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ABSTRACT

In the current work, the variation of EGR rates is investigated in a hydrogen-fueled, spark-
ignition engine. This technique is followed in order to control the engine load and decrease the
exhaust nitrogen oxides emissions. The external EGR is varied in the very wide range of 12% up
to 47% (by mass), where in each test case the in-cylinder mixture is stoichiometric, diluted with
the appropriate EGR rate. The operation of this engine is explored using measured data with the
aid of a validated CFD code. Moreover, a new residual gas term existing in the expression of the
hydrogen laminar flame speed, which has been derived from a one-dimensional chemical
kinetics code, is tested in a real application for appraising its capabilities. The investigation
conducted provides insight on the performance and indicated efficiency of the engine, the
combustion processes, and the emissions of nitrogen oxides. More precisely, an experimental
study has been deployed with the aim to identify the characteristics of such a technique, using
very high EGR rates, focusing on the combustion phenomena. At the same time, the CFD
results are compared with the corresponding measured ones, in order to evaluate the CFD code
under such non-conventional operating conditions and to test a recent expression for the
residual gas term included in the hydrogen laminar flame speed expression. It is revealed that
the combustion takes place in few degrees of crank angle, especially at high engine loads (low
EGR rates), whereas the exhaust nitrogen oxides emissions are significantly decreased in
comparison to the use of lean mixtures for controlling the engine load. Additionally, the recent
expression of the residual gas term, which has been tested and incorporated in the CFD code,
seems to be adequate for the calculation of combustion phenomena in highly diluted, with EGR,
hydrogen-fueled spark-ignition engines, as for every EGR rate tested (even for the higher ones)

the computational results are compared in good terms with the measured data.

Keywords: Hydrogen; Spark-ignition engine; EGR; Combustion; NO emissions.
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Nomenclature

A calibration constant in turbulent flame speed expression
Dry thermal diffusivity of the unburned mixture, m?/s

f residual gas fraction by volume, %

F residual gas correction expression

turbulent kinetic energy (per unit mass), m?/s?

LHV,, lower heating value of hydrogen, kJ/kg
L¢ turbulent integral length scale, m
m,, inlet hydrogen mass, kg

Megr EGR mass flow rate, kg/s

my; air mass flow rate, kg/s

m,, hydrogen mass flow rate, kg/s

Ngi gross indicated efficiency, %

P pressure, N/m?

Pivc pressure at inlet valve closure, N/m?
Po reference pressure, N/m?

Qu, heat of combustion, J

M local flame kernel radius, m

Ser source term due to crevice flows

Sy source term

t time, s

T temperature, K

To reference temperature, K

Ty unburned gas temperature, K

Us flame propagation velocity, m/s

U laminar flame speed, m/s

Uio laminar flame speed at reference conditions, m/s
Ut turbulent flame speed, m/s

u’ rms turbulent velocity, m/s

u velocity vector, m/s

V cylinder volume, m®

Vs swept volume, m®

Wi gross indicated work, J



Wi indicated work, J

Greek symbols
f diffusion coefficient, kg/m s
turbulent dissipation rate (per unit mass), m?/s®
relative air-to-fuel ratio

density, kg/m®

b burned gas density, kg/m®
u unburned gas density, kg/m?
c characteristic conversion time, s

| laminar kinetics time, s
t turbulent mixing time, s
fuel-to-air equivalence ratio or (simply) equivalence ratio

f generalized variable

Abbreviations

ABDC after bottom dead center
ATDC after top dead center
BBDC before bottom dead center

BDC bottom dead center

CFD computational fluid dynamics
CFR cooperative fuel research

Ccov coefficient of variance

CR compression ratio

°CA degrees of crank angle

EGR exhaust gas recirculation

EOI end of injection

EVC exhaust valve closing

EVO exhaust valve opening

HCCI homogeneous charge compression ignition
IMEP indicated mean effective pressure
IT ignition timing

