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This paper presents experimental study results of a direct injection engine fed with

methanol steam reforming products and devised to work with a high-pressure thermo-

chemical recuperation system. The influence of injection pressure and timing on heat

release rate, fuel mass fraction burned, cycle-to-cycle variation, pollutant emissions, effi-

ciency and exhaust gas energy available for methanol reforming is investigated and

analyzed. Effect of injector flow area on the required injection pressure is discussed. End-

of-injection (EOI) timing is shown to be the main influencing factor on engine efficiency

and pollutant emissions. The obtained results indicate that there is a range of EOI timing

where indicated efficiency is almost constant and NOx emissions drop by a factor of 2.5.

Particle number emissions can be reduced in this range by a factor of 4. We showed that

engine exhaust gas possesses enough energy to sustain endothermic reforming reactions

up to excess air ratio of 2.5.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

There is a wide agreement that the internal combustion en-

gine (ICE) will remain themain propulsion tool in the foreseen

future [1]. Hence, increasing the efficiency of ICEs together

with using low carbon intensity fuels are considered nowa-

days as the most promising ways of air pollution mitigation

and crude oil consumption reduction. Methanol and ethanol

are low-carbon-intensity fuels widely accepted as promising

alternatives to petroleum due to the possibility of their pro-

duction from various fossil and renewable sources like coal,

natural gas and various types of biomass [2e7]. In this article,
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we will focus on methanol as the primary fuel for an ICE with

waste heat recovery (WHR) through high-pressure thermo-

chemical recuperation (TCR).

Since about 1/3 of the energy introduced to an ICE with the

fuel is wasted along with the hot exhaust gas, a partial utili-

zation of this energy, also known as waste heat recovery, may

result in a substantial improvement of the overall ICE effi-

ciency [8e10]. Turbocharging is the most well-known and

widely used WHR method. Another possible way of WHR is

based on utilization of the exhaust gas energy to accomplish

endothermic reactions of fuel reforming in a specially

designed chemical reactor. This method is frequently called
evier Ltd. All rights reserved.
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Nomenclature

Symbols

A injector flow area

cp;i specific heat at constant pressure of species i

CD flow discharge coefficient

vR=vXi partial derivative of calculated value R with

respect to measured value Xi

dR uncertainty of calculated parameter R

dXi uncertainty interval of variable Xi

DH enthalpy of reaction

DT temperature difference between heat exchanger

inlet and outlet

e energy

Ei emission of pollutant i

f methanol conversion fraction

h enthalpy

hav percentage of available enthalpy for reforming

m mass
_m mass flow rate

MC molecular weight of carbon

Mi molecular weight of species i

ni number of moles of species i
_ni molar flow rate of species i

p pressure

Pi indicated power

q percentage of heat required for reforming from

the fuel energy delivered to the engine

Q heat transfer rate

R gas constant

T temperature

V cylinder volume

Vd displaced volume

Wi;g gross indicated work

yc;fuel fuel's carbon mass fraction

yi molar fraction of species i

yj molar fraction of gaseous species j containing

carbon

Subscripts

a air

b burned zone

ch choked

f fuel

l liquid form

M methanol

s sensible

u unburned zone

0 stagnation

Greek symbols

g specific heat ratio

hi gross indicated thermal efficiency

q crank angle whereas 360 deg. is firing top dead

center

q0�10 flame development angle

q90 CAD of 90% of fuel mass burned

l excess air ratio

sIMEP IMEP standard deviation

Acronyms

BTDC before top dead center

BTE brake thermal efficiency

CAD crank angle degrees

COV coefficient of variation in IMEP

DI direct injection

ED ethanol decomposition

EEPS engine exhaust particle sizer

EOI end of injection

HC total hydrocarbons

HRR heat release rate

ICE internal combustion engine

IMEP indicated mean effective pressure

IVC intake valve closing

LHV lower heating value

MD methanol decomposition

MSR methanol steam reforming

PN particle number concentration

SI spark ignition

SOI start of injection

TCR thermochemical recuperation

TDC top dead center

WHR waste heat recovery

WOT wide-open throttle
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thermochemical recuperation (TCR) [11]. TCR has three main

advantages over turbocharging. First, utilization of exhaust

gas energy is not bounded by the thermodynamic limit of

isentropic expansion. Second, the fuel's lower heating value

(LHV) is increased as a result of theWHR process (Eqs. (1)e(3)).

Third, a mixture of the gaseous reforming products (refor-

mate) usually has a high hydrogen content resulting in higher

antiknock quality, wider flammability limits and increased

burning velocity of the fuel burned in engine cylinders

[12e14]. Thus, TCR enables ICE efficiency improvement not

only as a result of waste heat recovery but also because of the

great benefits of burning the hydrogen-rich gaseous fuel.

Wider flammability limits of the latter enables lean-burn
operation with subsequent lower heat transfer and throt-

tling losses. Increased burning velocity results in combustion

that is closer to the most efficient constant-volume combus-

tion. Higher antiknock quality opens a possibility of

compression ratio increase.

In addition to previously mentioned advantages, methanol

and ethanol are also excellent primary fuels for ICE with TCR

due to the fact that they can be reformed at relatively low

temperatures (around 250e300 �C [4,15]) to produce hydrogen-

rich reformate. The latter usually allow utilization of engine

exhaust heat without a need in an additional energy source.

Widely studied alcohol reforming methods for ICEs include

methanol decomposition (MD) e Eq. (1), methanol steam
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reforming (MSR) e Eq. (2), and low-temperature ethanol

decomposition (ED) e Eq. (3) [8,16e18].

CH3OHðgÞ/COþ 2H2 DH ¼ 90 kJ=mol (1)

CH3OHðgÞ þH2OðgÞ/CO2 þ 3H2 DH ¼ 50 kJ=mol (2)

C2H5OHðgÞ/CH4 þ COþH2 DH ¼ 50 kJ=mol (3)

Generally, MD may be more beneficial than MSR since the

increase in reformate heating value is greater (because the

reforming product CO is a fuel e Eq. (1) compared with a

diluent gas CO2 in the case of MSR e Eq. (2), which leads to an

increase in the reformate heating value despite some

reduction in the hydrogen content), there is no need to carry,

preheat and evaporate water in the reformer and the

required injection pressure to maintain high power output is

lower. The latter is due to the higher energy density of MD

products compared with MSR products. However, because of

catalyst stability and deactivation problems frequently

observed in the methanol decomposition process, the current

study focuses on methanol steam reforming e Eq. (2), which

is less sensitive to these issues [19,20]. Moreover, the pres-

ence of CO2 in the MSR reformate could be beneficial at high

engine loads, because it contributes to a decrease of the in-

cylinder temperature and thus leads to a significant reduc-

tion of NOx formation. Nevertheless, in case that the catalyst

deactivation and stability problems would be resolved by

developing new advanced catalysts, methanol decomposition

may still become the advantageous reforming option in the

future [21].

