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Abstract: Homogeneous and complete combustion in internal combustion engines is advantageous.
The use of a porous foam in the exhaust gas in an engine cylinder for heat recovery is examined
here with the aim of reducing engine emissions. The internal combustion engine with a porous
core regenerator is modeled using SOPHT software, which solved the differential equations for the
thermal circuit in the engine. The engine thermal efficiency is observed to increase from 43% to
53% when the porous core regenerator is applied. Further, raising the compression ratio causes the
peak pressure and thermal efficiency to increase, e.g., increasing the compression ratio from 13 to
15 causes the thermal efficiency and output work to increase from 53% to 55% and from 4.86 to 4.93 kJ,
respectively. The regenerator can also be used as a catalytic converter for fine particles and some other
emissions. The regenerator oxidizes unburned hydrocarbons. Meanwhile, heat recovered from the
exhaust gases can reduce fuel consumption, further reducing pollutant emissions from the internal
combustion engine.

Keywords: internal combustion engine; homogeneous combustion; porous regenerator; heat recovery;
ceramic foam

1. Introduction

Thermal and material energy wastes from using fossil fuels, in addition to economic losses, cause
harm to the environment via pollution [1]. Although new energy technologies for engines, such as fuel
cells, electric batteries, solar cells, and hybrid engines, have been developed, internal combustion (IC)
engines remain common [2]. Current diesel engines are more efficient than gasoline engines, especially
for high-power applications, and research is ongoing to increase engine efficiency and reduce pollutant
emissions [3].

Reducing emissions and energy use in internal combustion engines is an increasing aim in both
developed and developing countries. Homogeneous mixture preparation and controllable combustion
are the most effective methods for lowering energy use and emissions in internal combustion
engines [4]. The porous media (PM) engine is a new concept, first proposed by Durst and Weclas [5],
for implementing homogeneous combustion in internal combustion engines. The PM engine concept
is based on the PM combustion technique and reduces energy use and emissions. Durst and Weclas [5]
proposed two types of PM engines: permanent contact and periodic contact. In the permanent contact
type of PM engine, the operation is similar to that of conventional internal combustion engines.
The main difference between the periodic contact PM engine and the conventional engine is a valve in
the PM engine which causes periodic contact of the PM chamber and the engine cylinder [5].
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In the PM engine cycle, the valve installed between the PM chamber and engine cylinder closes
and fuel is injected into the PM chamber at the end of the expansion stroke. Due to the low pressure
and high temperature in the chamber at that point, the fuel is evaporated rapidly. Since little oxygen is
in the PM chamber, the mixture of evaporated fuel and gas cannot ignite in the closed PM. During the
exhaust, intake, compression, and expansion stokes, the value remains closed. Near TDC (Top Dead
Center), the valve opens and the compressed air flows from the cylinder to the hot PM. Homogenous
combustion occurs in the PM chamber.

Hanamura designed a reciprocating heat engine that is similar to a Stirling engine with almost
completely adiabatic combustion in a porous media [2]. One-dimensional numerical simulations
show that the thermal efficiency of this engine reaches 57.5% at very low compression ratios (between
2 and 3). These compression ratios are much lower than those for conventional Otto and diesel
cycles [2]. Weclas proposed a strategy for development of intelligent combustion systems for IC
engines, utilizing a new concept for mixture formation, i.e., mixture direct injection (MDI), and
homogeneous combustion based on the Porous Medium technology [6]. Based on a multi-zone
combustion model, Macek simulated the working process of a PM engines fueled with methane and
with hydrogen, and discusses significant issues concerning their practical application. He concluded
that the start of combustion is mainly controlled by chemical kinetics, which depend on charge
composition, reactant pressure, and temperature histories of the reactants during the compression
stroke. Thus a detailed understanding of the chemical mechanisms was important for modeling
combustion. Various types of model had been developed to simulate combustion including single and
multi-zones; and multi-dimensional models. Multi-zone models divided the cylinder into a number
of zones with different temperatures and compositions, and consider the interactions between zones
and the detailed chemical kinetic mechanisms to model the combustion process. Multi-zone models
usually provided results in better agreement with experiments than single-zone models due to the fact
that they consider non homogenous temperatures and compositions in the cylinder [7].

