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Abstract

A novel approach is proposed and investigated to reduce unburned hydrocarbon emissions from a homogeneous charge compression ignition
(HCCI) engine by using in-cylinder catalysts. The combustion and emission characteristics of this HCCI engine are numerically simulated in three
cases, i.e., the baseline engine with an uncoated piston crown, the engine with a platinum coating on the top and side surfaces of the piston crown
(full coated case) and the engine with a platinum coating only on the side surface of the piston crown (partial coated case). A detailed reaction
mechanism of methane oxidation on platinum catalyst is adopted. The results show that the unburned hydrocarbons of the HCCI engine arise
primarily from sources near the combustion chamber wall, such as flame quenching at the entrance of crevice volumes and at the combustion
chamber wall, and the adsorption and desorption of methane into and from the cylinder wall. The in-cylinder catalyst gives rise to a reduction of
exhaust unburned hydrocarbon (UHC) emissions by approximately 15% with the full coating of platinum catalyst on the piston crown, however,

with the partial coating, the in-cylinder catalyst can reduce the UHC emissions by approximately 20%.

© 2007 Published by Elsevier B.V.
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1. Introduction

Because of its high efficiency, very low nitrogen oxide (NOy)
and particulate matter emissions, the homogeneous charge com-
pression ignition (HCCI) engine has recently become the focus
of engine research. However, the HCCI engine still fronts
some challenges including higher hydrocarbon (HC) and car-
bon monoxide (CO) emissions, control of ignition timing and
limited operating range [ 1-7]. Furthermore, because of the lower
exhaust temperature, dealing with the emissions by the catalytic
converter becomes ineffective. Hence, one must find new means
to resolve these problems before the HCCI engine can be put
into practical applications.

Hydrocarbon emissions arise from HCCI engines because a
fraction of the fuel escapes the primary combustion process as a
result of incomplete combustion (partial burning and misfiring),
flame quenching at the entrance of crevice volumes and at the
combustion chamber wall, and the absorption and desorption of
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fuel vapour into oil layers on the cylinder wall. The crevices
between the cylinder wall and the piston being small volumes
with narrow entrances are the primary sources of unburned
hydrocarbons, and the largest of these crevice volumes is the
piston ring pack crevice. All the sources, except partial burn-
ing and misfiring, are close to the combustion chamber wall.
It is, therefore, likely that the unburned HCs can be reduced at
their sources of production by simply using catalytic coatings
on the internal cylinder head, piston surface and piston crown. It
is worth noting here that the normal surface temperature of the
combustion chamber walls is close to the light-off temperature
(250-300 °C) for common catalyst materials.

Previous applications of in-cylinder catalysts in spark-
ignition engines [8] have demonstrated that the lean limit can
be extended with a catalytic coating on the combustion cham-
ber wall. In a more recent study of Dhandapani et al. [9], copper
coating on the piston crown led to improved combustion stability
and reduced HC emissions. Hu and Ladommatos [10], and Hu
[11] reported that unburned HC emissions were reduced by 20%
by the deposition of catalytic platinum (Pt)-rhodium (Rh) coat-
ings on the top and side surfaces of the piston in an SI laboratory
engine.
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Nomenclature

A pre-exponential factor

Ag area of piston surface
concentration of species j
Fick’s law diffusion coefficient
activation energy

specific enthalpy of species j
mass

fluid pressure

surface reaction rate

sticking coefficient

time
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fluid velocity
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Greek letters

8 Diract delta function

I unit dyadic

A second coefficients of viscosity
n first coefficients of viscosity

0 total mass density

oj mass density of species j
Subscripts

J index of species

T transpose of matrix

Distinctive from previous studies, a novel method proposed
here aims to reduce HC emissions at their sources of production
near the combustion chamber walls, and in particular the crevice
volume in the top land region of the piston of a HCCI engine.
Numerical simulations are carried out to examine the effects of
platinum coating of the piston crown on the combustion charac-
teristics and the exhaust HC emissions.

