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ABSTRACT: Porous media has benefits to enhance evaporation of droplets in liquid-fuel burners,
reduce emission of pollutants and minimize instabilities. This paper represents the numerical study of
liquid-fuel injection and combustion inside constant-volume chemically inert PM to stabilize lean
mixture. 3D numerical results were obtained based on a modified KIVA-3V code. Diesel is directly
sprayed inside hot and high pressure PM chamber. Complete evaporation and self-ignited was
achieved due to high temperature. The results for an especial condition have compared with an
experimental data in literature. Contours of diesel vapor, fluid and solid temperature of PM in
azimuthally cross section, were shown. Also, effects of mass of sprayed fuel were studied. The results
show considerable reduction in carbon monoxide, nitrogen monoxide and soot formation.
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INTRODUCTION

The most important issue of direct-injection IC engines that currently exists is stratified
mixture formation in the combustion chamber, which causes heterogeneous heat release, high
local in-cylinder temperature and high temperature-gradient in combustion chamber.
Therefore, emissions such as NOx, HC, CO and soot produce. In current strategy, the exhaust
emissions of IC engines can be reduced by catalyst converter, but they have high cost and low
efficiency. Decrease in emission of IC engines may be achieved with homogeneous mixture
formation and a 3D-ignition of homogeneous charge and ensuring homogeneous temperature
field. Conventional direct injection engines indicate lack of mechanisms for fuel-air
homogenization. PM as an option can be used to achieve this goal [1, 2]. This technique has
been used for both gaseous and liquid fuels in steady or unsteady combustion. In the literature
there are many researches on gaseous combustion in PM but a few studies investigate liquid-
fuel combustion in PM and its capability for mixture formation and combustion processes [3-
6]. Considerable features of PM for application to combustion technology are: large specific
surface area, excellent heat transfer properties, heat capacity, transparency for fluid flow,
thermal resistance mechanical resistance and electrical properties [1, 2].

PM engine is defined as an engine with homogeneous combustion process realized in a PM
volume. The following individual processes of PM engine are realized in PM volume: energy
recirculation in cycle, fuel injection in PM, fuel vaporization (for liquid fuels), mixing with
air, homogenization of charge, 3D-thermal self-ignition, and a homogeneous combustion.
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Permanent contact between working fuel and PM-volume in a diesel engine. It is assumed that
the PM-combustion chamber is mounted in the engine head. Also, all necessary conditions for
homogeneous combustion are carried out in the PM combustion chamber [7].

The first idea to use PM in the IC engines was proposed by Weclas et al. [7, 8]. They
investigated the performance of a PM single-cylinder, air-cooled diesel engine, without using
of catalyst. They mounted a Silicon Carbide (SiC) PM in the cylinder head. Their results
showed increasing in engine efficiency, reducing the emissions and noise in comparison with
the original engine. Lee et al. [9] mounted a PM on the piston bowl of single-cylinder diesel
engine, and observed increasing in power and reduction in noise relative to original engine.
Also, NOy decreased significantly while, HC and soot increased. Weclas [10, 11] carried out
diesel jet impingement on PM with high porosity. Weclas et al. [12-14] investigated
penetration of liquid-fuel spray in a PM (as arrangement of cylinders) with different diameters
that were mounted on a flat plate, they changed the arrangement of cylinders to find optimum
geometry for a PM that could produce the best mixture formation. Weclas et al. [15] studied
effect of liquid-fuel injection in an annulus PM. They measured jet penetration of liquid fuel
after exit from PM space.

In this study, 3D-CFD simulation of constant free-volume and PM reactor were done with
modified version of KIVA-3V code. Diesel was sprayed directly in hot cylindrical PM.
Combustion was started with due to heat supply from solid phase of PM. It is demonstrated
that complete evaporation and flame stability occurs due to presence of PM. Numerical
computations have been compared with experimental data of Weclas et al. [15]. The effects of
mass of injected diesel- fuel, on mixture formation and combustion processes, were studied.
Mean in-cylinder pressure and temperature of solid phase and gas phase in PM, and mass
fraction of C;oHy,, CO, NO versus time, was considered. The results showed capability of PM
in control of mixture formation and combustion processes.

GOVERNING EQUATIONS

For simulation of PM engine, some assumptions were used for modeling of the PM, include:
(1) There is thermal non-equilibrium between gas and solid phases.

(2) Solid is homogeneous, isotropic, variable property with temperature and has no catalyst
effects.

(3) Radiation heat transfer from the solid phase is considered only and the gas phase is
transparent.

Regard to the above assumptions, governing equations are [16, 17, 18]:

Continuity equation:

d(p; ; . .

