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Abstract

A computer model was built and a theoretical analysis was performed
to predict the behavior of a system containing Homogenous charge
compression ignition (HCCI) engine and a methanol reformer. The
reformer utilizes the waste heat of the exhaust gases to sustain the
two subsequent processes: dehydration of methanol to dimethyl ether
(DME) and water, and methanol steam reforming (SRM) where
methanol and water react to mainly hydrogen, CO and CO,.
Eventually, a gaseous mixture of DME, H,, CO, CO,, water (reused)
and some other species is created in these processes. This mixture is
used for the engine feeding. By adding water to the methanol and
fixing the vaporized fuel's temperature, it is possible to manage the
kinetics of chemical processes, and thus to control the products’
composition. This allows controlling the HCCI combustion. By a
magnification of H,/DME ratio the ignition delay is increased and so
it is possible to synchronize the ignition timing and also to control
combustion duration. The simulation results prove feasibility of the
suggested approach and a possibility of achieving substantially higher
energy efficiency together with zero-impact NOx emissions in a wide
range of engine operating modes.

Introduction

Environmental, health, and political circumstances during the last
decades have led humanity to search for alternative energy sources,
and to make efforts toward raising the efficiency of energy usage and
mitigating the emissions of pollutants. Internal combustion engines
(ICE) are both a major consumer of energy, mainly by utilizing fossil
fuels, and a significant pollution source. Hence, there is a trend to
reduce pollutant emissions and fuel consumption of ICEs, as well as a
search for renewable non-fossil fuels. Over the last decades, pollutant
emissions from vehicles have been reduced by using exhaust after
treatment systems. Climate change challenges and more rigorous
regulations on emissions of pollutants from motor vehicles have led
to the searching of new technologies to raise engine efficiency, to
reduce GHG emissions and to mitigate pollutant emissions towards
zero-impact levels [ 1].

About 30% of the energy supplied to ICE with a fuel is wasted along
with the exhaust gases. There are several ways to utilize a part of this
energy and improve the performance of an engine. The most common
way is turbocharging. Another way is by using this energy to promote
endothermic reactions of fuel reforming. This method is called
thermo-chemical recuperation (TCR) [ 2]. The idea of TCR is not new
and some studies have addressed the 80s - early 90s. Most of them
were summarized by Pettersson et al. [ 3]. Major shortcomings were
reported that resulted in substantial reduction of research activities in
this field. The main drawbacks that were found are: cold start,
transient behavior, backfire, coke formation on the reformer, lower
maximal power due to reduced air charging, and pre-ignition [4, 5, 6].

Tartakovsky et al. [ 7] analyzed the performance of a spark ignition
(SI) engine fueled by ethanol steam reforming (SRE) products. The
optimal water to ethanol ratio and reaction temperature were found to
achieve highest reformer-ICE system efficiency and the lowest CO
emission. They reported on a possibility of efficiency increase by
11-16%, CO emission reduction by a factor of 10, and NO,_ emission
reduction by a factor of 4 compared with a gasoline-fed engine.
Tartakovsky et al. [ 8] made a comparative theoretical analysis of
performance of a SI engine fed by reforming products of two different
alcohols: ethanol and methanol. Three compositions of the reforming
products: SRE, SRM, and products of the low-temperature ethanol
reforming were examined. The authors used in their analysis a model
of the heat release process that takes into account the influence of fuel
composition and air excess factor on fuel burning velocity.

Poran et al. [ 9] suggested a modeling approach to simulate the joint
operation of an ICE with an SRM reformer. Poran & Tartakovsky [
10] later expanded this model to a direct-injection ICE with high-
pressure thermo-chemical recuperation process. In order to achieve
higher gaseous fuel density required for direct injection into the
engine cylinders, this method suggests compressing the liquid fuel
and then vaporizing it, eventually reforming the vaporized fuel by an
SRM process. Compression of liquid fuel requires much less power
than the compression of a gaseous fuel. Combustion of the gaseous
hydrogen-rich fuel is resulting in very clean combustion reflected by
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low pollutants formation [ 11]. Moreover, direct injection of a
gaseous reformate is a useful method to overcome some of the major
TCR drawbacks, such as: backfire, pre-ignition, reduced maximal
power and lower volumetric efficiency.

HCCT has been proposed both to improve the thermal efficiency and
to reduce simultaneously formation of nitrogen oxides (NO,) and
particles, as compared with conventional combustion processes. The
HCCI combines combustion of homogenous air-fuel mixture as in SI
engines and compression ignition as in a Diesel engine [12, 13, 14].
An HCCI engine follows the Otto cycle, but unlike SI engines is able
to work at high compression ratios. This means that its
thermodynamic efficiency potential is higher compared with
conventional SI engines. An HCCI engine is not limited to the
stoichiometric air-fuel ratio and thus can work with leaner mixtures
and at lower temperatures than a conventional engine. Using a fuel
rich in H, allows for even wider flammability limits. According to the
Zeldovich mechanism, formation of thermal NO, occurs at high
temperatures. Thus HCCI combustion produces relatively low NO_
levels compared with other combustion processes. Burning
homogeneous lean fuel-air mixture ensures simultaneously low
particle formation rates.

