1l Mesh2 Mesh3 Mesh4 Mesh5 Mesh 6

Fluid Elements Number 269937 390141 465899 505872 631673 1020032

Mesh 1 Mesh 2

Mesh 3 Mesh 4

Mesh 5 Mesh 6
Fig. 4. Mesh Levels analyzed
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Fig. 5. Methane mass fraction on the line (vertical
diameter) at the outlet of original mixer for
different mesh elements
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Fig. 6. Static pressure on the line (parallel to mixer axis)

along the mixer for different mesh elements

3.3 Models and Boundary Conditions

When a specific mesh was reached for the mixer, suitable solution methods, solver, models,
boundary conditions, controls, and monitors were chosen in the CFD software to begin the
calculations.

3.3.1 Solver

Pressure-based solver and density-based solver are two available numerical methods in ANSYS
FLUENT to choose one of them for solving.

The pressure-based approach was used in this work because it developed for low-speed
incompressible flows while the density-based approach was mainly used for high-speed compressible
flows. ANSYS FLUENT 14.5 provides four segregated types of algorithms: SIMPLEC, SIMPLE, PISO, and
(Non-Iterative Time Advancement option (NITA) for time-dependent flows) Fractional Step (FSM).
SIMPLE (Semi-implicit method for pressure link equation) method was used in this work as the
solution algorithm. The SIMPLE method was chosen because it is used solely for steady state
calculations in the iterative mode [34, 35]. For tetrahedral and triangular meshes, since the flow is
never aligned with the mesh, mostly more accurate results obtain by using the second-order
discretization. For hex/quad meshes, better results obtain by using the second order discretization,
especially for complex flows. In brief, while the first-order discretization mostly yields better
convergence than the second-order scheme, it generally yields less accurate results, especially on
triangular/tetrahedral meshes [36].

3.3.2 Models
3.3.2.1 Energy equation

Since the simulation deals with species transport, energy equation was activated [36].
3.3.2.2 Turbulent model

The fluid flow was assumed as a turbulent flow according to high Reynolds number which
obtained from Eq. 1 [37, 38].

(1)
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where R, is Reynolds number, p and p are the fluid density and viscosity respectively, and x is the
characteristic length (pipe diameter).

The turbulent model which used in this study among wholly turbulent models is the k- model
because it is well validated and extensively used for fluid flow [19, 24, 39, 40]. K is the turbulence
kinetic energy and is defined as the variance of the fluctuations in velocity and € is the turbulence
eddy dissipation [24, 40]. The three types of k-€ model are the Standard k-€ model, RNG k- model,
and Realizable k-€ model. From these three types of the k- turbulent model, Standard k-€¢ model
used in this study because it is suitable to be used with gas-air mixer [1, 24, 34, 40-43]. Robustness,
economy and reasonable accuracy for a wide range of turbulent flows of the standard k- model in
FLUENT explain its popularity in industrial flow and heat transfer simulation [36, 44-46].

The transport equations to obtain the turbulent kinetic energy (k) and its dissipation rate for
Standard k-€ model are following [36]

0 5} d ok

2 (0l + o= (plew) = 52| (1 + £2) 2| + Gi + Gy — pe = iy + 5 2
0 0 =2 Ke) O € —c, =

5 (06 + 5 (peu) = 5 (1 +2) 3]+ Creg (Gt Cacip) = Capp S+ S 3)

In these equations, G Represents the generation of turbulence kinetic energy due to the mean
velocity gradients, Gy, is the generation of turbulence kinetic energy due to buoyancy. Yy Is the
contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate.
The quantities o and a, are the inverse effective Prandtl numbers for k and €, respectively. Sy and
S¢ are user defined source terms [44].

The turbulence intensity for inlet and outlet of mixer can be valued by equation below [1, 36]

ul

I =

_1/8
= 0.16(Rep,,) (4)

Uavg
where Re is Reynolds number, Dy is hydraulic diameter (diameter of inlet section).
3.3.2.3 Mixing flow without reaction

With mixing CNG and air, there is no reaction between air and natural gas and species transport
need to be used [14, 24].

3.3.2.4 Species transport

Species transport has been selected because it works effectively with reactions and no reactions
between mixed gases [36].

To solve conservation equations for chemical species, ANSYS FLUENT predicts the local mass

fraction of each speciesY;, through the solution of a convection-diffusion equation for the ith species.
This conservation equation takes the following general form

) — —
5 (PY) + V. (PVY) = =V.J, + R + 5 (5)
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where R; is the net rate of production of species i by chemical reaction, and S; Is the rate of creation
by adding from the dispersed phase plus any user-defined sources [36].
In turbulent flows, ANSYS FLUENT computes the mass diffusion in the following form

? vT

Ji= = (pDim+ ) Y- D T )
t

where S¢, Is the turbulent Schmidt number (—, where y is the turbulent viscosity, and D is the

M
pD¢
turbulent diffusivity). The default S, is 0.7. Note that turbulent diffusion generally overwhelms
laminar diffusion, and the specification of detailed laminar diffusion properties in turbulent flows is
generally not necessary [36].