The IC engine minimum initial temperature for auto-ignition combustion in the cylinder zone
was 300 K. As initial temperature increased, two-stage ignition processes for both low and high
temperatures were seen. For an intake pressure of 1 atm, the combustion pressure was lower in the PM
engine than the traditional IC engine due to the existence of the porous media. Hence, the combustion
delay time in the PM engine can be decreased and the peak pressure increased with little effects on the
peak temperature. This phenomenon caused a 2% increase in engine output power [7].

Liu and Xie compared the net-work output for diesel, Otto, and PM (i.e., diesel cycle with
regenerator engine) cycles [8]. By solving the related equations, they demonstrated that the net-work
output of the engine with ceramic porous heat recovery reinforced with silicon carbide was greater
than for the Otto and diesel cycles. They assumed that the heat recovery cycle was completely ideal, so
the exhaust heat from the cycle was fully recovered. It was also shown that the thermal efficiency of
the engine with ideal recovery was less than that for an ideal Otto cycle but more than that for a diesel
engine (for various compression ratios) [9].

Zhao et al. simulated compression combustion with a porous regenerator for Iso-octane fuel.
They showed for a compression ratio of 13.6 and an equivalence ratio of 0.278 that compression
ignition occurred with liquid fuel in the PM engine. They also showed that homogeneous mixture
formation and short combustion period were two important characteristics of the PM engine. Initial PM
temperature was a key factor in determining the start of the compression ignition in the PM engine.
The regenerator structure affected the heat transfer between the solid and gas phases and the dissipation
effect of the PM [8].

Through an extensive investigation of porous materials and applications, Mujeebu et al. showed
that aluminum oxide (Al2O3), silicon carbide (SiC), and zirconium dioxide (ZrO2) were suitable
materials for porous applications. These materials have advantageous characteristics compared to
other materials, such as better resistance to high temperature, higher mechanical strength, and better
suitability for heat transfer [10].
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Yang et al. investigated the use of porous materials for small combustion systems. With numerical
simulations, they demonstrated that using a porous media packing can significantly increase the heat
transfer between the wall and combustion products, leading to a higher and more uniform temperature
distribution along the wall of small combustor. For a mixture flow rate of 0.008 g/s and an equivalence
ratio of 0.9, the useful radiation from a micro combustor with SiC as the porous media is 48% higher
than that without a porous media [11].

Le Chine and Kwak were seeking to improve the surface characteristics of a porous regenerator in
a diesel engine using plasma technology [12]. Their research focused on preventing soot and unburned
liquid fuel from forming and adhering to the regenerator surface under the severe conditions inside the
combustion chamber. The regenerator surface directly affected the regenerator’s thermal conductivity,
active heat transfer area, heat transfer resistance, and durability. One of these factors was wet ability of
active regenerator surface by liquid fuel. This factor helped a very thin layer of fuel to form on the
active regenerator surface when fuel is injected into the space. This fuel can be heated and vaporized
easily and completely [12]. With this technology, fuel efficiency is improved by about 2% and nitrogen
oxide emissions are decreased by about 30 ppm [12,13].

The objective of the research is to investigate the use of the energy in the exhaust gas in an engine
cylinder, through heat recovery using porous foam, in order to reduce engine emissions and improve
efficiency. In modeling the internal combustion engine cycle with a porous core regenerator, SOPHT
software is used to solve the differential equations related to the thermal circuit in an engine. The main
points that should be considered for engine modeling are as follows:

‚ Using constant contact recovery porous combustion chamber
‚ Due to the permanent regenerator, combustion was modeled in three areas: above, below and in

the regenerator.
‚ Differential equations for heat transfer were analyzed completely with the software SOPHT.

2. System Description

In an internal combustion engine with a porous regenerator, during the engine stroke accompanied
by heat recovery, the regenerator moves down from the cylinder head to a point above the piston.
During cooling, the regenerator moves from the top of the piston up to the cylinder head. During the
combustion and expansion strokes, combustion products (exhaust gas) still contain some energy in the
form of sensible heat. During the cooling process, hot exhaust gases deliver part of their sensible heat
to the regenerator via convection, and the regenerator moves up. This sensible heat is stored in the
PM media. After the heating stroke, the regenerator moves down and is cooled by the incoming cold
air circulating around the regenerator. Overall, these processes permit the transfer of heat from hot
combustion gas to the input cold air using a regenerator.