However there are several challenges that must be overcome in order
to make the HCCI engine commercial-ready. The main one is the
controllability of the ignition timing [ 14]. While in an SI engine the
ignition timing is determined by the spark appearance, and in a
compression ignition (CI) engine it is determined by the injection
timing, HCCI is a kinetically-controlled process. Thus, in the HCCI
engine the ignition timing depends on thermal and chemical
parameters such as thermal cylinder history, equivalence ratio, fuel
reactivity, chemical reactions rate, etc. [ 15]. There are some other
challenges in HCCI engine development such as operating range [
14], noise, HC and CO emission [ 16], cold start [ 14], preparation of
a homogenous mixture etc. [ 17].

Several solutions of main HCCI challenges have been proposed over
the years. A large part of these methods is summarized in [ 14] and in [
18]. Some of these methods are designed to improve the mixing rate
of air and fuel applying advanced injection strategies [14, 18, 19, 20].
Some of them are designed to control ignition delay using exhaust gas
recirculation (EGR), variable compression ratio and variable valve
actuation [20, 21, 22]. A very interesting method is that of fuel
modification. In this method two or more kinds of fuels are blended
together in different compositions, in order to change the autoignition
and combustion characteristics. This method is usually called
Reactivity-Controlled Compression Ignition (RCCI) and was
suggested by the researchers of the University of Wisconsin - Madison
[ 23]. They suggested using a mixture of gasoline and diesel as a fuel
for HCCI engine. Higher gasoline fraction and higher EGR rates are
used at higher load for more auto-ignition resistance. They achieved a
significant reduction in NO_ and soot emissions, and an increase in
gross indicated efficiency compared to a typical diesel engine [ 26].

Using TCR to control HCCI process was proposed by [ 27].
Following their approach, methanol enters into two reformers, one
for dehydration of methanol to water and DME, and another - for
thermal decomposition of methanol to H, and CO. Part of the fuel is
streamed into the first reformer and the rest is streamed into the
second reformer. By changing the mass flow through each reformer,

one can control the reforming products composition and thus - the
reactivity of the gaseous reformate mixture entering the cylinder. The
researchers also investigated the reformate composition after
dehydration, depending on the vaporized fuel's temperature with
different types of catalysts [28-29].

Concept Description

The concept suggested and described in this paper (see scheme in
Figure 1) also utilizes TCR as a tool for HCCI combustion control.

Following this concept a mixture of methanol (CH,OH) and water
(H,0) is evaporated using heat of the exhaust gases and then is
entered into a single adiabatic reformer. The reformer consists of two
sections (Figure 2). The first one is intended for dehydration of
methanol to water and DME (2CH,OH—CH,0CH,+H,0) and is
supported by y-Al,O, acid catalyst. The second section is intended for
steam reforming of methanol (SRM). In this section, supported by the
Cu0/Zn0O/Al,0, metal catalyst, the reactions of SRM
(CH,O0H+H,0—CO,+3H,), methanol decomposition (MD) (CH,OH
— CO +2H,) and water-gas shift (WGS) (H,0+ CO— CO,+ H,) take
place simultaneously. Note that DME produced in the first section
does not react in the second section and this is because of the fact that
dehydration does not occur in presence of metal catalysts [ 30].
According to Faungnawaki et al. [ 31], at the temperatures higher
than ~650-670 K, methane (CH,) and CO are created during the
methanol dehydration. To avoid formation of these undesired species,
we limit the dehydration temperature below these values.
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Figure 1. A scheme of TCR utilizing for HCCI control.
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Figure 2. Schematic description of the reformer’s structure consisting of two

sections.

Composition of the reforming products depends on a number of
factors: the vaporized fuel's temperature, the reformer’s geometry, the
methanol-to-water ratio, and the catalyst type. For the given
reformer’s geometry and the catalysts type (cannot be changed in a
real time), two parameters are available for controlling the reforming
products’ composition. Adding more water to the methanol
decelerates the dehydration reaction rate and thus fewer methanol
dehydrates. As a consequence, more unreacted methanol is left for the
SRM reactions, and thus more hydrogen is produced. Changing the
vaporized fuel temperature impacts the kinetics of reactions too, thus
affecting the reformate composition. Eventually a gaseous mixture of
DME, hydrogen, carbon dioxide, water, carbon monoxide, and
residues of methanol comes out of the reformer. The water condenses
during the intermediate cooling process and can be reused. The
relevant properties of combustible constituents presenting in the
reformate, such as DME, hydrogen, carbon monoxide, and unreacted
methanol, are listed in Table 1