This paper is organized as follows: in the next section, the
detailed chemical reaction mechanisms adopted in this work
are presented. In Section 3, the schematic piston of the engine
used for numerical simulation is shown, and the specifications
of this engine are listed. In Section 4, the computational model is
shown, and the schematic of KIVA combined with CHEMKIN
and DETCHEM soft packages is discussed in detail. In Section
5, through the multidimensional CFD model, the in-cylinder
flow field and the inhomogeneity of temperature and species
concentration fields are considered, and the effects of in-cylinder
catalytic combustion on the ignition timing, the temperature and
species concentration fields, and HC, CO and NOy emissions of
the HCCI engine are analyzed. In the last section, conclusions
of the paper are given.

2. Chemical kinetic model
2.1. Surface reaction kinetic model

Up to now, detailed surface reaction mechanisms of the
hydrocarbon whose carbon atom’s number is greater than three
have not been built up, and only the detailed surface reac-
tion mechanisms of methane, ethane and ethene on platinum
or rhodium surface have been developed. However, as dis-
cussed above, detailed chemical kinetics is needed to simulate
HCCI combustion. So in this paper, we choose methane as
fuel.

As shown in Table 1, the detailed surface reaction mechanism
of CHy on platinum catalyst consists of 9 gas species, 11 surface
species and 26 surface reactions [12]. This reaction mechanism
has been verified by results of extensive simulations and exper-
iments [13]. In all simulations of this paper, the surface site
density of catalyst coatings is taken as 2.72 x 10~ mol/cm?.

2.2. Gas reaction kinetic model

A detailed gas reaction mechanism of methane oxidation
is adopted. It consists of 53 species and 325 reactions. This
mechanism refers to C/H/O/N chemistry (nitrogen chemistry is
included), thus the NOy emission can be calculated. Through
validations by many researchers, good agreements between the
simulations and experiments have been obtained [14].

3. Physical model

The engine used for numerical simulation is derived from a
Cummins B-series production diesel engine, which is a typical
medium-duty diesel engine. This engine was converted into a
balanced single-cylinder HCCI research engine through several
modifications, as described in Ref. [15]. The engine is equipped
with a custom HCCI piston as shown in Fig. 1. In the full-coated
case, the top and the side surfaces of the piston crown are coated
with catalyst, while in the partial coated case, only the side sur-
face of the piston crown is coated. The sign of the catalyst coating
on the side surface of the piston crown is not presented in this fig-
ure. The engine specifications and operating conditions are listed
in Table 2 [16]. According to the lower ignitibility of methane,
in this paper, higher initial temperatures and compression ratio
are chosen.

4. Computational model

Because ignition in the HCCI engine occurs at multiple sites
simultaneously across the combustion chamber, once the igni-
tion occurs, the gas mixture is consumed quickly even without
discernable flame propagation. It is generally accepted that the
HCCI combustion is dominated by chemical kinetics and turbu-
lence has little direct effect on HCCI combustion. This would
be true if a strictly homogeneous mixture exists during the time
of combustion. However, some researchers have reported that
the flow field in the cylinder had certain effects on the rates of
chemical reactions and the combustion process of HCCI engines
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Table 1

Surface reaction mechanism of methane on platinum surface

Reactions N A (mol, cm, s) Ea (KJ/mol)
H; + Pt(s) + Pt(s) — H(s) + H(s) 0.046E—00 0.0
H+Pt(s) > H(s) 1.000E—00 0.0
O3 +Pt(s) + Pt(s) = O(s) + O(s) 2.300E—02 0.0
CHy + Pt(s) + Pt(s) — CH3(s) + H(s) 1.000E—02 0.0
O +Pt(s) - O(s) 1.000E—00 0.0
H,0 +Pt(s) > H,O(s) 0.750E+00 0.0
CO +Pt(s) - CO(s) 8.400E—01 0.0
OH + Pt(s) — OH(s) 1.000E—00 0.0
O(s) + H(s) < OH(s) + Pt(s) 3.700E+21 11.5
H(s) + OH(s)) <& H>O(s) + Pt(s) 3.700E+21 17.4
OH(s) + OH(s)) < HyO(s) + O(s) 3.700E+21 48.2
CO(s) + O(s) — COx(s) + Pt(s) 3.700E+21 105.0
C(s)+ O(s) = CO(s) + Pt(s) 3.700E+21 62.8
CO(s) + Pt(s) — C(s) + O(s) 1.000E+18 184.0
CHa(s) + Pt(s) - CHa(s) + H(s) 3.700E+21 20.0
CHa(s) + Pt(s) - CH(s) + H(s) 3.700E+21 20.0
CH(s) + Pt(s) — C(s) + H(s) 3.700E+21 20.0
H(s) + H(s) — Pt(s) + Pt(s) + Hy 3.700E+21 67.4
O(s) + O(s) — Pt(s) + Pt(s) + Oz 3.700E+21 213.0
H,0(s) — H,0 +Pt(s) 1.000E+13 40.3
OH(s) — OH +Pt(s) 1.000E+13 192.8
CO(s) — CO +Pt(s) 1.000E+13 125.5
COx(s) — CO2 +Pt(s) 1.000E+13 20.5