The porous media is connected to the piston rod and moves up and down as the piston moves [13].
The porous material used in an engine is ceramic foam reinforced by magnesium alloys that creates
high strength and creep resistance at high temperatures [13].

3. Mathematical Modeling

An analysis of an idealized PM engine cycle is performed. Three essential assumptions are
invoked here:

(1) The heat capacity of the porous medium is much larger than that of the gas. Thus the temperature
of the porous medium can be assumed constant.

(2) Heat losses from the piston, cylinder wall, and PM-chamber are neglected. The compression and
expansion processes are assumed adiabatic.

Based on these assumptions, a temperature-entropy diagram of the idealized heat engine cycle
with a PM regenerator can be drawn (see Figure 1). In the PM heat regeneration cycle, process
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1–2 represents isentropic compression, which is also present in the Otto and diesel cycles. The heat
regeneration process begins at the end of compression when the PM couples with the cylinder. The step
proceeds so quickly that it can be modeled as a constant volume process (2–3). Hence the temperature
of working fluid remains nearly constant during combustion in the PM, allowing the process to be
considered isothermal heating (3–3’). The expansion process is isentropic (3’–4), which is identical to
that for the Diesel cycle.
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Figure 1. Idealized heat engine cycle with a PM regenerator [8].

For this system, an energy conservation equation for the gas phase can be written as follows [14]:

B
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Here, h is the convection coefficient (W/m2K), ε is a porosity factor, Tg is the porous media
gas phase temperature (K), TS is the porous media solid phase temperature (K), ρg is the gas density
(kg/m3), cp is the specific heat at constant pressure (kJ/kgK),ω is the fuel mole fraction rate (mol/m3s),
u is the gas speed (m/s), and λ’g is the corrected gas thermal conductivity coefficient (W/mK), which
is related to the gas heat conduction coefficient (W/mK), λg, as follows [15]:

λ1g “

ˆ

ε` 0.1
„

Pr
ˆ

ρgudp

µ

˙˙

λg (2)

where

dp “

a

4ε{π

ppc
(3)

Here, µ is the fluid viscosity (Pa.s), dp is the porous diameter (cm), ppc is a regenerator structure
specification that can be selected to be 6, 9, or 11, ε is the porosity factor for the porous regenerator,
and Pr is the Prandtl number [15].

The mass conservation equation for the solid phase can be written as follows [15]:

B

Bt
rp1´ εq ρscsTss “ ∇ˆ rp1´ εqλs∇Tss ´ hp

`

Ts ´ Tg
˘

´ divqr (4)

Here, hp is the volumetric convection coefficient between the solid and gas phases (W/m3K), λs is
the solid thermal conductivity coefficient (W/mK), ρs is the solid density (kg/m3), Ts is the porous
solid phase temperature (K), which can be evaluated as follows [16]:

hpd2
p

λg
“

„

0.0426`
1.236
L{dp



Redp (5)
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Redp “ ρudp{µ.λs (6)

where L is the regenerator length (m).
The radiation heat flux in the solid phase is simulated using the simple Reynolds model [17]. Thus,

qr pxq “ ´
16
3

σT3
s

β

dTS
dx

, β “
3

dp p1´ εq
(7)

where σ is the Stephan-Boltzman constant (σ “ 5.670373ˆ 10´8 W m´2K´ 4), and Ts is the solid
temperature (K). With Equations (5)–(7), Equation (4) can be rewritten as follows [14]:

B

Bt
rp1´ εq ρscsTss “ ∇ˆ

´

λe f f∇Ts

¯

´ hp
`

Ts ´ Tg
˘

(8)

Here, cs is the solid specific heat (kJ/kg/K), and λeff is the effective heat transfer coefficient in the
porous material (W/mK), which can be calculated as follows [14]:

λe f f “ λe ` λr (9)

λe “ λs p1´ εq (10)

λr “ 16σT3
s dp p1´ εq {9 (11)

Here, λe is the porous conduction coefficient (W/mK), and λr is the porous radiation heat transfer
coefficient (W/mK).