Downloaded from SAE International by Leonid Tartakovsky, Tuesday, October 18, 2016

As shown in Table 1, hydrogen has a very high octane number (ON)
value, which demonstrates its high resistance to auto-ignition. By
contrast, DME has high value of cetane number (CN), which means
high reactivity and low resistance to auto-ignition. Therefore,
changing the hydrogen-to-DME ratio allows us to control combustion
properties of the reformate. We assume that by varying this ratio, the
engine operating range (in terms of load and speed variation) can be
expanded significantly. For example, at higher engine speeds (under
constant load) less time is available for fuel ignition. Therefore, these
operating modes demand a less auto-ignition resistant fuel, e.g. DME.
Furthermore, higher loads (under constant speed) result in shorter
ignition delay (due to higher temperatures) and therefore demand
higher auto-ignition resistant fuel (e.g. H,, CH,OH). Hence, a fuel
composition should be matched to operating mode. At highest speeds
and lowest loads DME-rich (high reactivity) fuel is required. At
lowest speeds and high loads DME-lean (low reactivity) reformate
composition is preferable.

Table 1. Combustion-related properties of the combustible reformate
components. [32, 33, 34, 35]

Parameter DME Hydrogen Methanol Carbon
Monoxide
Molecular mass, 46.07 2.02 32.04 28.01
g/mol
Chemical formula CH;0CH; H, CH;0H CcO
Lower heating value, 27.6 119.7 19.7 14.3
MJ/kg
Heat of vaporization, Gas at st. Gas at st. 1178 Gas at st.
kl/kg conditions conditions conditions
Octane number - 130 110 106
Cetane number >55 - - -
Stoichiometric A/F 9 34.5 6.45 2.45
ratio by mass
Auto ignition 508 858 737 882
temperature, K

Although transient behavior has not been analyzed in depth in this
paper, there are some conceivable ideas that allow this concept to be
suitable for a transient operating as well. For example, one can use
two containers for storage of two mixture types, each one with
different DME content. The containers are to be filled by controlling
the reforming conditions. Moreover, using containers is supposed to
resolve the cold start problem, since a suitable gas mixture will be
available prior engine start.

The suggested approach has some significant advantages. In addition
to the high efficiency of a typical HCCI engine, utilizing waste heat
of the exhaust gases raises the entire system efficiency even further [
36]. This approach has some advantages over other HCCI control
methods. One of the main benefits that this method does not lead to
power losses to achieve the control compared to other control
techniques. For example, Negative Valve Overlap (NVO) requires at
some regimes early exhaust valve opening, which results in loss of
power. Similarly, EGR limits the amount of fuel that can be burned
per cycle and thus the power is limited. Other main advantages of the
suggested approach are: increase of the fuel’s heating valve through
waste heat recovery and thus - reduction in fuel consumption (EGR
and NVO do not recycle heat). In addition, higher flexibility in
combustion phasing is possible compared to other HCCI control
approaches. This can be achieved by matching and optimization of
reformate composition together with EGR rate, while there is a
number of possible combinations. The engine developer can be able
to choose an optimal for his case combination through a variety of

techno-economic considerations. Moreover, combustion of the
hydrogen-rich gaseous fuel allows further efficiency improvement
and pollutants emission mitigation. This can be achieved because of
high octane number, high burning velocity and wide flammability
range of hydrogen, which allows applying higher compression ratios,
getting closer to theoretical Otto cycle and realizing lean-burning
benefits. Applying steam reforming (at least one mole of water per
one mole of methanol [ 10]) makes possible to avoid the coke
formation issue and the subsequent catalyst deactivation) typical for
the MD reactions. Applying a single reformer makes the system
simpler and lowers cost. Finally, using methanol as a primary fuel,
allows real energy sources diversification, because methanol can be
produced from both fossil (coal, natural gas) and renewable
(biomass) sources.

Modeling HCCI Engine with TCR

A model of the HCCI engine with single-reformer TCR was built
using GT-Power software. The model consists of several mutually
interrelated sub-models combined together and working
simultaneously (Figure 3). The exhaust gas exits the engine and then
enters the reformer. The thermal properties of this gas affect the
reformer performance. At the same time the Evaporation sub-model
calculates the required heat to evaporate the methanol and the water.
The central model artificially removes part of this heat from the
mixture flowing from the reformer to the engine (intermediate
cooling process), and the rest from the exhaust gases before they
enter into the reformer. The Calculators and the Composition
sub-models distribute real-time information among the sub-models.
The Composition sub-model delivers the composition of the
reformate fuel coming out from the reformer to the Engine sub-
model, and the Calculators sub-model uses data from the Engine
sub-model (for example: fuel consumption), and delivers it to the
other sub-models (For example, the fuel consumption data is
delivered to the evaporation sub-model to calculate the required heat,
which is depending on the mass fuel flow rate).
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Figure 3. The entire computer model.