[17-19]. This is because there are always small differences in the
temperature and concentration inside the cylinder. To take into
account this inhomogeneity effect, a multidimensional model is
necessary.

In this section, the CHEMKIN chemistry solver [20] and
the DETCHEM surface reaction solver [21] are integrated into
the KIVA-3V code for solving the chemistry in coupling with
multidimensional engine CFD simulations. The KIVA code is
used to compute the flow field, including the distributions of
mass and temperature in the cylinder, CHEMKIN is used to
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Fig. 1. Schematic of the piston.

simulate the gas reactions and DETCHEM is used to simulate
the surface reactions.

The KIVA code solves numerically a set of differential equa-
tions governing the in-cylinder processes as follows [22]:

The continuity equation for species j:
d; pj ; )
87;+V~(pju):V- [poV (I;)] +p;+ps5ﬂ (1)
where, ,b? and p° are source terms due to chemistry and the fuel
spray. ,bj can be calculated by
5 dy; A
- = d—t’ = oW,w; + js,-wj 2)
The boundary condition required at the catalyst-wall is that
the gas-phase species mass flux produced by heterogeneous
chemical reaction must be balanced by the diffusive flux of that

Table 2

Specifications of the Cummins B-series engine

Bore 102 mm
Compression ratio 17.0
Connecting rod length 192 mm
Engine speed 1200 r/min
EVO 60 BBDC
IvC 25 ABDC
Stroke 120 mm
Intake temperature 470K

Air excess ratio 3.0

Intake pressure 1.0 x 10° Pa
Wall temperature 400K
Fuel Methane
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species in the gas:
§5iWi =]+ pYjvs 3

where, the diffusion flux of species j is calculated by:

. ac;
Jj=—Dmj3" @)
The momentum equation for the fluid mixture:
d(pu) 1 2
V. = —=Vp— AV | =pk
o T (puu) 2P~ Ao ( 3P
+V.-o+F +pg 5)

where, the dimensionless quantity « is used in conjunction with
the Pressure Gradient Scaling (PGS) Method. Ag is zero in lam-
inar calculations and unity when one of the turbulence models
is used. F® is the rate of momentum gain per unit volume due
to the spray. The specific body force g is assumed constant. The

KIVA

¥

viscous stress tensor o can be calculated by
o =u[Vu+ (Vo) ] + AV -ul (6)
The internal energy equation:

) _ |
T+V-(pu1)_—pv-u+(l—Ao)a.Vu—V'J

+ Aope + Q° + O° (7)
where I is the specific internal energy, exclusive of chemical
energy. Q€ and Q° are the source terms due to chemical heat

release and spray interactions. The heat flux vector J is calculated
as

Lj
J=—KVT —pDyy h;V (=L 8
P ! <p> ®

‘When the k — ¢ turbulence model is in use, two additional
transport equations are solved for the turbulent kinetic energy k
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Fig. 2. The combine of KIVA code, CHEMKIN and DETCHEM solvers.