IVC inlet valve closure

IVO inlet valve opening



MBT minimum spark advance for best torque

MFB mass fraction burned

NO nitric oxide

NOy nitrogen oxides

PFI port fuel injection

PISO pressure implicit splitting of operators
rms root mean square

rpm revolutions per minute

Sl spark-ignition

TDC top dead center
TWC three-way-catalyst

UEGO universal exhaust gas oxygen

1. Introduction

One type of engine showing high research interest is the spark-ignition engine running
on hydrogen, for which appropriate experimental test-benches are developed, in order to
investigate the combustion processes and their performance under different operating
conditions and strategies [1-7], as well as the various in-cylinder processes taking place
[8-12]. Apart from these experimental investigations, numerical tools are also developed
[8,13-16], which can further assist in the understanding of the various processes taking
place in those engines. Especially, the results obtained from computational fluid
dynamics (CFD) codes [8,16], which describe in a more fundamental way the in-cylinder
processes [17,18], can identify at a local level the coupling of the relevant transport
phenomena.

One method of regulating the engine load and decreasing the exhaust nitrogen oxides
(NOy), is the use of exhaust gas recirculation (EGR). While in diesel and HCCI engines
the use of large quantities of EGR is a common practice [19-23], in gasoline spark-
ignition (SI) engines significantly lower EGR rates are used, due to the severe decrease
of flame speed. Recently, attention is paid to the use of larger EGR rates in spark-
ignition engines using fuels other than gasoline, such as natural gas, hydrogen etc. [24-
27]. More specifically, in hydrogen-fueled spark ignition engines the use of EGR aims at
decreasing the exhaust nitrogen oxides (NOy) and regulating the engine load without the
need of throttling. The first target can be directly achieved, since the fresh mixture
diluted with exhaust gases possesses a higher specific heat capacity, thus decreasing



the maximum combustion temperature. On the other hand, the second target (control of
engine load) can be achieved due to the wide flammability limits of hydrogen by
appropriately adjusting the EGR rate up to a certain point, beyond which significant
cycle-to-cycle variations as well as significant quantities of unburned hydrogen in the
exhaust appear, withessing a low combustion efficiency [28,29].

In the present study both experimental and numerical investigations are
accomplished, for identifying in detaill some critical processes taking place in a
hydrogen-fueled spark-ignition engine. More specifically, measurements have been
conducted on a single-cylinder, Cooperative Fuel Research (CFR) engine, at a single
compression ratio and for a wide range of external EGR rates (from around 12% up to
47% by mass). In each case, the minimum spark advance for best torque (MBT) timing
was used. The scope is to investigate the combustion phenomena occurring in the
cylinder, especially for the higher EGR rates. To assist with this, an in-house CFD code
has been applied for the simulation of the in-cylinder processes and validated at those
conditions, by comparing some critical calculated values with the measured data, such
as the engine’s performance and nitric oxide (NO) exhaust emissions for various EGR
rates. Then, the computational results are further processed in order to have a more
detailed view of the in-cylinder processes. It should be pointed out that a recent
expression of the residuals gas term [30] included in the hydrogen laminar flame speed,
valid for even high EGR rates, is incorporated in the combustion model of the CFD code
and is tested in a real application.

2. Experimental data
2.1. Test engine and equipment

The experimental data used in the present study concern measurements on a CFR
engine (flat piston/cylinder head), operating at a constant engine speed equal to 600
rpm (maintained by an electric motor) and equipped with a sequential port-fuel injection
(PFI) system. The load of the engine is regulated with the variation of the EGR rate,
while the fresh intake air/hydrogen mixture is always stoichiometric ( =1). In the present
study, these external EGR rates are varied from 12% to around 47% (by mass). Fuel
injection and ignition timing are controlled by a ‘MoTeC M4Pro’ unit [2]. The main
specifications of this engine are given in Table 1.

Air is admitted in the engine through a buffer vessel to obtain a more or less constant

air flow in order to enable air mass flow measurements, as the current engine is a



single-cylinder one. Another flow meter is installed in the fuel line between the hydrogen
storage and the injector. These flow meters (measuring in Nm3h) are both
manufactured by ‘Bronkhorst’ and allow calculation of the air/fuel ratio, which is also
possible with the oxygen sensor placed in the exhaust pipe. The injector manufactured
by ‘Teleflex Ltd" is designed to deliver large volumes of gas and is mounted in the intake
duct, 40 cm away from the inlet valve of engine. The injector is placed at a 45 degree
angle to the inlet air flow, which has been found to be beneficial for the efficiency [31].
With a programmable engine management system, the start of injection and the injection
duration can be easily controlled, while the injection pressure is regulated by a valve on
the H, storage bottle. A piezo-electric high pressure transducer (Kistler 701A pressure
sensor) is located in the cylinder head, flush with the wall. Another piezo-electric
transducer is located in the exhaust duct, just after the exhaust valve. A piezo-resistive
pressure transducer is also installed for pressure referencing (in order to have reliable
pressure initial conditions, Py, for the CFD simulations) and is located in the intake
duct, 8 cm away from the inlet valve. A Crank Angle sensor gives pulses every 1°CA (or
with an interpolator at 0.5, 0.25 or 0.1 CA).