The concept of methanol reforming in an ICE with TCR is

not new and has been thoroughly investigated since the

1970's. Pettersson and Sjostrom [22] overviewed a progress

achieved in this field in their work published in 1991. The

studies completed in this period reported on up to 40%

improvement in brake thermal efficiency (BTE) compared

with gasoline counterpart, but have also identified serious

drawbacks of this approach [22]. The main problems that

were reported include catalyst deactivation due to coke for-

mation, uncontrolled combustion, cold start and transient

behavior issues, and engine maximal power reduction as a

result of lower volumetric efficiency. The latter is a conse-

quence of the reformate supply method when the gaseous

reforming products were fumigated into the intake system

thus reducing the partial pressure of the air in the intake

manifold. The absence of charge cooling due to liquid fuel

evaporation was an additional factor that led to a lower mass

of fresh air introduced to engine cylinder compared with the

case of liquid fuel feeding.

More recent studies, which mainly dealt with H2-ICEs,

overcame the issues of power loss and uncontrolled com-

bustion by direct injection (DI) of hydrogen and reported on a

high-efficiency low emission hydrogen-fueled ICE [23]. Some

researchers studied the influence of hydrogen adding on

performance and emissions of SI engines fueled with various

primary fuels [12,24]. Hagos et al. [25,26] studied a DI SI engine

fueled with syngas (H2 þ CO) derived by biomass gasification.

They achieved a reduction in CO and HC emissions, but re-

ported on an increase in NOx emissions at higher loads. In
their recent study, Hagos et al. investigated influence of start

of injection timing on performance and emissions of a DI SI

engine fueled with syngas augmented by 20% of methane [27].

He et al. [28] demonstrated in their research that syngas

burning in ICE leads to increase in free radicals concentrations

and hence improves the combustion process. A number of

studies were devoted to investigation of fundamental com-

bustion properties of various hydrogen-containing fueleair

mixtures [14,29,30]. No published studies are available about

the influence of injection strategies on the performance of a DI

engine fueled with methanol reforming products mainly

consisting of H2 and CO2. Li et al. [31] as well as Shimada and

Ishikawa [32] studied onboard reforming of hydrous ethanol

with reformate supply to the intake manifold. In both works,

the authors reported on engine efficiency improvement

together with a substantial decrease in emissions of gaseous

pollutants NOx, CO and THC. To prevent engine power loss

because of the reformate supply to the intake manifold, in

both works [31,32] unreformed ethanol was burned in addi-

tion to reformate at high loads. This strategy is also useful in

solving the cold start and transient behavior problems. Other

approaches recently suggested to overcome these drawbacks

of TCR are integration of the reforming system in an electric-

hybrid vehicle and using a small on-board pressurized vessel

with reformate for start-up purposes [26,33]. Yoon et al. [34]

devoted their research to the investigation of design limita-

tions of a reformer intended for the steam reforming of

methanol. In the previous study [35] we suggested applying

the DI concept to maintain engine's maximal power and pre-

vent uncontrolled combustion but noticed that if reforming is

carried out at atmospheric pressure, a significant fraction of

the engine power would be required to compress the gaseous

reformate prior to its injection. To eliminate this shortcoming

while keeping the advantageous direct injection approach, we

suggested the concept of high-pressure TCR. In our approach

we used the findings of Peppley et al. [36] who tested a com-

mercial CuO/ZnO/Al2O3 catalyst in MSR reactions up to a

pressure of 40 bar and didn't find any significant deactivation

problem.

In the previously conducted simulation of ICE with high-

pressure TCR system based on methanol steam reforming,

we showed a possibility of BTE improvement at rated power

regime by 14% compared to the gasoline-fed counterpart [35].

Previous simulations also showed that engine feeding with

MSR reformate leads to reduced pollutant emissions

compared to gasoline [33]. In the first part of thework reported

in this article, we experimentally proved the findings of the

previous simulations for constant reformate injection pres-

sure and fuel injection timing at various engine loads. We

assessed the available enthalpy of the exhaust gas needed for

fuel reforming and analyzed the influence of the injection

timing on this important parameter. Then, we studied the

influence of the injection pressure and timing on the engine

efficiency and pollutants formation at a constant engine

operating mode. The latter investigation was essential

because of a need to find the lowest injection pressure, which

allows efficient operation of a DI SI ICE fed by MSR reforming

products, as a milestone on the way towards creating a com-

plete system of ICE with high-pressure TCR.
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Table 1 e Robin EY-20 engine e main parameters.

Bore � Stroke, mm 67 � 52

Displacement, cm3 183

Compression ratio 6.3

Power, kW @ speed, rpm 2.2 @ 3000

Continues BMEP@3000 rpm, bar 4.8

Gasoline feed system Carburetor
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Methodology

Experimental setup

The experimental setup was developed based on a spark

ignition (SI) single-cylinder carburetor gasoline-fed engine of a

generator set. The engine was rebuilt to enable direct-

injection of various gaseous fuels, like MSR and ED re-

formates,methane etc. while keeping its baseline capability of

gasoline-fed operation. The engine is a part of a laboratory

experimental setup with a high-pressure TCR system. A

schematic layout of the experimental setup is shown in Fig. 1.

The baseline laboratory engine was a Robin-EY20-3 single-

cylinder, 4-stroke, SI, air-cooled side-valve ICE (1) coupled

with a 2.2 kW230 VAC Sincro GP100 generator (13). The reason

for the selection of this engine as a basis for the first prototype

of a DI MSR-fed ICE was the extra space available in the cyl-

inder head that enabled a relatively easy installation of a new

in-house developed gas-DI injector and a pressure transducer.

Table 1 shows the main specifications of the baseline engine.

The original ignition system of the Robin EY-20 engine was

replaced by a Denso IWF 24 Iridium spark plug (3) and an AEM

30-2853 coil (2) to prevent pre-ignition and allow ignition

timing variation.

A dSPACE DS 1104 controller (9) connected to a computer

(34) was used for engine control and data acquisition. The

equipment for combustion process measurement and anal-

ysis included a Kistler 6061B water-cooled pressure trans-

ducer (5), a Kistler 5018 charge amplifier (6) and a Kistler

crankshaft encoder 2613B (7) with a resolution of 0.5� mounted

on the free end of the generator shaft.
Fig. 1 e Experimental setup. 1 e Robin EY20-3 single cylinder ICE

pressure transducer; 6 e charge amplifier; 7 e crankshaft encod

controller; 10 e throttle; 11 e centrifugal speed governor; 12 e l

generator load; 16 e crankshaft driven gear of the engine speed

19 e air filter; 20 e gasoline tank; 21 e valve; 22 e electronic scal

detector; 26 e emergency self-acting stop cock; 27 e pressure reg

31 e air-to-fuel ratio gauge; 32 e exhaust gas analyzers; 33 e th
In the case of gasoline-fed operation, the desired engine

speed was controlled by varying the spring load of the

governor with aid of a linear actuator (12). When the ICE was

fed with MSR reformate, it was run at the wide-open-throttle

(WOT) and thus engine speed was governed by varying the

load and the amount of injected fuel. Engine load was

controlled via a variable transformer and resistors that were

connected to the generator.