Reformer Sub-Model

A generic model of the reformer had been developed previously by
Poran et al. with GT-Power software [ 9]. This model served as a basis
in development of a new model of the reformer suited for the
reforming-controlled homogeneous charge compression ignition
process. The model was adapted to the reformer’s new design and
incorporated, as a sub-model, into the HCCI engine-TCR model (see
Figure 3 and Figure 4). The generic reformer was modeled as 1-D,
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homogenous, counter-current packed-bed reactor (PBR). In this model
the exhaust gases are first utilized to evaporate the fuel mixture and
then enter into the reformer. The reason is that by setting the vaporized
fuel's temperature, it is possible to give the fuel almost all the required
heat for dehydration and it takes a little more from the reformer.

Unlike the model described in [ 9], the developed and described here
modeling approach is based on two sets of reactions: one for each
reformer section, which requires two Global Reactions templates.

The job of these Global Reactions templates is to calculate the
reactions’ kinetics depending on the physical conditions in the
reformer. The reactions’ kinetics was modeled by applying two
different kinetic models: one for dehydration of methanol and another
for the SRM, MD and WGS reactions.

Figure 4. The reformer sub-model.

Reaction Kinetics Modeling

Kinetics of Methanol Dehydration

Kinetic models of methanol dehydration have been proposed by
several researchers and are presented in [ 37]. The model suggested
by Bercic et al. [ 38] is used in this paper. This model was validated
for 3 mm y-Al O, catalyst, in a temperature range of 523 to 673 K.
The reaction rate of dehydration is modeled by the following
equation:

2
CM—CC/KJ

ry (T:C)= kK 2(

S
1+2 ,KMCM+K C )

e

Where:

k, =8.94x10" exp(

P
7

» =8.47x107 exp| —— P
T kmol

C, is the molar concentration [kmol/m?] of component i (M-methanol,
W-water, and E-DME); E =143.7[kJ/mol] is the activation energy. Keq
is the thermodynamic equilibrium constant and is given by the

Wy =5.39%107 ex p

following equation for temperature range of 498-623 K [ 39]:

ln[K j 28352+16751n( T)-2.39x10"'T -
eq T

0.21x10°7*-13.36
2

Kinetics of Methanol Steam Reforming

Reaction kinetics of SRM, WGS and MD was modeled [ 10] using
the rate expressions suggested by Peppley et al. [ 40] and based on
developing the Langmuir-Hinshelwood mechanistic approach as

presented in eq. (3), (4), and (5), respectively.

Where: 7, is the reaction rate expression of reaction process i
(R-SRM, W-WGS, and D-MD). k,, k
constants (calculated by Arrhenius expression). K is the equilibrium

»» and k, are reaction rate

constant of reaction i for SRM, WGS, and MD. These constants were
taken from [ 41], and the others were calculated by using van’t Hoff
equation. C” is the active cite concentration for each type of active
site on the catalyst. P, is the partial pressure of species i.

HCCI Engine Sub-Model

The Engine

A single-cylinder engine based on the Lister-Petter AD1 diesel was
modeled. The main parameters of this engine are shown in Table 2.
The engine has two valves. A gaseous reformate direct injector was
modeled and the injection pressure was selected to be high enough to
allow injection of all the required fuel into the cylinder in a suitable
time. A PID controller was used to maintain constant Lambda during
a simulation.

kRKZH}U(I) (pCH3()H / pg: ) (1 - p13412 Pco, / KRpc'H3OHpHZO ) CSTl C]]:z

FRZ

(1 + K;on(,) (pCHﬁH / pg]f ) + K;ICO()pC(Jz plofj + K:)H(l) (pHZO / p101.25 ))(1 + KO 1 )pH2 )

(3)

kK. o (PeoPuo ! Py ) (1= Pa, Peo, ! Ky PeoPio ) Cs

Ty

(1 + K:*H30“) (pCHﬂH /pg:)"’K;COOPCOZ p%f +K;H(l) (szo /ng ))

“4)
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Table 2. Main parameters of the modeled engine.