The mass conservation equation can be written as follows [18]:

B

Bt
`

ερgYi
˘

`∇ˆ
´

ρg
Ñ
u Yi

¯

`∇ˆ
`

ρgεYiVi
˘

´ εωiWi “ 0 (12)

Here, Vi is calculated as [17]:

Vi “ ´
´

D`Dd
||

¯ 1
Yi
∇Yi, Dd

||{D “ 0.5Pe, pe “ ρgCpudp{λg (13)

The momentum conservation equation can be expressed as follows [18]:

B

Bt
pρuiq `

B

Bxj

`

ρujui
˘

“ ´
Bp
Bxi

`
B

Bxj

«

µ

˜
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`
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Bxi

¸ff

` Si (14)

Here, ui is the flow velocity in the x direction (m/s), uj is flow velocity in the y direction (m/s), P is
the pressure (Pa), and Si is the dissipation energy by viscosity (kJ), which can be written as follows [3]:

Si “ ´

ˆ

µ

α
ui ` C2

1
2

ρui

˙

, α “
D2

p

150
ε3

p1´ εq2
, C2 “

3.5
Dp

p1´ εq

ε3 (15)

The compressed gas in the compression stroke is assumed to behave like an ideal gas. Thus, the
following ideal gas equation applies [17]:

P “ ρgRTg{W (16)

where W is the volume of the compound (m3). The inlet heat, output work, and PM engine efficiency
can be determined respectively as follows [17]:

Qin “ Cv

”

T3 ` pk´ 1q T3lnϕ´ T1εk´1
ı

(17)
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W “ Cv

!´

1´ εk´1
¯

T1 `
”

pk´ 1q lnϕ´ pϕ{εqk´1
` 1

ı

.T3

)

(18)

η “ 1´
T3 pϕ{εq

k´1
´ T1

T3 ´ T1εk´1 ` pk´ 1q T3lnϕ
(19)

Here, z is the compression ratio, ϕ is the expansion ratio, Qin is the input heat (kJ), W is output
work (kJ) and η is the thermal efficiency. The volumetric efficiency for the PM engine can be expressed
as follows [17]:

ηv “
mair

ρa,iVd
(20)

where mair is the mass of air in the cylinder when the inlet valve is closed (kg), ρa,i is the inlet air
density (kg/m3), and Vd is the displacement volume (m3).

The specific fuel consumption is calculated as follows [17]:

s f c “
.

m f

b.p.
kg{kWh (21)

where
.

m f is the fuel mass flow rate (kg/s).

4. Results and Discussion

In this investigation, an engine with specific parameters is modeled with SOPHT software (Solver
for Principles of Heat Transfer). SOPHT is a computer program package (consisting of solver, models,
and example) for the evaluation and solving of heat transfer problems. A moving regenerator is used
in this engine. The intake and exhaust valves are the same for both the hot and cold gas flow channels.
An important advantage of this regenerator is that it can be made from any material with a high
specific heat. An increase in the specific heat gained by modifying the ceramic foam, for example
by adding magnesium oxide, can increase the thermal efficiency of the engine by about 1%. This is
because of the better flow of fluid in the porosity of the recovery core. The specifications of the engine
examined are given in Table 1.

Table 1. Engine specifications.

Engine Specification

Bore (mm) 90
Stroke (mm) 140

Compression ratio 16
Engine speed (rpm) 1450

Chamber pressure (MPa) 0.12
Valve thickness (mm) 1.2
Valve diameter (mm) 17

Start of computation (degrees) 130
End of computation (degrees) 160

Injection speed (m/s) 70
Injection temperature (K) 310

Equivalence ratio 0.268

Figure 2 shows the position of the piston and regenerator as a function of crank angle for
the complete cycle of a regenerative engine. Figures 3–6 show variations of the fuel, thermal, and
volumetric efficiencies and net-work output, versus crank angle. It can be seen from Figures 4 and 5
that when thermal efficiency increases from 43% to 53% with changing crack angle, the volumetric
efficiency decreases more gradually, from 94% to 92%.
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Figure 6. Variation of net-work output with crank angle for one complete cycle of a regenerative engine.

For the same engine output power, the regenerative engine consumes less fuel than an engine
without a regenerator. Table 2 compares the characteristics of the engine, with and without a porous
media regenerator.

Table 2. Comparison of characteristics of an engine with and without a porous media regenerator.