A Bronkhorst F111-AI-70K-ABD-55-E mass flowmeter (24)

and FLUIDAT software were used to measure MSR mass flow

rate based on the constant pressure specific heat of the

reformate. Gasoline mass consumption was measured by GF-

12 K digital scales of A&D Ltd (22).

In these experiments MSR reformate containing 75% H2

and 25% CO2 (on a molar basis) was supplied to the engine

from premixed compressed gas vessels (28). The mixture

composition accuracy was ±1% of the lowest concentration

species provided by a gas mixtures supplier. A pressure

regulator (27) was used to set the desired injection pressure.

Measurement of CO2, CO, total hydrocarbons (HC) and NOx

concentrations was performed with a California Analytical

Instrument (CAI) 600 series NDIR CO/CO2 analyzer, CAI 600

series FID HC analyzer and a 200EH chemiluminescent NOx
; 2 e ignition coil; 3 e spark plug; 4 e air intake system; 5 e

er; 8 e TDC proximity sensor; 9 e data acquisitor and

inear actuator; 13 e generator; 14 e power gauge 15 e

governor; 17 e air flow meter; 18 e pressure wave damper;

es; 23 e DI gas injector; 24 e gas flow meter; 25 e hydrogen

ulator; 28 e gas cylinder; 29 e exhaust line; 30 e O2 sensor;

ermocouple; 34 e computer.
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analyzer (equipped with a thermal converter 501x) of Tele-

dyne Instruments. Sampling for measurements of CO2, CO

and NOx was carried out from a dried exhaust gas sampling

line and for HC measurements e directly from the exhaust

line. Particles number concentration (PN) and size distribution

were measured with aid of TSI-made Engine Exhaust Particle

Sizer (EEPS) of 3090 model (32). The latter enabled measuring

emission of particles from 5.6 to 560 nm with particle size

resolution of 16 channels per decade (32 total) and time res-

olution of 10 Hz. TSI-made rotating disk thermodiluter ther-

mal conditioning device 379020A-30 was used for diluting and

conditioning the sample in accordance with the requirements

of PMP procedure. The sample was heated to 300 �C to elimi-

nate volatiles.

A VA-420 flow sensor of CS Instruments was used to

measure the intake air flow. The measurement results were

double-checked with aid of a wide-band Lambda sensor kit

LC-1 of Innovate Motorsports based on a Bosch LSU 4.2 O2

sensor (30) and verified using exhaust gas carbon balance

calculation.

As mentioned above, for this research a direct gaseous fuel

injector was developed in-house. The developed injector was

based on a commercially available gasoline DI injector pro-

duced by Magneti Marelli (IHP072). The injector was modified

to allow higher volumetric flow rates necessary for the case of

gaseous hydrogen-rich reformate fuel injection. The injector's
flow area was 0.85 mm2 and its discharge coefficient was in

the range of 0.79 ± 0.02. More details regarding the injector

design and the development procedure can be found in Ref.

[37]. Fig. 2 [38] shows the cylinder head with the installed

injector, pressure sensor and spark plug and their relative

location.

The relative location of the injector and spark plug was

not optimized. The latter task was beyond the scope of this

work.

Data processing

This section provides a description of the measured data

processing methods that were applied in this study to obtain

information necessary for analysis of the experimental

results.
Fig. 2 e On the left, a picture of the gas injector (a) spark plug (b) a

In the middle, drawing of the same components and the cylind

clear view of the components. On the right, dimensions between

are given in mm (the spark plug electrodes and injector nozzle

respectively) [38].
Gross indicated mean effective pressure (IMEP) was

calculated using Eq. (4):

IMEP ¼

Z Vðq¼540Þ

Vðq¼180Þ
pdV

Vd
¼ Wi;g

Vd
(4)

where: Vd e displaced volume [m3]; Vðq ¼ 180Þ e cylinder

volume at the start of compression stroke [m3]; Vðq ¼ 540Þ e
cylinder volume at the end of compression stroke [m3]; V e

instantaneous cylinder volume [m3]; p e instantaneous in-

cylinder pressure [Pa]; Wi;g e gross indicated work [J].

IMEP was calculated by integration of measured instanta-

neous in-cylinder pressure values over the cylinder displaced

volume while excluding the intake and the exhaust strokes.

The trapezoidal method was used for the numerical

integration.

An important parameter crucial for in-depth analysis of

ICE combustion process and cycle-to-cycle variability is the

coefficient of variation (COV). It is defined as the standard

deviation of IMEP divided by themean IMEP value as shown in

(Eq. (5)) [39]:

COV ¼ sIMEP

IMEP
(5)

where: sIMEP e IMEP standard deviation; IMEP e average IMEP

of all considered cycles [Pa].

The COV values were calculated in this work based on

measurement of approximately 100 cycles. Indicated thermal

efficiency ðhiÞ was calculated according to Eq. (6):

hi ¼
Wi;g

mf $LHVf
(6)

where mf is the fuel mass supplied to the cylinder per cycle

([kg]) and LHVf is the lower heating value of the fuel [J/kg].

For the case of engine fueled with MSR products, the

indicated efficiency was calculated based on the methanol

mass that was consumed to produce the reforming products

and the methanol LHV (Eq. (7)):

hMSR ¼ Wi;g

nM$MM
nW$MWþnM$MM

$mMSR$LHVM

(7)

where:mMSR eMSR products mass supplied to the cylinder per
nd pressure transducer (c) as installed on the cylinder head.

er head gasket with the cylinder head omitted to enable a

the cylinder axis, spark plug electrodes and injection axis

are located 12 mm and 0.3 mm above the gasket plane

http://dx.doi.org/10.1016/j.ijhydene.2017.05.056
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cycle [kg]; nM e number ofmethanolmoles participating in the

MSR reaction [mol]; nW e number of water moles participating

in the MSR reaction [mol]; MM e molar mass of methanol [kg/

mol]; MW e molar mass of water [kg/mol]; LHVMe lower

heating value of methanol [J/kg].

Mass fraction burned and heat release rate (HRR) were

calculated using GT-Power software by processing the

measured values of in-cylinder pressure, piston position,

injected fuel mass and the amount of fresh air introduced into

the cylinder. Pressure pegging was performed using least

squares method described in Ref. [40]. Due to the fact that at

some engine operating modes gaseous reformate injection

started closely after the inlet valve close, in these cases the

pressure pegging method was applied for the compression

period after the end of injection and before ignition. Moreover,

all pegging results were double-checked using another

approach where the error between the measured and the

simulated pressure values during 40 CAD in the compression

stroke was minimized by applying a pressure offset. An

advantage of the latter approach is that it uses extrameasured

values such as fuelmass and fresh air contents in the cylinder.