Displaced volume 367 cc

Stroke 73 mm

Bore 80 mm

Connecting Rod 126 mm

Compression ratio 16

Number of Valves 2

Exhaust Valve Open 38°BBDC @ 0.15 mm lift
Exhaust Valve Close 4° ATDC @ 0.15 mm lift
Intake Valve Open 28° BTDC @ 0.15 mm lift
Intake Valve Close 4°BBDC @ 0.15 mm lift

HCCI Combustion Modeling

A completely homogeneous unburned fuel-air mixture and a
single-zone HCCI combustion process were assumed in this model.
The combustion rate is predicted based on the chemical kinetics
equations suggested by Kaiser et al. [ 42] that appear in the standard
CHEMKIN II formatted mechanism file. The thermodynamic
properties of the species presenting in the chemical kinetic model are
taken from a thermodynamics CHEMKIN II file. The in-cylinder heat
transfer was modeled using Woschni correlation for an engine
without swirl. The injected reformate composition is taken from the
Composition sub-model and injected under high pressure directly into
the cylinder during the compression stroke. NOx formation was
predicted using the extended Zeldovich mechanism.

Thermodynamic Analysis

Two thermodynamic control volumes were defined to analyze the
system. The first is the engine itself and the second is the entire
system (Figure 5). According to these definitions, two efficiencies are
defined. The first is the engine efficiency and the second is the
HCCI-TCR system efficiency. The mathematical expressions of these
efficiencies are shown below:

- Di
nengine - L [_IIV
b f.b(2)
(6)
bi
n.sy.s'rem =
‘methanol ,a : LH I/methana/ a(l)
(7)

Here: p, is the indicated power, 7z L is the mass flow rate of the

reformate injected into the cylinder, LH Vf be)

is the mass flow rate of the liquid

is the lower heating
value of that reformate. m, .o\
methanol, and , LHV, . o is the lower heating value of the liquid
methanol. The HCCI-TCR system efficiency has to be higher than the
engine efficiency due to TCR. The heat recycled raises energy of the

fuel, which is reflected in higher LHV of the reformate compared

(%)

with the liquid methanol. Of course, higher burning velocity and wide
flammability limits of the hydrogen-rich reformate provide additional
opportunities for efficiency improvement
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Figure 5. Thermodynamic analysis of the system.

Results and Discussion

The main goals of the analysis reported here were characterization of
the system behavior under various operating modes, understanding the
influence of various factors on engine performance, exposing weak
points of the HCCI-TCR system and finding possible solutions to these
weaknesses. The two main control parameters that were studied are
water fraction blended with the methanol and the vaporized fuel's
temperature. Two additional secondary parameters are EGR ratio and a
compression ratio. The objective function of the optimization that has
been performed is the HCCI-TCR system efficiency (defined below).
There are some constraints that were taken into account: limiting the
maximal temperature in the cylinder to reduce temperature-dependent
pollutants formation (e.g. NOx), operating with a lean mixture (A>1),
and limiting maximum pressure in the cylinder. The latter was set to
about 150 [bar] which is typical for a diesel engine [ 43]. Maximum
allowed NO, formation was limited to 350 [ppm].

Despite the fact that the results presented hereafter correspond to a
specific case of the engine described above and the specific reformer
design, we believe that observed trends and factors affecting the
HCCI engine-TCR system performance should remain the same. The
reformer model that served as a basis of the model described here
was validated by Poran et al. [ 10]. Taking into account that the
purpose of this paper was assessing main trends governing the
reforming-controlled HCCI process at various operating modes and
not predicting performance of a specific engine, and based on the fact
that the broadly used worldwide commercial software GT-Power was
used for engine modeling, we believe that the reported in this paper
results provide useful insights on trends and factors affecting the
HCCI engine-TCR system.

Reforming Products Composition under Various
Operating Conditions

As was mentioned before, an engine’s operating regime has a great
impact on the reformer behavior. The engine, as a ’customer”, has
requirements that the reformer should meet. The reformer has to
provide the amount of fuel that the engine needs, and the fuel
composition should meet the engine’s operating mode. At the same
time, the engine should provide to the reformer an amount of heat
required to sustain the desirable chemical reactions. Adding water to
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methanol and limiting the vaporized fuel's temperature allows
adapting the reformer products composition to the engine
requirements, under different conditions at the engine exhaust. There
is a more than one way to achieve the same products composition
under the same engine operating regime. For example, under regime
of 2500 [RPM], A=1.1, and EGR=0.4 (CR=16) the reforming
products composition is very similar under two different sets of
variables: in the first set the mass water fraction is 0.05 and the
vaporized fuel's temperature is 605 K, and in the second set the mass
water fraction is 0.11 and the vaporized fuel's temperature is 650 K.

In both mentioned above cases very similar results are obtained: H,
to DME ratio is 1.91 and 1.88, respectively; and thus, the engine
indicated efficiency is very similar too: 42.5 and 42.4%, respectively.
Figure 6 shows an example of the reforming products composition as
a function of mass water fraction at constant vaporized fuel's
temperature at 2500 [RPM], 2=1.1, and EGR=0.3 (CR=16). As can
be seen, rising of water fraction indeed increases the H,/DME ratio.