384 W. Zeng, M. Xie / Chemical Engineering Journal 139 (2008) 380-389

and its dissipation rate ¢

a(pk) 2
—— + V- (puk) = —g,okV-u+0':Vu

o
—v. [(“) Vk} — pe+ WS )
Pry

d(pe 2
({ft ) + V- (pue) = — <3c81 —cgl) peV -u

" £
+V. [(Prg> Va} + z(cgla : Vu

—Cg, P + csW*) (10)

where W* is a source term due to the fuel Spray. cg1, Cs2, Ce3,
Pr; and Pr. are constants whose values are determined from
experiments and some theoretical considerations.

To carry out computations, firstly, the interpreters of
CHEMKIN and DETCHEM software read the mechanisms of
gas and surface reactions, and the thermodynamic information
of species. At the same time, these two interpreters translate
the thermodynamic information of species from NASA format
to JANAF format for KIVA code. In the computing course of
flow field and combustion, the KIVA code provides CHEMKIN
and DETCHEM with the information of species, temperature
and pressure in each computational cell as initial conditions,
the CHEMKIN and the DETCHEM solvers then compute the
species and heat release in a new time step &¢. Afterwards, we
return to KIVA to compute the flow field again. The detailed
computing flow chart is shown in Fig. 2.

The computation starts from intake valve closure (IVC) to
exhaust valve open (EVO), and the distributions of temper-
ature, pressure and species are assumed to be homogenous
at the time of intake valve closure. The computing mesh
at IVC is shown in Fig. 3. Because platinum catalysts are

Fig. 3. The computing mesh at 25 ABDC.

coated on the piston crown in order to simulate the effects
of catalysis on HCCI combustion process, we only need to
compute surface reactions in the meshes adjoining the piston
crown.

5. Computational results

Three engine configurations were simulated: the baseline
engine with the uncoated piston crown; engine with full coating
on the top and side surfaces of the piston crown and engine
with partial coating only on the side surface of the piston
crown.

5.1. Effects of in-cylinder catalyst coating on the ignition
timing of the HCCI engine

The effects of the catalytic coating on the combustion char-
acteristics are obtained by analyzing the cylinder pressure and
the heat release data. The results are shown in Fig. 4.

For clarity, a comparison here is made among the baseline, the
partial and the full coatings configurations. The ignition timing
is 2°CA-deg before top dead center (BTDC) for the configu-
rations without as well as with partial coating of catalyst on
the piston crown, while it is 3 °CA-deg BTDC in the case of
the full coating configuration. The partial coating of catalyst
on the side surface of the piston crown has little effect on the
primary combustion, thus it leads to nearly the same ignition
timing and heat release as the baseline engine. Faster burn-
ing rate with the full coating of catalyst on the piston crown
is evident from a higher peak in-cylinder pressure and earlier
ignition timing. Detailed pressure and heat release analyses of
these three configurations show that the main difference in the
burning rate exists only during the initial combustion phase.
The burning rate or the cylinder pressure in the following stage,
during which the majority of the fuel was consumed, is almost
unaffected.
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Fig. 4. Comparison of the combustion characteristics of the baseline, partial and
full coatings configurations.
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Fig. 5. Comparison of the temperature (K) field in the cylinder of the baseline, partial and full coatings configurations. (al—a3) The baseline, partial and full coatings
of Pt catalyst on the piston crown at 5 °CA-deg BTDC; (b1-b3) The baseline, partial and full coatings of Pt catalyst on the piston crown at 0 °CA-deg BTDC and
(c1-3) The baseline, partial and full coatings of Pt catalyst on the piston crown at 120 °CA-deg ATDC.

5.2. Effects of in-cylinder catalyst coating on the
temperature field of the HCCI engine

As shown in Fig. 5a, at 5 °CA-deg BTDC, the mixed gas
in the whole cylinder cannot be ignited for these three cases
of the baseline, the partial and the full coating configurations.
However, it should be noted when the piston crown is par-
tial or full coated with Pt catalyst, both the peak temperature
of the core region and the lowest temperature in the crevice
region are elevated. Especially, in the case of the full coating
configuration, compared with the baseline engine, the temper-
ature in the crevice region is elevated by S0K. At 0 °CA-deg
BTDC, as shown in Fig. 5bl and b2, in the cases of both the
baseline and the partial coating configurations, there is a signif-
icant temperature gradient in the cylinder, which means that a
high temperature region exists in the core region, while in the
crevice region and the boundary layer, temperatures are much
lower. On the other hand, as shown in Fig. 5b3, when the pis-
ton crown is full coated with catalyst, the temperature field in
the cylinder becomes essentially homogeneous with consider-
ably elevated temperatures in the boundary layer and the crevice
region.