Both methods gave similar results. A two-zone combustion

model was used by applying the first law for a control volume

for both the burned and the unburned fuel zonese Eqs. (8) and

(9) [41]:

dðmueuÞ
dt

¼ �p
dVu

dt
� Qu þ

�
dmf

dt
hf þ dma

dt
ha

�
þ dmf ;i

dt
hf ;i (8)

dðmbebÞ
dt

¼ �p
dVb

dt
� Qb �

�
dmf

dt
hf þ dma

dt
ha

�
(9)

where: mu e unburned zone mass [kg]; eu e unburned zone

energy [J/kg]; p e in-cylinder pressure [Pa]; Vu e unburned

zone volume [m3]; Qu e unburned zone heat transfer rate [W];

mf e fuelmass [kg]; hf e fuel enthalpy [J/kg];ma e airmass [kg];

ha e air enthalpy [J/kg]; mf ;i e injected fuel mass [kg]; hf ;i e

injected fuel enthalpy [J/kg]; mb e burned zone mass [kg]; eb e

burned zone energy [J/kg]; Vb e burned zone volume [m3]; Qb e

burned zone heat transfer rate [W].

In the two-zone model, initially, the entire cylinder charge

is located in the unburned zone. After the start of combustion,

at any time step, a definite portion of the unburned mixture is

being transferred to the burned zone. At each time step, the

reacting gases in the burned zone are assumed to be in ther-

modynamic equilibrium. Based on this assumption, the time-

dependent temperature and pressure values are calculated.

The amount of unburned mixture that has transferred to the

burned zone was calculated to match the measured instan-

taneous pressure value by an iterativemethod. To perform the

burned mass fraction calculation, additional information was

necessary: the residual gas fraction in the cylinder and heat

transfer to cylinder walls. Woschni model without swirl or

tumble was used to calculate the latter. Measured values of

the exhaust gas temperature and the assumption of 100% fuel

mass burned were used to set a proper convection heat

transfer multiplayer. Residual gas fraction values were

calculated by simulating engine operation with GT-Power

software while calibrating it to experimental data obtained

by us. Flame development angle ðq0�10Þ and mass fraction

burned values were calculated based on the obtained
instantaneous values of burned mass. Heat release rate was

calculated using the same assumptions, but with a single-

zone first law Eq. (10) for control volume [39]:

HRR ¼ �p
dV
dq

� Q � dðm$esÞ
dq

(10)

where: V e cylinder volume [m3]; q e crank angle [deg]; Q e

heat transfer rate [J/deg]; m e in-cylinder mass [kg]; es e sen-

sible energy of the cylinder content [J/kg].

Calculation of specific pollutant emissions (in g/kWh) was

carried out based on pollutants concentration measurements

and carbon balance analysis while using measured fuel flow

rate and assuming that lube oil combustion and particulates

formation has only minor effect on the carbon balance (Eq.

(11)):

Ei ¼
_mf $yc;fuel$yi$Mi

MC$
P

yj$Pi
(11)

where: Ei e specific emission of pollutant i [g/kWh]; _mf e fuel

mass flow rate [g/h]; yc;fuel e fuel's carbon mass fraction; yi e

molar fraction of pollutant i; Mi e molecular weight of

pollutant i [kg/mol];MC emolecular weight of carbon [kg/mol];

yj e molar fraction of gaseous carbon-containing species CO,

CO2, HC (calculated as CH1.85); Pi e indicated power [kW].

A choked flow equation for ideal gas was used to calculate

the influence of injector flow area and injection period on the

gaseous fuel flow through the injector [39]:

_mch ¼ CD$A$p0

ffiffiffiffiffiffiffiffiffiffiffi
g

R$T0

r �
2

1þ g

� gþ1
2ðg�1Þ

(12)

where: _mch e choked mass fuel flow rate through the injector

[kg/s]; CD e flow discharge coefficient; A e the injector's
reference flow area [m2]; p0 e inlet stagnation pressure [Pa]; R

e gas constant [J/kg/K]; T0 e inlet stagnation temperature [K]; g

e specific heat ratio.

The uncertainty of the calculated parameters was evalu-

ated using Eq. (13) [42].

dR ¼
 XN

i¼1

�
vR
vXi

dXi

�2
!1=2

(13)

where: dR e uncertainty of calculated parameter R; vR=vXi e

partial derivative of R with respect to variableXi; dXi e uncer-

tainty interval of variable Xi (considering fixed and random

errors).

It is known that indicated work calculation is insensitive to

randomnoise and absolute pressure referencing errors, but on

the other hand, it is very sensitive to crank phasing errors [43].

Its calculation also involves numerical integration. Thus,

indicated work uncertainty was calculated using an approach

described by Moffat [42] for computation of uncertainty when

using a computer program for results analysis. An angle phase

error of ±0.5 CAD was used for this calculation (equal to the

encoder resolution). Knowing uncertainty of indicated work

calculation is important since it is used later for calculation of

indicated efficiency and specific pollutant emissions. Uncer-

tainty values calculated for indicated efficiency and emissions

of NOx, HC, CO and CO2 are shown as error bars in Figs. 9 and

11e16. The uncertainty was calculated for all these parame-

ters at each studied engine operatingmode. However, in some

http://dx.doi.org/10.1016/j.ijhydene.2017.05.056
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cases due to thewide range of values that appear in one graph,

error bars may not be seen due to the fact that the uncertainty

range is small compared to the y-axis scale. In these cases, the

uncertainty may be assumed to be as the size of the marker in

the plot area. For the readers' convenience, Table 2 summa-

rizes the accuracy of the measured data and the uncertainty

values of the calculated parameters.

Available enthalpy of exhaust gas

When considering an onboard fuel reforming system, it is

important to make sure that the exhaust gas possesses

enough energy to sustain the endothermic reforming re-

actions. In our previous work [35] we showed that full con-

version of methanol is not necessarily beneficial because the

non-reformed methanol can be reused relatively easily e
q ¼ f
�
hCO2

ðTþ DTÞ þ 3$hH2
ðTþ DTÞ�þ ð1� fÞ�hH2O;lðTþ DTÞ þ hM;lðTþ DTÞ�� �hH2O;lðTÞ þ hM;lðTÞ

�
4$f$LHVf

$100% (15)
Fig. 3. In order to achieve higher flow rate through the injector,

cooling of the reformate before its injection is required. On the

other hand, the enthalpy of the reformate as it exits the

reformer can be utilized to preheat the incoming meth-

anolewatermixture before it enters the reformer. Thus, in our

approach we use a heat exchanger to serve both of these

purposes (Fig. 3).