0.32 {}\ 3.40
- 031 3.20
.S 030 ——DME mole
- 3.00 o
g 029 \ A/ k-] fraction after
= 028 \ / [ 280 % dehydration
2 0‘27 2.60 § [%].
= 240 2  —&—H2to DME
B S .
= 025 Pl o F220 T ratio
2 (/ injected into
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. vaporized fuel's
Mass Water Fraction temperature=635 K

Figure 6. Reforming products composition vs mass water fraction @ 2500
[RPM], A=1.1, and EGR=0.3 (CR=16).

In some cases the vaporized fuel's temperature is limited due to
low temperature of the engine exhaust gases. It is mainly typical
for low-load regimes. In these cases only a water adding remains
as a control tool (Table 3). The vaporized fuel's temperature cannot
be used in these cases as a control tool because of the too low
exhaust temperature.

Catalyst Deactivation

As was mentioned before, H,O/CH,OH ratio has to be maintained
greater than 1 during the SRM process to avoid catalyst deactivation [
10]. Following [ 30], catalyst deactivation during dehydration of
methanol is less common when using y-Al,O, catalyst compared to
the HZSM-5 zeolite one. Nevertheless, in the suggested approach
when lower H,/CH,OH is used, lower temperature is needed and thus
the possibility of catalyst deactivation is reduced. Despite the H,/
CH,OH ratio is low at the reformer inlet (before dehydration), during
the dehydration process water is created and as a consequence this
ratio increases before the steam reforming process.

HCCI Engine Performance under Different Conditions
As was mentioned above, there are some main parameters that
influence the HCCI combustion: fuel properties, EGR, valves timing,
compression ratio, injection strategy, cylinder geometry, etc.
According to the concept analyzed in this paper, the main control tool
is changing fuel properties. Figure 7 shows the influence of reformate
composition on the ignition delay and as a consequence - on
efficiency. Higher H,/DME ratios lead to higher auto-ignition

resistance. This allows optimization of the ignition timing to reduce
the negative compression work and to leave less time for heat transfer
losses. As a consequence, the higher engine efficiency is achieved.

Table 3. Reforming products composition as a function of water mass fraction
at @1000[RPM], A=1.8 and EGR=0.2 (CR=16).

Water mass fraction 0.12 0.10 0.08 0.04
Steam/Mthanol molar ratio 0.24 0.20 0.15 0.07
(reformer inlet)
Actual vaporized fuel's 590 590 590 590
temperature [K].
DME mole fraction after
dehydration [%]. 19.6 25.4 30.3 36.3
H,O mole fraction after
dehydration [%] 37.7 40.6 42.8 42.9
Methanol mole fraction after
dehydration [%] 44.0 353 27.8 21.0
DME molc;: fraction after 74 15.4 19.9 258
reformer [%)].
H>O mole fraction after 210 83 134 146
reformer [%]
Methanol mole fraction after 04 0.2 0 0
reformer [%)]
CO, mole fraction after 17.0 171 15.4 139
reformer [%)]
CO mole fraction after
reformer [%)] 0.6 2.5 1.7 1.2
H, mole fraction after 536 564 495 443
reformer [%)]
H, to D.ME ratio injected into 72 37 25 1.7
the cylinder.
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Figure 7. a. Engine efficiency vs H,/DME ratio. b. In-cylinder pressure-Crank
Angle diagram for different H,/DME ratios. @ 2500 [RPM], A=1.4 and
EGR=0.2 (CR=16).
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EGR Effects

EGR has several effects on the engine performance [ 18]. On the one
hand it reduces the average temperature in the cylinder during the
combustion, and on the other hand it occupies the place of air and
thus leads to a power loss (Figure 8 and Figure 9). Subsequently,

EGR raises the ignition delay (Figure 9). Under low-load regimes,
there is almost no need for EGR and the reforming-controlled
compression ignition can be realized. By using the main control tools
(water addition and the reformer temperature control), it is possible to
gain full control, and avoid a need for using EGR. However, under
high-load regimes, where the maximum temperature could be too
high, there is a need in EGR to limit that temperature. In these cases
EGR using is desirable. Also at low-speed modes use of EGR can be
necessary. Because of a low speed, there is a relatively long time
available for heat transfer, and thus it is desirable to reduce the
in-cylinder temperature, in order to reduce the heat transfer losses.

As shown in figure 8 the efficiency gain can be achieved with
increase of the EGR ratio. The reason is that in this case EGR is used
as a control tool. Thus, increasing EGR helps to optimize the
ignition timing and therefore to achieve higher efficiency values. If
the EGR ratio would be higher than the highest value shown in the
graph on figure 8, ignition would not occur. Nevertheless, using
EGR reduces the power and thus, when it is possible, it would be
better to use the reforming-controlled compression ignition, which
does not limit the power.
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Figure 8. Efficiency and power as a function of EGR under 2000 [RPM],
A=1.4 (CR=16). Water fraction is 0 and vaporized fuel temperature is 620 K.
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Figure 9. Temperature-Crank angle diagram for different values of EGR.