%+V-(mu<p)= V-[waimV(%)]+<ppf+ p° i (1)
¢ is porosity of porous media, p; is density of species i and u is velocity vector.
Gas phase momentum equation:

XY 1y puuy=-57P-V(2pk)+V.o+F () )
()= CEV+cznlVlV) 3)

The last term on the right-hand side of Eq. (2) is due to pressure drop caused by PM that
Ergan equation was used and o is stress tensor.

Gas phase energy equation:

] :
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hy = 25 kgNw, , Nuv =2 + 1.1 Re"* P’ (5)
cp 1s specific heat of mixture, T, is gas temperature, Y; is mass fraction species 1, ®; is rate of
reaction i, h; is enthalpy of species i, W; is molecular weight of species i, k, is thermal
conductivity of the fluid, DHd is thermal dispersion coefficient along the length of the porous
medium, h, is volumetric heat transfer coefficient. Correlation (5) was estimated from
experimental data by Wakao and Kaguei for heat transfer between packed beds and fluid [17].
Solid phase energy equation:

a
E((l —e) Ps Cs Ts) = V- [ks 1- E)VTS] + hy (Tg - Ts) - V.q, (6)
Ts is solid temperature, ps is solid density, cs is specific heat of solid medium, kg is thermal

conductivity of solid, g, is the radiation heat transfer in solid.
Chemical species continuity equation:

2 (epg¥i)+ V.(epgVi V) +V. (e pg¥i Vi) — £ oy W; = 0 (7)
Vi=—(D+ lem)Xii vX; (8)
Xj is molar fraction of species i, Pe is Peclet number, Dy, is diffusion coefficient of species 1
is mixture.

Equation of state:

P=pyRT, /W (9)
R is universal constant of gases, W is average molecular weight of mixture, P is pressure
inside the combustion chamber and the porous medium.

Combustion model:

Combustion process includes ten equations and twelve species, which includes one-step
reaction for methane fuel and Zeldovich mechanism for NO formation. Rate of reactions are
computed with Arrhenius method. However, for six other equations that reaction rate is very
quick relative to last four equations hence, equilibrium reactions are considered. In order to
consider effects of turbulence on combustion, Eddy-Dissipation model [17, 18] has been used.
Radiation model:

Gas phase radiation in comparison with solid phase, that has a high absorption coefficient, is
regardless. The heat source term V. q,., due to radiation in solid phase that appears in Eq .12, is

calculated from Rosseland [17] method.
16 o T3

qr = — 3 B VT (12)
o Boltzmann constant and f is extinction coefficient.

Liquid Spray:

Solving for the essential dynamics of a spray and its interactions with a gas is an extremely
complicated problem. In many sprays, drop Weber numbers is larger than unity, and drop
oscillations, distortions, and breakup must be considered. Drop collisions and coalescence
have also been found to be important in many engine sprays [18].

MESH PREPARATION

Fig. 1 presents schematic geometry of constant-volume PM. Prior to CFD simulation,
computational mesh of chamber was generated with Kiva-Prep. The geometry of a mesh is
composed of one block. Fig.1 shows the grid configuration of the volume (sector mesh).
Mesh size is about 77842 for this computational study. Fig. 2 shows the schematic grid
configuration of chamber.
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Figure 1. schematic presentation of Figure 2. Computational mesh for the PM chamber
constant volume PM [16]

INITIAL AND BOUNDARY CONDITIONS
Initial temperature and pressure for fluid flow and PM was assumed 800K, 1000 K and 10, 11
bar respectively. Mass of injected fuel was 1.4 and 3.4 mg with injection duration of 2 ms.
Porosity is 90 percent with different pore density range (8-10-20-30 ppi). Initial velocity was
assumed 0.0. The entire boundary wall was assumed as insulated (zero heat-flux condition)
for fluid and solid phases, in free-volume chamber and SiC PM reactor.

VALIDATION

For validation of numerical simulation, experimental data of Weclas et al. was used. Initial
pressure and temperature of both phase are 16 bar and 800 K, respectively. Mass of injected
fuel for injector was 3.4 mg. In Fig. 3, comparison between numerical and experimental
results of pressure was shown. Both results show the same increasing rate and maximum
pressure, approximately. But, because we did not know chemical formula of diesel fuel in
experiments, so delay time for combustion between CFD and experiment is not the same.
Diesel fuel C;oH,, was assumed for this simulation.
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Figure 3. comparison CFD results with experimental data