At steady-state conditions, the flow rates of the primary

fuel that enters the reformer (1), of the gaseous reformate that

enters the engine (5) and of the exhaust gas (7) are
Table 2 e Measuring devices in the experimental setup, their a

Device/Parameter

Accuracy of measured parameters

Crankshaft encoder 2613B Kistl

Charge Amplifier Type 5018 Kistl

Water cooled pressure transducer 6061B Kistl

Mass flow meter F-111AI-70K-ABD-55-E Bron

Air flow sensor VA420 with integrated measuring unit CS In

Wide-band lambda sensor LC-1 kit Inno

l ¼ 1

NOx analyzer 200EH Teled

HC analyzer 600 series Calif

CO, CO2 analyzer 600 series Calif

Engine Exhaust Particle Sizer 3090 TSI, N

Rotating Disk Thermodiluter 379020A TSI, (

Power gauge (Wattmeter) DW-6060 Lutro

Digital scales GF-12K A&D

Maximal uncertainty of calculated parameters, %

Indicated work ±5%
COV ±4%
Indicated power ±5%

a FS e full scale, MV e Measured value, NA e Not available.
b In a research conducted by TSI to improve EEPS0 PN concentration an

developed, and it was found that while using it the EEPS provides PN co

scanningmobility particle sizer (SMPS) across a wide range of diesel eng

was applied in our experiments as well.
interrelated. The relationship between (5) and (7) depends on

l. The relationship between (1) and (5) can be expressed by the

methanol conversion fraction f:

f ¼ ð _nM;1 � _nM;4Þ
�
_nM;1 (14)

where _nM;1 is the methanol molar flow rate at the entry to the

heat exchanger (1) and _nM;4 is the methanol molar flow rate at

the heat exchanger outlet (4) [mol/s].

It is useful to normalize both the heat required for

reforming and the exhaust gas available enthalpy by the

available enthalpy of the fuel that enters the engine. Thus, the

overall fuel flow rate is canceled when dividing and the

resulting expressions allow simpler analysis unaffected by the

fuel flow rate and hence the engine power. The normalized

heat (in %) required for reforming ðqÞwas calculated according

to Eq. (15):
where: hiðTÞ e total enthalpy (sum of the enthalpy of forma-

tion and the sensible enthalpy) of species i at temperature T [J/

mol]; LHVf e lower heating value of MSR reformate per mole

(181.37$103 [J/mol]);DTe temperature difference between heat

exchanger inlet (1) and outlet (4) [K]. Subscript l denotes liquid

phase.

The normalized available enthalpy ðhavÞ was calculated by

subtracting the enthalpy of the cold exhaust gas (8) from the

enthalpy of the hot exhaust gas (7) and dividing it by the

available enthalpy of the fuel entering the engine (5), while
ccuracy and uncertainty of calculated parameters.

Manufacturer (Accuracy)/Uncertainty

er, (Resolution 0.5� Dynamic accuracy ±0.02� at 10,000 rpm)

er, (<±0.3% at 0e60 �C)
er, (Max. linearity �±0.29% FSa)

khorst High-Tech B.V., ±(0.5% of MVa þ 0.1% of FSa)

struments GmbH, (±1.5% of MVa)

vate Motorsports based on Bosch LSU 4.2 O2 sensor, (at l¼ 1: ±0.007; at
.7: ±0.05)
yne Instruments, (0.5% of MVa)

ornia Analytical Instruments, (±0.5% of FSa)

ornia Analytical Instruments, (±1% of FSa)

Aa,b

±10%)

n Electronics Company, (±1%)

Ltd, (±0.1 g)

d size distribution measuring accuracy [44] a new SOOT matrix was

ncentration readings in the range 84%e96% of those obtained with a

ine operating conditions. The instrument with the same SOOTmatrix
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Fig. 3 e Schematic of the considered high-pressure TCR system. 1 e methanol and water mix (1:1 molar ratio) at high

pressure; 2 e preheated methanol and water mix; 3 e hot reforming products with residues of unreformed methanol and

water; 4 e cooled reforming products with condensed unreformed methanol and water; 5 e cooled gaseous reformate; 6 e

condensed unreformed methanol and water; 7 e hot exhaust gas; 8 e cooled exhaust gas.
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assuming exhaust gas is an ideal gas and its composition is

that of complete combustion products (Eq. (16)):

havðl;T7;T8Þ ¼

�
1þ l

�
_na
_nf

	
st

	0B@P yi

Z T7

T8

cp;idT

1
CA

LVHf
$100% (16)

where: T8 e exhaust gas temperature at the reformer inlet (8)

e Fig. 3 [K]; T7 e exhaust gas temperature at the reformer

outlet (7) [K]; _nf e fuel flow rate at the engine inlet (5) [mol/s]; _na

e air molar flow rate [mol/s]; yi e molar fraction of species i

based on complete combustion stoichiometry; cp;i e specific

heat of species i at constant pressure [J/mol/K].
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Fig. 4 e Comparison of lambda limit for stable engine

operation (COV <5%) and flame development angle

between gasoline and MSR products. Engine speed

2800 rpm, SOI 127 CAD BTDC, injection pressure 40 bar.
Results and discussion

At the first stage of the research, a comparison between en-

gine fueled with MSR reformate and gasoline at constant in-

jection pressure (40 bar) and injection timing (start of injection

@ 127 CAD before top dead center e BTDC) was performed.

Engine feeding with the MSR reformate enabled unthrottled

operation in the entire range of loads. Also, the excess air ratio

(l) that allowed stable engine operation (COV <5% [3]) was

much higher than that of gasoline (Fig. 4). This is a result of the

high burning velocity and wide flammability limits of the

hydrogen-rich reformate that substantially decrease the

flame development duration compared to engine fueled with

gasoline e Fig. 4.

High burning velocity of the hydrogen-rich reformate en-

ables getting closer to the theoretical Otto cycle. Wide flam-

mability limits of the MSR reformate allow lean-burn

operation with the subsequent reduction in throttling and

heat transfer losses. In addition, the gaseous MSR reformate

reduces the heterogeneity of airefuel blending. All these,

together with the benefits of WHR, led to a substantial

improvement in engine efficiency compared to gasoline
across the entire range of engine loads (from idle to rated

power) (Fig. 5). The lean combustion and CO2 presence in the

MSR reformate reduce the in-cylinder temperature and thus

contribute to decrease in NOx formation. The only source of

hydrocarbons formation in case of lean MSR combustion is

the lubricant. This fact, together with lean burning result in

drastic reduction of CO and HC emissions compared to

gasoline.

As seen from Fig. 5, the thermal efficiency of the ICE fueled

with MSR products was improved by 18e39% compared to

gasoline and emissions of CO, HC and NOx were reduced by

90e96%, 85e97%, 73e94%, respectively for the specified in-

jection pressure and timing. Even though a possibility of

unthrottled operation of ICE fueled with MSR products was

demonstrated for the case of onboard methanol reforming, it

is important to ensure that the exhaust gas possesses enough

available enthalpy to sustain the endothermic reforming re-

actions. To calculate the heat required for the reforming re-

actions ðqÞ and the available enthalpy of the exhaust gas ðhavÞ,
Eqs. (15) and (16) were used. Fig. 6 shows the normalized heat

required for reforming ðqÞ as a function of conversion fraction

http://dx.doi.org/10.1016/j.ijhydene.2017.05.056
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Fig. 5 e Improvement in engine efficiency and pollutant

emissions for MSR reformate feeding compared with

gasoline. Engine speed 2800 rpm, injection pressure 40 bar,

SOI 127 CAD BTDC.
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(f) and temperature difference (DT) between the heat

exchanger inlet and outlet.