Pollutants Formation

The developed model version is able to predict the emissions of NO,,
CO, and CO, [ 14].show that the temperature range over which the
formation of NOx begins is 2300-2400 K. Our predictions provide
the similar results. Figure 10 shows the NO_ concentration in the
engine exhaust gas under different operating modes, while A is
constant and equal to 1.1. As can be seen, the NO, concentration
approaches very low values when the maximal temperature in the
cylinder is less than 2450 K. In our analysis we tried to eliminate
operating conditions that lead to NO, concentrations above 350 ppm.

2500.0

2000.0 rery *‘—

1500.0

NOx Concentration [ppm]

1000.0
-
500.0 Ladd
0.0 |0
2400.0 24500  2500.0  2550.0  2600.0  2650.0  2700.0  2750.0

Maximal Temperature In Cylinder [K]

Figure 10. NO, concentration in the exhaust gas as a function of the maximal
temperature in the cylinder.

Maximum Power

The maximum power of the engine was determined under the
limiting condition that NO, concentration should remain lower than
~350 [ppm]. In order to comply with this condition, at the rated
speed of 3600 [RPM], EGR adding was necessary to reduce the
in-cylinder temperature. In the case of high-speed and high-load
regimes (number 1 in Table 4), high EGR is required to restrict NO_
formation, but too high EGR ratios can result in misfire (no ignition).

However, as more EGR is used, the maximal power is reduced. Thus
at this operating mode the water fraction is reduced to zero and the
vaporized fuel's temperature is maximal (650 K). A specific value of
EGR is selected to achieve a sufficiently low in-cylinder temperature
that still allows reformate ignition. In the considered case, the
maximum power was achieved with EGR=0.23. In this regime the
temperature in the cylinder is about 2500 K and NO, formation does
not exceed 350 ppm. A maximum indicated power of 7.2 [kW] is
achieved compared with 6.1 [kW] of the original diesel engine.

Operating Mode Optimization

In order to achieve maximum engine efficiency, it is necessary to
operate the engine at optimal reformate composition. Each regime
has a specific H,/DME ratio when the ignition timing is optimal.
Table 4 illustrates different regimes representing the entire operating
range. As can be seen the reforming-controlled compression ignition
has a potential to allow HCCI operating in a wide range of loads and
engine speeds.
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Table 4. HCCI engine-TCR system performance in the entire operating range