The mixture materials that selected in the species transport model are methane-air mixture.
3.3.2.5 Incompressible steady state flow

The fluid flow assumed incompressible flow according to the Mach number which was less than
one using Eq. 7 [47]

v = Mc (7)

where, v is the fluid velocity in meter per second, M is Mach number, and c is the speed of sound in
meter per second.
The fluid flow inside the CNG-air mixer is considered a steady state flow [33-35, 40, 48].

3.3.3 Boundary conditions
3.3.3.1 Airinlet

Since the air is sucked into the engine without an external force like supercharger or
turbocharger, the air inlet boundary condition was taken as ambient pressure. Table 2 shows the air
properties at the air inlet of the mixer. The other values are interpolated from fluid dynamic air
properties found in any fluid properties table at the given pressure and temperature.

Table 2

Air properties at the air inlet
Variable Quantity
Density 1.225 kg/m3
Temperature 300° k

Dynamic viscosity 0.000017894 kg/ms
Operation pressure 101325 pa

3.3.3.2 Flow rate at the outlet

Target Mass Flow Rate Option was used at the mixer outlet. With this option, the simple
Bernoulli's equation is used to adjust the pressure at every iteration on a pressure outlet zone in
order to meet the desired mass flow rate. The change in pressure, based on Bernoulli’s equation is
given by the following equation [36]
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dP = 0-5pave(m2 - m?’eq)/(paveA)z (8)

where dP is the change in pressure, & m is the current computed mass flow rate at the pressure-
outlet boundary, & myq is the required mass flow rate, p,y. is the computed average density at the
pressure outlet boundary, and A is the area of the pressure-outlet boundary.

This target mass flow rate can be calculated by equation below [17]

(1 +1ig) = P2 o)
where ny is the volumetric efficiency, p, ¢ (kg/m?3) is the mixing air—gas density, V4 (m3) is the engine
displacement and n (rpm) is the engine speed.

Typical maximum values of volumetric efficiency (ny) for naturally aspirated engines are in the
range between 80% and 90%, and it is for diesel engines somewhat is higher than S| engines [49].
Typical values of volumetric efficiency for an engine at wide-open throttle (WOT) are in the range
between 75% and 90%, going down to lower values as the throttle is closed. Restricting air flow into
an engine (closing the throttle) is the primary means of power control for a spark ignition engine [50].
For petrol engines, ny is between 80% and 85 %, whereas for the diesel engine it is in the range 85%
to 90% [51]. Therefore, it is assumed as 90% in present work.

Air-gas mixture density can be calculated by Eqg. 10 [52, 53]

m
gas, 1 . 1
1 _ Mair Pgas Pair (10)
. - Mgas
Pmixture ——+1
Mair

3.3.3.3 Methane inlet

In the first test of the mixer, gas pressure assumed as ambient pressure to investigate if the gas
can be sucked by high-speed air flow. The second boundary condition is represented by using
methane mass flowrate at the methane inlet during pressure investigation and during the test of the
mixer with various AFR. This mass flow rate at the methane inlet is calculated by solving Eq. 9, 10,
and 11.

AFR =24 (11)
mg

Table3 summarized methane properties that used in simulation.

Table 3

Methane properties

Variable Quantity
Methane density 0.715kg / m3
Temperature 300° k

Operation pressure 101325 Pa

4. Results and Discussion
4.1 Air Fuel Ratio and Pressure Investigation
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X 4

Figure 7 shows methane mass fraction (Mchs) at center plane of mixer that there is an insufficient
guantity of methane can be sucked to the mixer and air-fuel ratio is equal to 70.11 when the methane
inlet pressure was taken as ambient pressure. This high AFR could cause incapability of the engine to
combust the air-fuel mixture. Therefore, the gas needs to be supplied with pressure higher than

ambient pressure to increase gas mass flowrate and reduce AFR.
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Fig. 7. Mcns at the center plane of mixer

The shaft design of control valve closes the gas inlet when it is at the last position with maximum
engine speed. The results of CFD showed that the total gauge pressure at the gas inlet should be
(2.608 Mpa) to get air-fuel ratio near to stoichiometric ratio (17.2) when the valve at the last position
with maximum engine speed (3600 rpm). This pressure is very high and cannot use with the CNG kit
since the maximum allowed gas pressure at the pressure regulator is (0.25 Mpa). Figure 8 shows the

color contour of total gauge pressure at the center mixer xy plane.
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Fig. 8. Total pressure at the XY symmetry plane