At 120 °CA-deg after top dead center (ATDC), as shown in
Fig. Sc, although little difference in the temperature fields can
be observed among these three cases, there is still some differ-
ence in the peak and the lowest temperatures. Compared with
the case of the baseline engine, the lowest temperatures in the
crevice regions are higher in the cases of the partial and the full

coating configurations. Especially, compared with the case of
the full coating configuration, only partial coating has higher
temperature in the crevice region.

5.3. Effects of in-cylinder catalyst coating on the HC
concentration field of the HCCI engine

The calculated HC concentration fields in the cylinder are
presented in Fig. 6. As shown in Fig. 6al and a2, at 0 °CA-deg
BTDC, for the cases of both the baseline and the partial coat-
ing configurations, because of the high temperature in the core
region, there the HC concentrations are slight. However, tem-
peratures are low in the regions adjacent to the head and wall of
the cylinder as well as to the crevices, the mixtures cannot be
oxidized entirely, so there exists a large amount of unburned
HC. Contrastively, Fig. 6a3 shows that for the case of full
coating configuration, the HC concentration in the whole cylin-
der is low and distributed homogeneously because of the high
temperature and its homogeneity throughout the combustion
chamber. However, compared with the partial coating config-
uration, in the case of full coating, the HC concentration in the
crevice region is higher, the reason for that will be discussed
later.

At 120 °CA-deg ATDC, as shown in Fig. 6b—c, although the
HC concentration fields in the above three cases seem similar,
there is still certain difference in the peak and the lowest HC
concentrations. Compared with the case of the baseline configu-
ration, both the peak and the lowest HC concentrations are lower
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Fig. 6. Comparison of the HC concentration (mass fraction) field in the cylinder of the baseline, partial and full coatings configurations. (al-a3) The baseline,
partial and full coatings of Pt catalyst on the piston crown at 0 °CA-deg BTDC; (b1-b3) The baseline, partial and full coatings of Pt catalyst on the piston crown at
120 °CA-deg ATDC and (c1-c3) Magnified plots of HC distributions in the crevice regions of (b1-b3).

in the case of the full coating configuration. However, the same
as at 0 °CA-deg BTDC, compared with the full coating configu-
ration, in the case of partial coating, the HC concentration in the
crevice region is lower. It is expected that the catalytic coating
on the top surface of the piston resulted in reduced HC emis-
sions, as shown in [23]. It is quite unexpected, however, that
the partial coating of the piston crown gives rise to even greater
reduction in the exhaust HC emissions than in the case of the
full coating configuration. It can be readily explained when the
other engine characteristics such as the temperature and the pres-
sure in the cylinder are considered: with catalytic coating on the
side surface of the piston crown only, unburned hydrocarbons
are reduced by the catalyst coating at their main source of pro-
duction, i.e., the crevice volume in the top land region of the
piston, yet the primary combustion processes are almost unaf-
fected. This explains why the pressure and the heat release are
almost the same with the baseline engine. With the same ignition
timing, the partial coating on the piston crown results in a higher
burned-gas temperature in the crevice region during the exhaust
processes than that of the baseline engine and the full coating
configuration, and these results in a better post-flame oxidation
of unburned hydrocarbons.

5.4. Effects of in-cylinder catalyst coating on the CO
concentration field of the HCCI engine

As shown in Fig. 7al and a2, at 0 °CA-deg BTDC, in the
baseline and the partial coating configurations, the core temper-
atures are rather high, and most of the mixed gas in the core
region is consumed to form CO;. Because of low temperature
in the crevices, the mixed gas cannot be ignited. Consequently,
only unburned HC is produced there. Thus, the CO concentra-
tions in these two regions (core and crevice regions) are low.
The temperature in the boundary layer is not very high, and CO
produced by the oxidation of mixed gas cannot be oxidized fur-
ther and converted completely to CO,. Hence, there is a large
CO concentration in the boundary layer. Fig. 7a3 shows that,
for the case of the full coating configuration, the CO concen-
tration in the whole cylinder is lower and more homogeneous
because of the higher temperature level and the homogeneity of
temperature field.

