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a b s t r a c t

The working process of a porous medium (PM) engine, characterized as periodic contact type and fueled
with liquid fuel as Isooctane, is simulated by using an improved version of KIVA-3V. A modified volume-
averaged method is proposed for describing the interaction between fuel droplets and the solid phase of
the PM. The improved version of KIVA-3V was validated by simulating the experiment of Zhdanok for the
superadiabatic combustion of CH4–air mixtures under filtration in a packed bed. Good agreement
between experimental data and computational results for the speed of combustion wave is achieved.
The influences of initial PM temperature, PM structure and valve opening timing on the realization of
compression ignition in the PM engine are also verified. Initial PM temperature is the crucial factor in
guaranteeing the realization of the compression ignition of the PM engine. Considering influential factors,
such as the properties of the PM, the compression ratio, the equivalence ratio, and the heat transfer
between gas and solid phase of the PM should obtain optimized initial PM temperature. The variation
in PM structure affects the convective heat transfer between the gas and solid phase and the dispersion
effect of the PM. Compression ignition all can be realized in PM engines with four kinds of PM. Compres-
sion ignition is achieved at the considered four valve opening timings. Value opening timing has influence
on the average temperature of the PM engine and the working of the PM engine does not allow earlier or
later valve opening timing.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Emission and energy saving of internal combustion engine be-
come a major concern in both the developed and the developing
world. Homogeneous mixture preparation and controllable com-
bustion offer the most effective measure for energy saving and sig-
nificant reduction of emissions of internal combustion engine.
Combustion of hydrocarbon fuels within an inert porous medium
(PM) provides a number of advantages, such as forming homoge-
neous fuel and air mixture, extending flammable limits and oper-
ating over a wide range of loads [1–3]. Hence, introduction of the
PM combustion technique into internal combustion engine has a
great potential in improving combustion efficiency and reducing
NOx and CO emissions.

PM engine is a new concept for implementing homogeneous
combustion in internal combustion engine. PM engine concept,
firstly proposed by Durst and Weclas based on PM combustion
technique, promises well in attaining the homogeneous combus-
tion and meets the requirements of energy saving and emission

reduction [4]. They proposed two type of PM engine, one is perma-
nent contact type and another is periodic contact type. In PM en-
gine with permanent contact type of PM chamber, the working
process is similar to that of conventional engine. The main differ-
ence in the working process between PM engine with periodic con-
tact type of PM chamber and conventional engine results from the
existence of a valve in PM engine, which realize the periodic con-
tact of the PM chamber and engine cylinder.

The PM contacts periodically with the working gas in the engine
cylinder of the PM engine as periodic contact type. Fig. 1 shows a
schematic working process diagram of the periodic type PM en-
gine. The valve between the PM chamber and engine cylinder
closes and fuel is injected in the PM chamber at the end of the
expansion stroke, as shown in Fig. 1d. Low pressure and high tem-
perature in the PM provide conditions for the rapid evaporation of
fuel droplets. Because the amount of oxygen in the PM chamber is
very few, the mixture of evaporated fuel vapor and gas cannot be
ignited in the closed PM. During the exhaust, intake and compres-
sion stoke, the value remain closed. Near the TDC (Top Dead Cen-
ter) the valve opens and the compressed air flows from the
cylinder to the hot PM. Homogenous combustion then will be
accomplished in the PM chamber.
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Until now, PM engine has not received much attention in engine
research communities. Durst and Weclas performed experiments
on a test PM engine with permanent contact type of PM chamber,
which was modified by inserting a SiC PM into the engine head be-
tween the intake and exhaust valves [4]. Their results demon-
strated many attracting characteristics of the PM engine in
comparison with that of the original engine, such as a very low
emission level, higher cycle efficiency, and low combustion noise.
Based on a multi-zone combustion model, Jan Macek modeled
the working process of a PM engine fueled with methane and
hydrogen respectively, and discussed some important issues con-
cerning its practical applications [5].

In this study, the working process and some influential factors
for the realization of compression ignition of a PM engine fueled
with Isooctane, in the case of periodic contact between the engine
cylinder and the PM, are investigated by using an improved version
of CFD code KIVA-3V [6].

2. Numerical models

The KIVA-3V code is incorporated with the chemical kinetics
software Chemkin-3.0 [7]. The solving of one more energy conser-
vation equation for describing the change in the temperature of
solid phase of the PM is realized. An interaction model describing
the impingement and heat transfer between fuel droplets and the
solid phase of the PM is also included in the version of KIVA-3V.
The simplified Rossland model is used to compute the heat radi-
ation in the PM and the Ergun equation for the flow resistance
caused by the PM. The dispersion effects of the PM on energy
and species diffusion are considered. We use a reduced chemical
kinetic mechanism that consists of 38 species participating 69
elementary reactions [8] for modeling the oxidation of Isooctane
in the PM engine. Numerical computation is carried out under
the experimental conditions conducted by Zhdanok et al. [9] to
validate the reasonability of the modified version of KIVA-3V code
[10].

2.1. Governing equations

Gas phase radiation in PM is negligible and the PM is assumed
inert and does no influence on the chemical reactions. Heat trans-
fer between gas and solid matrix is considered. The conservation
equations for gas phase energy, solid phase energy, gas species
and momentum in PM domain are given as follows. Other relevant
conservation equations can be found in the related Ref. [11].

The gas phase energy conservation equation is

o
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where e is the porosity of the PM, Tg is the temperature of the gas
phase of the PM, Ts is the temperature of solid phase of the PM. k0g
is the corrected thermal conductivity of gas in the PM [12],

k0g ¼ eþ 0:1 Pr qg udp
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kg , where kg is the thermal conductivity

of the gas phase in the PM and dp ¼
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The solid phase energy conservation equation is
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where hp is the volume heat transfer coefficient [14] between the
gas and solid phase of the PM, which is derived from
hpd2

p
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Redp, where Redp ¼ qudp=l. ks is the thermal

conductivity of the solid phase in the PM. The radiant heat flux in
the solid phase of the PM is modeled with the simplified Rossland
model in which the radiant heat flux is expressed as
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dpð1�eÞ [15]. The radiation characteristics of

the PM are described by the parameters of porosity e and pore
diameter dp: So, Eq. (2) can be rewritten as the following.
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keff is the effective thermal conductivity of the PM and is solved by
the following equation: keff ¼ ke þ kr; where ke ¼ ksð1� eÞ and
kr ¼ 16rT3

s dpð1� eÞ=9:
The species conservation equation is
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The momentum equation is
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The Ergun model modified by Macdonald et al. [16] is used to
calculate the last term on the right-hand side of Eq. (4).
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the equivalent particle diameter of the PM. Gas densities are com-
puted from the ideal gas equation of state for a multi-component
mixture, P ¼ qgRTg=W .

2.2. Interaction model between fuel droplets and solid phase of the PM

Experimental research about interaction between fuel spray
and porous medium was ever reported [17]. For simulating the
interaction between fuel liquid jet and the solid phase of the
PM, an implemented volume-averaged method is proposed. In
the method, the solid phase of the PM in one control volume is
regard as an assumed ball located at the center of the control vol-
ume. The diameter of the ball is derived according to the porosity
and the volume of the control volume. The ball occupies some
space but has no impact on the fluid flow in the control volume.
When fuel droplet impinges on the surface of the assumed ball,
the variation in the velocity of the droplet and the heat transfer
between the fuel droplet and the solid phase of the PM are deter-
mined by the interaction model, which was developed in Ref.
[18].

Fig. 1. Schematic drawing of the working process of periodic contact type PM
engine.
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