2.2. EGR experimental tests

For the current EGR tests, the test-rig is completed with an EGR line with regulation
valve and a heat exchanger. Originally, a water condensate discharge in the EGR line
was also used [32,33], which has been dropped out in the current study since with its
use the resulted dry recirculated exhaust gas possessed a lower specific heat capacity,
thus increasing the combustion temperatures and the NOy emissions as well.

The test rig set-up that was adopted here is shown in Fig. 1. A boiler was installed in
a closed loop water flow to control the EGR temperature, which should be maintained
below 70 °C to avoid abnormal combustion (knock and backfire) [3]. A throttle valve was
installed in the air inlet duct as an extra device to regulate the amount of EGR, as also
shown in Fig. 1.

In the exhaust pipe a three-way-catalyst (TWC) is mounted, just after the EGR line,
with a metallic substrate (type ‘Bosal’), which has a light-off temperature of about 280—
300 °C and a maximum temperature of 800-850 °C, according to the manufacturer. It
should be stressed that the exhaust gas temperature of the CFR engine is rather low
[18], so it is necessary to place the TWC as close as possible to the engine exhaust

valve, in order to operate with a high conversion efficiency. A sampling of the exhaust



gases before and after the TWC was provided, and several temperature sensors were
mounted in the inlet, exhaust, and EGR lines. The exhaust gases after the TWC are
guided through a damper vessel and a water lock. The height of the water column can
be altered to obtain a counter pressure in the exhaust line, thus increasing control over
the amounts of EGR.

All tests are implemented with a fixed engine speed of 600 rpm, and the end of
injection (EOI) is always kept constant at BDC, so that all fuel is injected before the
closing of the inlet valve at 26 °CA ABDC. The injection pressure is kept at 2 bar gauge.

The procedure for obtaining stoichiometric hydrogen-air mixtures with variable EGR
rates is explained next. The engine is started at a certain lean operating condition (for
example at =1.6, i.e. =0.625), with the EGR valve fully closed so that no exhaust gas
is recirculated in the inlet (EGR=0%). By gradually opening the EGR valve, while
keeping the inlet hydrogen flow rate constant, less air is admitted into the cylinder, since
it is displaced by recirculated exhaust gas, and the mixture of hydrogen and air becomes
richer until finally the stoichiometric condition ( =1, i.e. =1) is obtained at a certain EGR
ratio (in other words, at a specific EGR valve opening). This stoichiometric condition can
be tracked by assuming that no fuel (Hy) and oxygen is present in the exhaust gases
(tracked by an oxygen sensor at the exhaust, UEGO), since these consist almost
exclusively of vapor water (H,O) and nitrogen (N2). To conduct other tests with another
EGR ratio, the engine has to start from another lean condition (for example, =1.8/

=0.555 or =1.4/ =0.71) and follow a similar procedure.

Apart from the procedure followed in the current study and described previously,
stoichiometric hydrogen-air mixtures with variable EGR rates can also be obtained by
using the throttle valve in the air inlet line. This regulation can be done with hardly any
flow losses (decrease of the inlet pressure), since by closing the throttle valve and
restricting the air flow, the pressure after the valve decreases, which results in an
increase of the EGR flow (additional EGR is sucked), maintaining the atmospheric
pressure before the inlet valve and inside the cylinder (disregarding the pressure waves
by the opening and closing of the inlet valve) [32,33].

The EGR ratio (by mass) is defined as the mass flow rate of EGR, m_., divided by
the sum of mass flows rates of EGR, admitted air and injected fuel, mgg, +m, +m, ,

using Eg. (1), and can be calculated using the measured flow rates and temperatures,

by assuming complete combustion.