Case Speed ) EGR fziz;]:ttizrn Vaporized fuel's g%lffg IMEP Et]j:ﬁncgi::liy efffit:;:y Power tell\g?)?;r;ilre lig:;ﬁz?j;
[RPM] [%] (R?former temperature [K] Ratio [bar] %] (%] [kW] (cylinder) [ppm]
inlet) [K]
1 3600 1.1 23 0 650 1.45 6.6 42 52 7.2 2500 340
2 2500 . 40 0.11 620 2.75 7.8 44 55 5.9 2200 negligible
3 30 0.18 635 3.25 8.4 41 53 6.4 2450 43
4 1000 1.1 40 0.12 590 6.20 73 40 55 2.2 2150 negligible
5 3600 1.4 7 0 650 1.45 5.9 42 52 6.5 2450 285
6 20 0.19 635 4.35 7.8 46 52 6.0 2200 negligible
7 2300 h 35 0 650 1.50 6.1 43 52 4.7 2100 negligible
8 1000 1.4 40 0.13 590 5.80 5.9 44 59 1.8 1800 negligible
9 3600 1.8 0 0.05 635 2.20 5.0 45 57 5.5 2150 negligible
10 3500 i 0 0.14 620 3.55 7.14 44 54 5.5 2250 negligible
11 20 0.14 635 2.20 5.76 44 58 4.4 2000 negligible
12 1000 1.8 20 0.12 590 7.24 5.92 44 65 1.8 1800 negligible
Steam/ CH;0CHy CH;0H CO2 mole H, mole CO mole H,0 mole E;(:::SS" Exhaust Fuel engine Fuel after
Methanql fraczgrlle[% ] fracrtril((;;e[% ] fraction [%)] fraction [%)] fraction [%] fraction [%)] b?fore g:;;z) Srr?li:r inlet reforming
Case | molar ratio reformer
(reformer
inlet) AD' | AR? AD AR AD AR AD AR AD AR AD AR Temperature [K]
1 0 392 | 274 | 216 | 0 0 9.9 0 | 400 | o0 51 | 392 | 175 890 850 315 640
2 0.22 292 | 17.1 | 245 0 0 16.2 0 | 523 0 1.9 | 463 | 125 750 730 315 610
3 0.39 229 | 153 | 275 0 0 15.2 0 | 49.1 0 1.7 | 49.6 | 18.7 780 750 315 610
4 0.24 157 | 45 | 517 | 82 0 19.3 0 | 598 | o0 0.8 | 338 | 74 640 615 315 490
5 0 33.6 | 23.6 | 21.0 | 0 0 10.8 0 | 405 0 40 | 454 | 211 840 815 315 650
6 0.42 200 | 13.6 | 329 | 1.8 0 167 0 |512 | 0 0.5 | 47.1 | 162 780 730 315 520
7 0 39.8 | 285 | 204 | 0 0 12.8 0 | 416 | 0 1.5 | 39.8 | 156 670 620 315 620
8 0.26 183 | 86 | 451 | 03 0 17.1 0 | 545 0 0.8 | 36.6 | 18.7 645 620 315 565
9 0.10 356 | 144 | 204 | 0.8 0 16.2 0 | 598 | o0 57 | 440 | 3.1 800 750 315 610
10 0.29 235 | 151 | 31.9 | 05 0 170 | 0 | 538 | 0 1.3 | 446 | 123 710 680 315 560
11 0.29 28.0 | 200 [ 220 | 0 0 139 | 0 |434 | 0 0.8 | 50.0 | 21.9 650 640 315 600
12 0.24 196 | 74 | 424 | 04 0 170 | 0 | 536 | 0 0.6 | 38.0 | 21.0 640 615 590 550
1-After Dehydration, 2- After Reformer
Analysis of cases 9, 10 in Table 4 shows that at the same EGR ratio of methanol to DME and water, and another - for production of H,.
(0% 1in the considered case) and the same air excess factor A (1.8), The waste heat of exhaust gases is utilized to sustain endothermic
(3600 and 2500, respectively) higher H,/DME ratio is required for reactions of DME and H, production.
lower speeds, to achieve optimal combustion. At low speeds more
time for the combustion process is available, thus higher ignition Each engine operating mode has a different desirable H,/DME ratio
delay is required. This is achieved with a higher H,/DME ratio when that provides the most suitable for this regime resistance to
the mixture has high auto-ignition resistance. autoignition and combustion phasing.
As can be seen from Table 4, substantial gain in the powertrain To analyze a feasibility of the suggested approach, a computational
efficiency can be achieved by combining advantages of the HCCI model simulating operation of the complex HCCI engine - TCR
process with great benefits of TCR. The system efficiency values that system was developed. The model includes an HCCI engine model
can be achieved are higher than those typical for modern diesel combined with a reformer model. These models communicate with
engines, thus confirming great potential of the suggested approach. each other.
. The simulations results show that influence of H,/DME ratio is very
Summary and Conclusions significant to the operating of an HCCI engine. The higher this ratio is,
A method of HCCI combustion management by controlled reforming the ignition delay is higher. H,/DME ratio that is too high may result in
of methanol was presented and analyzed using computational a misfire where no ignition occurs at all. As we showed on the example
simulation approach. A new technique to produce both DME and H, of the considered engine and the reformer, the method of reforming-
in a single reformer was developed. This technique allows variation controlled compression ignition allows a wide HCCI operating range
of the H,/DME ratio by changing the water to methanol ratio in the with high energy efficiency and low pollutants formation.

primary fuel entering an on-board reformer, and by changing the
vaporized fuel’s temperature. Two different catalysts are used to
generate two sets of reactions in the reformer: one - for dehydration
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The simulations results showed that there is more than one way to

create the same composition of the reforming products. Adding of

water to methanol or reducing the vaporized fuel’s temperature lead

to less DME production in the first section and thus higher H,

production. Thus, higher H,/DME ratio can be achieved. In cases

when the exhaust gas temperature is too low and as a consequence

the vaporized fuel’s temperature is limited, only the water fraction

can be used as a control tool to determine the reforming products

composition. This happens mostly at low speeds. At these regimes a

H,-rich fuel is desirable and therefore there is no need in intensive

DME production that requires higher temperature.
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Definitions/Abbreviations
CI - compression ignition

CN - cetane number

CR - compression ratio

DME - dimethyl ether

EGR - exhaust gas recirculation
GHG - greenhouse gas

HCCI - Homogenous charge compression ignition
ICE - internal combustion engine
MD - methanol decomposition

ON - octane number

PBR - packed-bed reactor
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RCCI - reactivity controlled compression ignition
SI - spark ignition

SRE - ethanol steam reforming

SRM - methanol steam reforming

TCR - thermo-chemical recuperation

WGS - water gas shift
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