At 120°CA-deg ATDC, as shown in Fig. 7b, although little
difference in the CO concentration fields can be observed among
the above three cases, there is still some difference in the peak
and the lowest CO concentrations. Compared with the baseline
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Fig. 7. Comparison of the CO concentration (mass fraction) field in the cylinder of the baseline, partial and full coatings configurations. (al-3) The baseline, partial
and full coatings of Pt catalyst on the piston crown at 0 °CA-deg BTDC and (b1-3) The baseline, partial and full coatings of Pt catalyst on the piston crown at

120 °CA-deg ATDC.

and the partial coating configurations, the peak and the lowest
CO concentrations are low in the case of the full coating one.

5.5. Effects of in-cylinder catalyst coating on the NO
concentration field of the HCCI engine

As shown in Fig. 8al and a2, at 0°CA-deg BTDC, in the
case of the baseline and the partial coating configurations, the
core temperatures are rather high, but the crevices temperature

are lower, and there is a significant temperature gradient in the
cylinder. The NO concentration is sensitive to the combustion
temperature, so there is also a significant NO concentration gra-
dient in the cylinder. Comparing with the baseline engine, the
peak and the lowest NO concentrations are higher in the case
of the partial coating configuration. Fig. 8a3 shows that in the
case of the full coating configuration, the NO concentration in
the whole cylinder is higher than the above two cases because
of the higher temperature level.
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Fig. 8. Comparison of the NO concentration (mass fraction) field in the cylinder of the baseline, partial and full coatings configurations. (al-3) The baseline, partial
and full coatings of Pt catalyst on the piston crown at 0 °CA-deg BTDC and (b1-3) The baseline, partial and full coatings of Pt catalyst on the piston crown at

120 °CA-deg ATDC.
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At 120 °CA-deg ATDC, as shown in Fig. 8b, although little
difference in the NO concentration fields can be observed among
the above three cases, there is still some difference in the peak
and the lowest NO concentrations. Compared with the baseline
and the partial coating configurations, the peak and the lowest
NO concentrations are higher in the case of the full coating one.

5.6. Summary of in-cylinder catalyst coating effects on
emissions of the HCCI engine

Fig. 9 presents a general comparison of total emission char-
acteristics among the above three cases: the baseline, the partial
coating and the full coating engines. It can be seen that at the
same working conditions, compared with the baseline engine,
the emissions of HC and CO are decreased by 15% and 13%,
respectively in the case of the full coating configuration, while
the NOy emissions is increased roughly by 10%, however, in
the case of the partial coating one, the emissions of HC and
CO are decreased by 20% and 7%, respectively, while the NOy
emissions is increased only by 2%.

6. Conclusions

In this paper, anovel approach is proposed to reduce unburned
hydrocarbon emissions at their sources of production using in-
cylinder catalysts on the surfaces of the combustion chamber
walls in a HCCI engine. Numerical simulations have been con-
ducted to investigate the effects on the combustion and emission
characteristics of the platinum coating on the piston crown. The
study produces following results:

(1) Unburned HC emissions are persistently reduced by about
15% with the platinum catalyst full coated on the piston
crown. While in the case of the partial coating configuration,
unburned HC emissions are reduced even by about 20%.

(2) The exhaust CO emissions are reduced by 13%, but the
exhaust NOy emissions are increased by 10% as a result of
the full coating of platinum catalyst on the piston crown.
In the case of the partial coating configuration, the exhaust
CO emissions are reduced by 7%, while the exhaust NOx
emissions do not change appreciably.

(3) With the platinum catalyst partial coated on the piston
crown, the primary combustion processes are almost unaf-
fected and with the same ignition timing. However, the
ignition timing of the full coating engine is more advanced
than that of the partial coating and baseline engines.
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