EGR (by mass) = Mecr (1)
mEGR + mair + rnH2

An alternative way of calculating the EGR ratio is from the measured CO,
concentration in the intake (after mixing the EGR with the fresh mixture of air/fuel) and in
the exhaust. This cannot be followed here, as only traces of CO, are present in the EGR
(less than 0.1% by vol.), originating from the oxidation of the lubrication oil [34]. Another
possibility is to use the measured O, concentrations in the intake and the exhaust [5],
although the oxygen concentration at the exhaust is very low, due to the stoichiometric
mixtures used. Different methods are currently investigated for determining the EGR rate
in hydrogen-fuelled internal combustion engines by the UGent team, with the aim of
finding the most accurate one.

Owing to the valve timing (IVO after EVC, i.e. no valve overlapping, see Table 1)
some internal EGR also exists. This is not taken into account in the calculated EGR

ratios of the experiments, by using Eq. (1).

2.3. Measured data and conditions investigated

The measured data that will be elaborated here concern the inlet mass flow rates of air
and hydrogen, the cylinder pressure traces, the NOx emissions (which will be considered
equal to NO emissions from now on) as measured by a gas analyzer manufactured by
‘Maihak’, and the inlet and exhaust gas temperatures at various locations. These data
are measured for different operating conditions when varying the external EGR rates
(from around 12 to 47%), always keeping a stoichiometric air/hydrogen mixture ( =1).
The compression ratio (CR) is constant and equal to 9:1, while the ignition-timing is set
equal to MBT for every case. The conditions investigated are shown in Table 2 (the EGR

percentage refers to the external one only).

2.4. Variable EGR rates versus lean mixtures strategy

The regulation of the engine load with varying the EGR rate can be directly compared to
the strategy of ‘mixture leaning’ by using lean mixtures (regulation of equivalence ratio,
by varying the H; injection duration during the intake stoke while always ending at BDC).
These two strategies have different operational characteristics, and they can be
compared not for the same equivalence ratio, but for the same hydrogen flow rate and/or
indicated mean effective pressure (IMEP). The measured hydrogen flow rates for the
same engine load are depicted in Fig. 2 for both strategies, showing also the
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corresponding EGR rates (variable EGR strategy) and equivalence ratio (mixture leaning
strategy). The case of zero EGR rate is also shown for reference.

Next, the coefficient of variance (COV) of indicated mean effective pressure (IMEP) is
investigated for both strategies. This value is actually an index of the combustion
stability and the cyclic variation of each operating condition [5,35], calculated here for 30
consecutive engine cycles. This coefficient should hold low values, indicating normal
engine operation; it is calculated by Eg. (2) and shown in Fig. 3 for various EGR rates. In
the same figure, the COV values are also shown when the regulation of the engine load

is achieved with the use of lean mixtures (variation of equivalence ratio).

N

(IMEP - IMEP,_ .

.
COVyee (%) = N - IMEP 100 )

mean

where IMEP=W;/Vs, with W; the indicated work (in Joules) and Vs the swept volume (m?),
and IMEPean the mean value of IMEP, averaged over the N consecutive engine cycles
(N equals to 30).

When using lean mixtures for the regulation of the engine load, an almost constant
low COV is noticed (lower than 1%). On the other hand, with the use of various EGR
rates, an even lower COV is observed at high loads (EGR lower than 25%), which leads
to increased combustion stability [35]. But as the EGR increases over 42%,
unacceptable values occur, leading to a high cyclic variation due to the high-dilution and
the increased combustion duration (low flame speed). According to the criterion of
combustion stability, the maximum tolerance of this engine to EGR at the rotational
speed of 600 rpm can be set at almost 45% (resulting COV equal to around 3%, see Fig.
3). This is, however, a very high EGR rate. Then, if the internal EGR is also taken into
account, it can be concluded that about half of the in-cylinder trapped gas at IVC is
composed of already burned gas (residual gas) and still the engine operates
satisfactorily with relatively low combustion instability and cyclic variation.

It should be mentioned that when using the mixture leaning strategy for the regulation
of the engine load, significantly higher NO emissions are measured, ranging from 4400
to 180 ppm as the load decreases.