As seen from Fig. 6, the required normalized heat q varies

in the range of 18.2e19.4%. It is fair to assume that methanol

conversion fraction (f) higher than 0.7 and DT lower than 50 K

can be safely achieved. Moreover, since there are no special

limitations on the heat exchanger (Fig. 3) design (i.e. no need

in a catalyst, relatively low temperatures and flow rates of

fluids whereas one side is liquid), we believe that DT in the

range of 10e20 K is realistic. Thus, qwill be around 18.5% with

conversion fraction having only a minor effect on q e Fig. 6.

The latter assessment makes sense because in the suggested

configuration of the high-pressure TCR system where unre-

formed methanol and water are condensed in the heat

exchanger e Fig. 3, the unreformed liquids cause parasitic

losses only due to their temperature rise by DT. For this

reason, the partial derivative ðvq=vfÞ vanish for DT ¼ 0 and

increases as DT increases e Eq. (15).

By using Eq. (16) and assuming that the exhaust gas leaves

the reformer at 500 K, we calculated hav as a function of l and

the exhaust gas temperature e Fig. 7. An assumption of the

cooled exhaust temperature of 500 K was chosen. The latter
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Fig. 6 e Percentage of the fuel energy delivered to the engine, wh

conversion fraction (f) and the temperature difference (DT) betw
was assumed to ensure that the temperature of the cooled hot

stream (exhaust gas 8) is above the temperature of the heated

cold stream (methanolewater mixture entering the reformer

after pre-heating 2) and provides a sufficient temperature

gradient for heat transfer e Fig. 3. We also plotted on Fig. 7 the

experimental results obtained for WOT engine operation in

the wide range of loads with l varying from 1.55 to 4.2 (idle).

As seen in Fig. 7, at high load and l ¼ 1.5 the available

enthalpy of the exhaust gas is sufficient to sustain the

reforming reactions. As the load is decreased and excess air

ratio is increased (at wide-open throttle) the amount of

available enthalpy becomes marginal (2 < l < 2.5) and then

insufficient (l > 2.5). Thus, the possibility of unthrottled

operation at l > 2 is dependent on the reforming system

design characteristics such as DT, heat transfer losses through

the system boundaries and the minimal possible exhaust gas

temperature at the reformer outlet. The latter has a strong

effect mainly at high excess air ratios because of the low

exhaust gas temperatures and the relatively high flow rates at

these operatingmodes. Considering the experimental point of

l ¼ 4.2 and Texh ¼ 540 K as an example, the normalized

available exhaust gas enthalpy ðhavÞ is increased from 5.5% to

12.3% and 19.1% when the temperature of the cooled exhaust

gas decreases from 500 K to 450 K and 400 K, respectively. In

the considered case of the high-pressure TCR system, the

exhaust gas temperature at the reformer outlet also depends

on the reforming pressure. Lower reforming pressure will

cause the wateremethanol mixture to enter the reformer at a

lower temperature due to partial evaporation at the pre-

heating stage. Evaporation at the pre-heating stage becomes

impossible with pressure increase. Hence, methanolewater

temperature at the reformer inlet (2) increases and, as a result,

the possible outlet temperature of exhaust gas increases as

well. Engine operation at l > 2 may be achieved by using a

reformate reservoir which is filledwhileworking at low excess

air ratios or by delaying combustion through late ignition or
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Fig. 7 e hav as a function of l and the exhaust gas temperature. Engine speed 2800 rpm; SOI 127 CAD BTDC; injection

pressure at 40 bar; exhaust gas outlet temperature 500 K.
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injection to increase exhaust gas temperatures. The effect of

injection timing and pressure on engine efficiency and emis-

sions was investigated and is discussed hereinafter.

It is clear that engine performance and emissions are

dependent on the strategy of reformate injection, which af-

fects the fueleair mixing quality and thus influences com-

bustion process. When a DI ICE with high-pressure TCR is

considered, the injection pressure is a very important

parameter because either the reformate has to be compressed

prior to injection or the reforming has to be performed at high

pressure [35,38]. Since compressing the reformate prior to its

injection is an energy consuming process, it is beneficial to

perform the reforming reactions at high pressure thus com-

pressing the methanol and water at their liquid state and

substantially reducing the energy required for compression.

The drawbacks of high-pressure reforming are more severe

requirements to the mechanical strength of the reforming
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Fig. 8 e Required injection pressure as a function of the injection

WOT, l ¼ 1.5, CD ¼ 0.79, fuel mass per cycle 22.5 mg. Numbers
system and a concern of catalyst deactivation due to coke

formation. Another drawback of high-pressure reforming

related to heat exchange process in the reformer and heat

exchanger was discussed in the previous section. Thus, it is

desirable to inject the fuel at the lowest possible injection

pressure that allows sufficient reformate flow rate to meet

engine power and efficiency requirements. It is important to

remember that the required injection pressure is strongly

influenced by the injector design and its fuel flow area. As the

flow through the injector is choked during most of the injec-

tion period and at most of the injection pressures, the

necessary injection pressure is inversely related to the injector

flow area and injection period (Eq. (12)). An example presented

in Fig. 8 for the engine operating mode at 2800 rpm, WOT and

l ¼ 1.5 illustrates such a dependence and shows how the

pressure required to allow sufficient fuel flow rate varies with

the injection timing and injector flow area. The calculation
1.4 1.55 1.7
2]

Calc. 127-65
Calc. 127-56
Calc. 127-30
Calc. 137-9
Exp. 127-30
Exp. 127-56
Exp. 127-65
Exp. 137-9

timing and the injector flow area. Engine speed 2800 rpm,

in the legend: SOI-EOI CAD BTDC.
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was based on the assumption of ideal gas flow (Eq. (12)) and

experimentally obtained data for the same operating regime

with the in-house developed injector (CD ¼ 0.79,

A ¼ 0.85 mm2).

Since the injector is based on an available commercial

injector, we tried to maximize the flow area by maximizing

needle lift and concentric hole area to a degree that still

allowed good sealing. Thus, we had no possibility to further

increase the injector flow area. So, the parameters we varied

in our experiments were injection pressure and injection

timing only.

The injection pressure was varied from 30 to 60 bar and the

SOI timing was varied from 137 to 97 CAD BTDC for WOT

operation at an engine speed of 2800 rpm and excess air ratio

of 1.5. The ignition timing was set as an MBT value (13 CAD

BTDC) for the given speed and l at injection pressure of 40 bar

and SOI timing of 127 CAD BTDC. The ignition timingwas kept

constant in the studied range of injection timings and pres-

sures due to limited amount of available MSR gas.