In addition to the AFR issue, Figure 9 shows that methane mass fraction (Mcha) is accumulated in
some regions, especially near to the center axis of the mixer and in the region behind the block of

gas manifold.
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Fig. 9. Mcns color contours and fluid flow stream lines

Therefore, the second method which represented by using the maximum allowed pressure (0.25
Mpa) at the gas inlet when the valve was at the last position with maximum engine speed has been
used to show the AFR. The results of CFD showed that the AFR is (57.38567388 pa) which is higher
than stoichiometric AFR (17.2). Figure 10 shows that methane mass fraction (Mcna) is very little and
it is accumulated in some regions, especially near to the center axis and in the region behind the
block of gas manifold. This gas accumulation resulted in a heterogeneous CNG-air mixture.
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Fig. 10. Mcns color contours and fluid flow stream lines
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4.2 Testing the Mixer with Various AFR

After testing the mixer with AFR close to stoichiometric ratio, then it was tested with fixed
maximum engine speed (3600 rpm) and different AFR (10, 17.2, 20, 30, and 40) to see if the mixer
can work properly with other AFR. Maximum engine speed (3600 rpm) was used because the less
mixing happens at the maximum engine speed and when the engine speed decreased, the
homogeneity increased due to increase the time of mixing. Therefore, if the mixing at the high speed
is excellent, of course, the mixing will be better at the other speeds less than maximum speed (trade
off relation-Inverse relationship).

CFD test provides several ways to measure the mixture homogeneity either by colors contour,
mathematical formulas or values of mass fraction concentration.

For example, the uniformity index y can be used to estimate the air-fuel mixture homogeneity
[25, 36, 54, 55]. The optimum value of the uniformity index y is equal to 1 [25, 36, 54, 55]. The
uniformity index can be weighted by area or mass. Area-weighted uniformity index captures the
variation of the quantity, while the mass-weighted uniformity index captures the variation of the flux
[36]. The area-weighted uniformity index (y,) of a specified field variable ¢ is calculated using Eq. 12
[25, 36, 54, 55]

2|¢a| Z?zlAi

Va = 1— (12)

where i Is the facet index of a surface with n facets, and Ea is the average value of the field variable
over the surface [36]

Y Yit, didi
b, = Li=1 Pidi (13)

2?=1Ai

The color contour is the second method to evaluate the homogeneity of the mixture components.
The less number of color contour at the mixing region indicates butter mixing. The best mixing
happens when the two colors of gas and air merger in one color.

Figure 11 shows the relation between AFR, gas velocity at the gas holes, and uniformity index of
methane mass fraction (Mcns) at the mixer outlet.
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Fig. 11. Relation between AFR, Gas Velocity at the Gas Holes, and Ul of Mcha
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From the chart above, it is clear that the methane uniformity index at the mixer outlet is lower
than 0.6 with all AFRs. This quantity of Ul means that the gas is accumulated in some regions and not
uniform on the outlet area as shown in Figure 12.
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Fig. 12. Global and local Mcna color contours at the mixer outlet with various AFRs
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5. Conclusions

A commercial CNG—air pre mixing controller mixer for a CNG—diesel dual-fuel engine has been
modeled using CATIA and ANSYS design modeler software. The mixer has been simulated using
ANSYS Fluent 14.5 software. CFD analysis results showed that the mixer with stoichiometric or other
AFR is unable to supply the engine with homogeneous mixture of gas and air. The uniformity index
of methane at the mixer outlet is lower than 0.6 with all AFRs. This quantity of Ul means that the gas
is accumulated in some regions and not uniform on the outlet area. This heterogeneity of CNG and
air is related to some factors like mixer internal design, air-fuel ratio, engine speed, control valve
position, and gas inlet pressure. Therefore, there is a need to modify the design of this mixer in terms
of CNG air mixture homogeneity.

In addition to heterogeneity problem, the mixer is unable to control AFR due to the design of
control valve shaft.The air-fuel ratio is equal to 70.11 when the methane inlet pressure was taken as
ambient pressure. This high AFR could cause incapability of the engine to combust the air-fuel
mixture. Therefore, the gas needs to be supplied with pressure higher than atmospheric pressure to
increase gas mass flowrate and reduce AFR. Furthermore, the total gauge pressure at the gas inlet
should be (2.608 Mpa) to get air-fuel ratio close to stoichiometric ratio (17.2) when the valve at the
last position with maximum engine speed (3600 rpm). This pressure is very high and cannot use with
the CNG kit since the maximum allowed gas pressure at the pressure regulator is (0.25 Mpa).
Therefore, there is a need to modify the design of this mixer in terms of controlling AFR. At this time,
the work is underway to develop the mixer in terms of the air fuel ratio controlling and CNG-air
mixture homogeneity.
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