RESULTS AND DISCAUTION
In Figs. 4(a, b, ¢), 5 (a, b, c) temperature field of fluid and solid phase of PM in middle
angular cross section in three times, are shown. As seen in Figs. 4 (a,b), due to existence of
solid phase of PM and exchange of heat with fluid phase, temperature decrement near injector
location compensates. On the other hands, in locations where combustion occurs, temperature
goes up considerably. Heat absorbs with solid phase and temperature of it increases. Figs. 5
(a,b) shows increase solid-temperature in locations where temperature goes up considerably.
But heat capacity of solid is much higher than heat capacity of fluid; therefore increase in its
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temperature is much lower than fluid temperature. In Fig. 11c, it is seen that near the end of
combustion, fluid temperature decreases and low value of NO relative to conventional
combustion is form. In the region with high temperature, low oxygen exists, so possibility of
NO formation decreases noticeable. Solid phase of PM acts like a controller for temperature.
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Fig 4. Fluid temperature in free volume
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Fig 5. Fluid temperature in PM reactor

Diesel spray in PM and effect of mass of injected fuel in constant porosity on
combustion process

In Fig. 6, mass fraction of diesel vapor versus time (1 to 3ms) is shown. Initial conditions of
11 bar for pressure, 1000 K for both phase of PM, porosity of 90 percent with pore density of
8 ppi, were assumed. In these figures mass of injected fuel has changed between 10 to 30 mg
(mixture between lean to rich). In this figure mass fraction of injected fuel changed. It is
inferred that variation of fuel injection has effects on fuel distribution, but final mass fraction
of fuel is about zero.
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Figure 6. Mean diesel mass fraction versus Figure 7. Mean Carbone monoxide mass
time for porosity 90 % and different fraction versus time for porosity 90 % and
injected fuel different injected fuel

Figs.7,8 show mass fraction of CO and NO versus time (1 to 3ms). Carbon monoxide is
produced 0.5 ms after start of injection and increases gradually during of injection. But after
end of injection, it does not change considerably. It is inferred that CO in PM engines has low
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value compared with conventional diesel engine. Because diesel disperses in PM volume and
enough oxygen is accessible for combustion. Thereby, much of CO that is produced in
combustion could convert to CO,. Mean fluid temperature is below 1800 K (approximately
bellow 1500 K), so thermal NO that produced during combustion has low value. Therefore,
PM technology could control emission of CO and NO for different conditions. Fig. 9
represents mean pressure versus time (1 to 3ms). It is seen that with increasing mass of
injected fuel, causes to increase final pressure as expected. Also, with increase injected fuel,
rate of pressure also, increases.
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Figure 8. Mean nitrogen monoxide mass fraction ~ Figure 9. Mean pressure versus time for
versus time for porosity 90 % and different porosity 90 % and different injected fuel
injected fuel

Figs. 10, 11 shows mean temperature in fluid phase and solid phase of PM via time. It is seen
that with increasing fuel lead to increase in fluid-phase temperature of PM. In solid-phase
temperature, with increasing injected fuel, solid phase temperature does not varied. This
phenomenon is due to heat capacity of PM is very higher than fluid phase. So, considerable
change in fluid-phase temperature does not cause to considerable change in solid-phase
temperature.
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Figure 10. Mean fluid phase temperature Figure 11. Mean solid phase temperature
versus time for porosity 90 % and different  versus time for porosity 90 % and different
injected fuel injected fuel
CONCLUSIONS

3D- spray of diesel fuel in a hot PM was simulated with modified version of KIVA-3V code.
The contours of mass fraction of diesel vapor, carbon dioxide, pressure and temperature in
both phase of PM, were shown. Following results were obtained:

1) PM helps to better dispersion of fuel and flammable mixture formation in its space.
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2) PM considerably contributes to the flame stabilization and nearly homogenizes temperature
field.

3) Very thick reaction zone (hundred times thicker than for free flames in conventional
combustion) formats in PM volume.

4) Pressure loss in PM due to its drag, is not significant in the case of the PM with high
porosity.

5) Fuel vapor consumes completely, so nearly no HC residues in cylinder space.

6) Maximum value of fluid temperature decreases, therefore NO formation reduces due to
lower temperature of fluid.

7) Increasing mass of injected fuel in hot PM increases pressure and fluid temperature but
does not causes to CO, HC and soot formation.

NOMENCLATURE
Cp specific heat of mixture \
Cs specific heat of solid medium \
D/’ thermal dispersion coefficient
h; enthalpy of species i
hy volumetric heat transfer coefficient of PM
ko thermal conductivity of the fluid
ks thermal conductivity of solid
qr radiation heat transfer in solid
T, gas temperature
T solid temperature
Y average molecular weight of mixture
X; molar fraction of species i
Pe mixture density
€ porosity of porous medium
o; rate of reaction i
Ps solid density
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