When the engine indicated efficiency values are plotted as

a function of SOI timing and injection pressure, the indicated

efficiency seems to be clearly dependent on the injection

pressure (Fig. 9).
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The lower engine efficiency in the case of the lower injec-

tion pressures (30 and 40 bar) and late SOI is a result of the late

end of injection (EOI) that results in lower HRR and late end of

combustion due to retarded mixing and late mixture forma-

tion (Fig. 10).

For the three cases shown in Fig. 10, the highest efficiency

was achieved for early reformate injection at the higher

pressure (blue line). In the latter case, injection ended early (65

CAD BTDC) allowing good fueleair mixing before ignition. For

this reason, the flame development angle (q0e10) was the

lowest (10 CAD) in this case and only a relatively small fraction

of the reformate was burned late in the expansion stroke

(q90¼ 391 CAD). It also led to reduced cycle-to-cycle variatione

Fig. 11. As SOI is retarded or the injection pressure is lowered,

the end of injection is delayed allowing less time for mixture

formation and thus causing an increase in the flame devel-

opment angle (Fig. 10) and resulting in a higher fuel fraction

that is burned late in the expansion stroke (q90 ¼ 417 CAD).

Such a late and a slower combustion leads, as anticipated, to a

more substantial cycle-to-cycle variation and is reflected in

higher COV values e Fig. 11. In the shown cases (Fig. 10) the

late high-pressure injection is more efficient than the early

low-pressure injection because at 23 ATDC both cases has the
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samemass fraction burned, but for the low-pressure injection

a higher portion of the fuel is burned later in the expansion

stroke or too early BTDC. As can be seen from Fig. 10, for all the

considered cases, the flame termination phase is relatively

long due to the combustion chamber geometry of the tested

engine (side-valve configuration).

Cycle-to-cycle variation is an important engine perfor-

mance parameter because the optimum ignition timing is

normally set for an average cycle [39]. Thus, for slow burning

cycles the ignition is over-retarded and for fast burning cycles

it is actually over-advanced resulting in loss of power and

efficiency. Fast burning cycles lead to high in-cylinder pres-

sure, high pressure rise rate, high NOx formation andmay also

lead to knock appearance. These fast cycles limit the engine's
compression ratio and affect a possibility of tuning optimi-

zation [39]. Cyclic variations in the cylinder are caused by

mixture motion and excess air ratio variations especially in

the vicinity of the spark plug, because they change the early

flame development and thus affect the fuel burning behavior

and the heat release rate. Hence, improvedmixture formation

leads to reduced cycle-to-cycle variations and has a beneficial

effect on engine efficiency and emissions. As seen in Fig. 11,
Fig. 12 e Indicated efficiency and available exhaust energy as a

speed 2800 rpm and l ¼ 1.5. The temperature of the cooled exh

uncertainty of the calculated indicated efficiency values.
early EOI reduces the COV and hence has a beneficial effect on

the efficiency. The data shown in Fig. 11 clearly indicate that

cycle-to-cycle variation strongly depends on EOI timing, and

hence the time available for fueleair mixing, and almost

insensitive to the injection pressure. When the end of injec-

tion is retarded from 65 towards 5 CAD BTDC, the obtained

COV values rise from 1% to almost 4%, respectively.

Since the engine efficiency depends on injection timing

through reformate-air mixture formation with the subse-

quent variation in COV and HRR, when we plot indicated ef-

ficiency vs. EOI, the different pressure lines of Fig. 9 almost

merge into a single trend line (Fig. 12). This is explained by the

mutual influence of the SOI timing and the injection pressure

(which determines the flow rate through the injector and thus

the injection duration) on the finally achieved end of injection.

As expected, the late combustion resulted in higher available

energy of exhaust gas (Fig. 12). The latter fact should be taken

into account when an ICE with TCR is considered.

As seen in Fig. 12, if EOI is retarded beyond 50 CAD BTDC an

increase in the available exhaust gas enthalpy ðhavÞ and a

sharp decrease in efficiency are observed, which is attributed

to late combustion and increased cycle-to-cycle variation. The
function of EOI timing and injection pressure. WOT, engine

aust gas assumed to be 500 K. Error bars show the
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efficiency decrease is observed at much earlier EOI values

than reported in Ref. [45] where the performance of a DI ICE

fed with pure hydrogen was studied. This finding may be

addressed to the fact that in our case the baseline engine was

not a DI engine and the process of reformate-airmixingwithin

the cylinder was not optimized (this important task lies out of

the scope of the reported research). The combustion chamber

shape and the fact that the applied injector has a single in-

jection axis, which was relatively far from the spark plug,

delays mixture formation in the vicinity of the spark plug and

leads to slower and delayed combustion. Another reason of

the observed differences between the reformate and pure

hydrogen combustion in a DI engine that in the case of

methanol reformate combustion, the latter contains sub-

stantial amount (up to 25%) of a diluent gas CO2. The higher

specific heat of carbon dioxide compared to diluent air (by

5e8% in the temperature range 1000e2500 K) leads to com-

bustion temperature reduction and, as a result, to lower

burning velocities. Thus, the same EOI retarding results in a

bigger combustion shift into the expansion stroke with the

subsequent efficiency reduction.

A slight increase in efficiency as EOI is retarded was ex-

pected from previous simulations (carried out under

assumption of negligible changes in mixing quality with EOI

retarding) due to reduction of compression work (about 1.5%

absolute improvement for 60 CAD retard for an engine with

compression ratio of 10) [35]. The obtained experimental re-

sults show a possible appearance of a mild efficiency

maximum (in the range of the uncertainty) as a function of EOI
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timing, which most probably reflects joint effect on efficiency

of opposite influencing factors, like compression work,

fueleair mixing quality and combustion phasing. The exper-

imental data show (Fig. 12) that for the studied conditions

(engine speed 2800 rpm, l ¼ 1.5), the minimal reformate in-

jection pressure, which is required to achieve the highest

possible engine efficiency is 50 bar. It can be seen from Fig. 12

that if EOI could be advanced by 20 CAD (from approximately

30 towards 50 CAD BTDC), even injection pressure of 40 bar

could be sufficient to achieve the highest possible efficiency.

This would require SOI slightly before intake valve closing

(IVC) and is possible, if backflowprevention could be achieved.

Similarly to engine efficiency, also pollutant emissions

were found to be dependent mainly on EOI timing e Figs.

13e17. Specific emissions of various gaseous pollutants, as

well as particle number concentrations, obtained at different

injection pressures are almost merged into a single line when

plotted vs EOI timing. This finding can be expected because

CO2 emissions are inversely related to engine efficiency; NOx

and CO e are related to the HRR and late combustion, which

have been shown previously to be linked to EOI timing.