Parameter Engine without
Regenerator Engine with Porous Regenerator

Fuel mass flow rate (g/s) 0.2165 0.2165
Intake air mass flow rate (g/s) 6.494 6.494
Air-fuel ratio 30 30
Maximum compression pressure (MPa) 23.9 30.3

Maximum temperature of compression stroke (K) 1619 2305 (compartment above porous regenerator)
964 (compartment below porous regenerator)

Compression ratio 16 10
Temperature of engine exhaust gas (K) 882 780
Mean effective pressure (MPa) 2.31 2.82
Volumetric efficiency (%) 94 92
Thermal efficiency (%) 43 53

By modifying the specifications of an internal combustion engine, the engine can be optimized
thermally. But construction procedures and restrictions limit such changes. Increasing the compression
ratio causes the maximum pressure to increase proportionally, although it also causes the exhaust
gas temperature to decrease. Normally, this is preferred as it tends to reduce burning of the exhaust
valve and the resulting increase in temperature at the end of the compression stroke. It also decreases
the temperature at the end of the power stroke due to further expansion during the power stroke.
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So, the thermal efficiency and mean effective pressure are therefore increased as the compression
ratio increases. This increase also reduces the dead volume and increases the density of the gas in
the cylinder during the combustion process, as well as the short time delay phase. But there are also
disadvantages to increasing the compression ratio:

(1) The maximum operating pressure rapidly increases with increasing compression ratio because
a higher engine mass is required to resist the pressure, and this somewhat offsets the advantage
of the increasing thermal efficiency [13].

(2) The abnormal combustion process at high compression ratios results in an increase in noise and
potential damage of engine parts. This type of abnormal combustion is known as explosive or
detonation combustion [13].

In Figures 7 and 8 respectively, variations are shown with crank angle of net-work output and
thermal efficiency of an internal combustion engine, with a ceramic foam regenerator. By increasing
the compression ratio from 13 to 15, the thermal efficiency increases from 53% to 55% and net output
work increases from 4.86 kJ to 4.93 kJ.
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5. Conclusions

A heat recovery regenerator made from a porous foam ceramic base can be used in internal
combustion engines to increase thermal efficiency and net-work output. It is shown that the regenerator
can recover the energy in the exhaust gases from the engine and used it for heating and evaporation of
the fuel in the next operating cycle. The effect of varying the engine compression ratio in combination
with the use of the regenerator is also demonstrated. A continuous contact regenerator can be coupled
as well with the combustion chamber. By moving the piston in the cylinder, and consequently the
regenerator, thermal efficiency increases by about 10%.

Author Contributions: Mehdi Tanehkar has done this research with collaboration of Mehdi Ali Ehyaei and
Professor Marc A. Rosen. All authors have read and approved the final manuscript.

Conflicts of Interest: No conflict of interest.

Nomenclature

The following abbreviations are used in this manuscript:

cp Specific heat at constant pressure (kJ/kgK)
cs Solid specific heat at constant pressure (kJ/kgK)
H Convection coefficient (W/m2K)
hp Volumetric convection coefficient between solid and gas phases (W/m3K)
L Regenerator length (m)
mair Air mass (kg)
.

mf Fuel mass flow rate (kg/s)
p Pressure (Pa)
Pr Prandtl number
Qin Input heat (kJ)
qr Radiation heat transfer from solid surface (W/m2)
R Gas constant (kJ/kmoleK)
Re Reynolds number
Si Dissipation energy by viscosity (kJ)
Tg Porous media gas phase temperature (K)
Ti Cyclic temperature (K)
Ts Porous media solid phase temperature (K)
uj Speed in j direction (m/s)
u Gas speed (m/s)
Vd Displacement volume (m3)
W Output work (kJ)
W Volume of compound (m3)
z Compression ratio
Greek Symbols
λg Gas thermal conductivity coefficient (W/mK)
ρg Gas density (kg/m3)
ωi Fuel mole fraction rate (mol/m3s)
λs Solid heat conduction coefficient (W/mK)
ρs Solid density (kg/m3)
λ1g Corrected gas heat conduction coefficient (W/mK)
µ Fluid viscosity (Pa.s)
σ Stephan-Boltzman constant (W/m2K4)
λe f f Effective heat transfer coefficient in porous material (W/mK)
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ε Porosity factor
Ψ Compression ratio
η Thermal efficiency
ρa,i Inlet air density (kg/m3)
λe Effective porous heat conduction coefficient (W/mK)
λr Porous radiation heat transfer coefficient (W/mK)
ϕ Expansion ratio
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