Similarly to the indicated efficiency behavior, for all studied

injection pressures, the pollutant emissions data merge into a

single trend line. This implies that pollutant formation is

mainly affected by the fueleair mixing process. Figs. 13e16

show the CO2, NOx, CO and HC emissions as a function of

the EOI, respectively.

CO2 emissions (Fig. 13) show a possible appearance of a

mildminimum at EOI timing of 50e60 CAD BTDC (in the range
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of the uncertainty) that matches the maximum of engine's
efficiency.

As seen from Fig. 14, NOx emissions decrease with EOI

retarding due to late mixing and combustion that reduces in-

cylinder temperatures. For some of the range it is at the cost of

reduced efficiency but still there is a range between EOI of 74

and EOI of 50 CAD BTDC where indicated efficiency is almost

constant and NOx emissions drop by a factor of 2.5. This

finding can be explained by the fact that at an advanced EOI

timing compression work rise prevents increase in indicated

efficiency, whereas high maximal in-cylinder temperatures

lead to intensified NOx formation. Another possible reason is

linked to the ignition timing that was set at MBT value for the

injection pressure of 40 bar and SOI timing of 127 CAD BTDC.

For earlier EOIs with higher HHR, ignition was over-advanced

thus resulting in higher temperatures and increased NOx

formation, but not higher efficiency.

As can be seen from Fig. 15, EOI retarding leads to signifi-

cant increase in CO emissions. At some value of EOI timing (in

our experiments at approximately 35 CAD BTDC) the

measured levels of CO emission achieve amildmaximum and

significantly decrease with further EOI retarding. The

observed dependence of CO emission on EOI timing is defined

by changes in chemical kinetics of CO2 dissociation to CO
affected by variations in combustion temperature and cooling

rate. It is known that at high temperatures CO2 dissociates to

CO and the CO chemistry is assumed to be in equilibrium [39].

As the burned gas is cooled during the expansion stroke, CO

mole fraction remains significantly higher than its equilib-

rium value due to the relatively slow kinetics. Furthermore,

CO oxidation reactions are highly dependent on the cooling

rate and actually freeze as the gas passes through the exhaust

valves [39] and [46]. It is important to note that in the case of

engine fueled with MSR reformate, CO2 is introduced to the

combustion process together with the fuel (hydrogen), and is

not formed as a result of a hydrocarbon fuel combustion. In

the considered case, as EOI is retarded, two opposing factors

influence CO formation. First, the maximal combustion tem-

peratures are decreased (which is reflected also in lower NOx

emissions with EOI retarding) leading to lower equilibrium CO

concentrations e see the insert on Fig. 15 (equilibrium CO

molar fractionswere calculated for p¼ 20 bar and l¼ 1.5 using

[47,48]). Second, combustion is delayed, thus leading to higher

temperatures later on in the expansion stroke. This can be

clearly seen from the higher available exhaust gas enthalpy

valueswith EOI retardinge Fig. 12. This leaves less time for CO

oxidation before exhaust valve opening, reduces temperature

relaxation time (increases cooling rate) and thus leads to

http://dx.doi.org/10.1016/j.ijhydene.2017.05.056
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higher CO emissions. We believe that as EOI is retarded from

75 to 35 CAD BTDC, the effect of increased cooling rate is more

significant than the reduction of peak cylinder temperatures.

This results in a rise of the measured CO emission. As EOI is

further retarded, the effect of these phenomena becomes

comparable, and with later EOI e the effect of temperature

reduction begins to be dominant. This behavior is reflected in

a mild maximum and a substantial reduction of CO emission

that was measured at the most retarded EOI timing.

Dependence of HC emission on EOI timing is shown in

Fig. 16. Since the only source for HC formation is lubrication

oil [49], HC emissions decrease as combustion process is

prolonged thus allowing completer oil combustion. The ob-

tained results show a good potential of the DI engine with

high-pressure TCR to achieve ultra-low emissions without

any need in exhaust gas aftertreatment. In this case, a

reformer will replace the currently used catalytic converter.

However, further investigation of this subject is required to

make definite conclusions about a possibility of engine oper-

ation without aftertreatment.

PN concentrations were much harder to measure due to

the spiky nature of PN emission in SI engines [50]. This spiky

nature was also observed in our measurements with spikes

occurring every 30e60 s and spike duration between 5 and

20 s. Thus, it was decided to compare time-averaged PN

emissions with measurements duration of at least 120 s at a

measuring frequency 10 Hz. Even though the spiky nature of

PN emission increases the measurement uncertainty, the

trend of PN emission reduction with EOI retarding is clear

(Fig. 17).

Although in the case of PN emission the scatter around

the average emission line is higher than for other pollutants

(notice the logarithmic scale) this may be due to the spiky

nature of the PN emissions. The level of measured PN

emissions is similar to that one observed earlier in Ref. [42]

where particles formation in a hydrogen-fed ICE was

investigated. Lubrication oil and deposits breakup are

believed to be the source of PN emission. This explains the

reduction in PN emission as the combustion is prolonged for

retarded EOI timings. The latter, similarly to HC emission,

allows more time for completer combustion of particles
formed at earlier combustion stages. It is also possible that

the lower temperatures at retarded EOI timing result in

smaller amounts of burned lubricant and thus e lower HC

and PN emissions.
Summary and conclusions

ICE feeding with MSR reformate allows a significant increase

in ICE efficiency and a dramatic reduction in pollutant emis-

sions compared with gasoline counterpart. That is due to the

waste heat recovery and the favorable combustion properties

of the hydrogen-rich reformate that allow fast combustion,

lean-burn operation and lead to high HRR, reduced COV, lower

in-cylinder temperatures and smaller throttling and heat

transfer losses.

It was shown that although unthrottled engine operation

with lean-burning is possible, the available enthalpy of

exhaust gas formethanol reforming becomesmarginal at l> 2

and insufficient at l > 2.5 for the suggested configuration of

the high-pressure thermochemical recuperation system

(Fig. 3) and at assumptions as were outlined earlier.

The experimental results show that for the studied con-

ditions the minimal reformate injection pressure, which is

required to achieve the highest possible engine efficiency is

50 bar. In the case that EOI could be advanced by 20 CAD (from

approximately 30 towards 50 CAD BTDC), even injection

pressure of 40 bar can be sufficient to achieve the highest

possible efficiency. This would require SOI slightly before

intake valve closing (IVC) and is possible, if backflow preven-

tion could be achieved. Another possibility to reduce the

required injection pressure is to increase the injector flow

area.

The trends of reduction in NOx, HC, PN emission and

increase in CO emission were observed with EOI retarding.

End-of-injection timing is shown to be the main influencing

factor on engine efficiency and pollutant emissions. The

obtained results indicate that there is a range of EOI timing

where indicated efficiency is almost constant and NOx

emissions drop by a factor of 2.5. Particle number emissions

can be reduced in this range by a factor of 4. Further

http://dx.doi.org/10.1016/j.ijhydene.2017.05.056
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investigation on the nature of particles formation and size

distribution in an engine fueled with MSR reformate is

required.
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