Concerning the unburned hydrogen at the exhaust, it is maintained lower than around
0.4% by vol. According to the measured data, the hydrogen at the exhaust is increased
from around 0.2% by vol. at low EGR to around 0.4% by vol. at high EGR, having

unfortunately a high measurement error and strong fluctuations due to the low values.
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These values are by far below the flammability limit of hydrogen in air (around 4% by
vol.). It should be, however, noticed that when using lean mixtures to control the engine
load, even lower unburned hydrogen values can be measured at the exhaust (around
half).

3. Numerical model

Next, the numerical model applied will be briefly described, since more detailed

information can be found in previous studies [18,36].

3.1. CFD model

The firing version of the CFD code developed by the first two authors can simulate
three-dimensional curvilinear domains, using the finite volume method in a collocated
grid. It has been validated against measured data in previously published works [18,36],
showing that it is capable of simulating adequately the power cycle of hydrogen-fueled,
spark-ignition engines.

The in-house CFD code developed incorporates the RNG k— turbulence model [37]
with some slight modifications to introduce the compressibility of a fluid in generalized
coordinates, as described in Ref. [38]. It solves the transport equations for the
conservation of mass, momentum, chemical species and energy, Eq. (3), as suggested
in Ref. [39].

1(rr

@ Lo fi{rur)=RAGR()+s, +s, (3)

The second source term shown in Eq. (3), S¢, represents the effect of the
phenomenological crevice model incorporated in the CFD code [40]. Furthermore, the
source terms of the turbulent kinetic energy and its dissipation are the same as in Ref.
[41].

The wall-heat flux correlation developed in a previous work [41] is used for the
simulation of the heat transfer mechanism and the calculation of the heat loss. Its
formulation is based on the compressible version of the standard law-of-the-wall [42],
and it includes not only a pressure term, which has been also shown in [43,44] to give
more accurate results, but also a combustion term. Its validation under firing conditions
has been accomplished in [18].

Further details of this in-house CFD model, concerning the pressure-correction
algorithm used (PISO) [38], the turbulence model, the mesh generation model, the
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phenomenological crevice model, as well as a detailed evaluation and validation of the
developed CFD model under both motoring and firing conditions, can be found in

previous published papers by the first two authors [18,36,40,41,44,45].

3.2. Combustion model

In the next subsections the combustion model developed and incorporated in the CFD
code will be briefly presented, as applied for the simulation of hydrogen-fueled, spark-
ignition engines. Only its basic features will be outlined, as its detailed presentation is
provided elsewhere [18,36]. A more detailed elaboration will concern only the expression
of the residual gas term (being the backbone of this work), existing in the expression of

the hydrogen laminar flame speed [30].

3.2.1. Laminar and turbulent burning velocities (ignition and main stage of combustion)

In the developed combustion model, a correlation of the hydrogen laminar flame speed
(u) is used [36]. After investigating various correlations for engine relevant conditions
found in the literature [7,30], which additionally include stretch effects, a recently
published correlation was implemented in the combustion model [46], whose general

expression is shown in Eqg. (4).

T, P
Uy =Up T_u P F (4)
0 0

where uy, is the laminar flame speed at reference conditions (Po, To), Ty the unburned

gas temperature, and are the temperature and pressure exponent respectively [46],
and F the correction expression due to the residual gas.

This correlation is used in order to track the computational cells in which the flame
has propagated (partly or fully) during the ignition phase [36]. This is accomplished with
the calculation of the local flame kernel radius (ry), by approximating the flame
propagation velocity with the laminar flame speed (us u)), since the characteristic
dimension of the flame is considered to be smaller than the prevailing turbulence eddies
during the ignition phase. The local flame kernel radius is calculated, by solving Eq. (5)
after an appropriate temporal discretization [36].

di:r_uuf :r_uul (5)
da r, ry

where , pthe unburned and burned gas density respectively.
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For the initialization of Eq. (5) at the start of ignition, it is considered that the initial
flame kernel diameter is equal to 1 mm, which is approximately equal to the spark-plug
gaps more often used in spark-ignition engines. The ignition energy supplied by the
spark-plug is simulated by adding energy to the appropriate computational cell located at
the point where the spark plug is placed (offset from the cylinder axis by around 30 mm).
The spark duration is equal to 5 degrees CA and the supplied spark energy to the
combustible mixture is 10 mJ, being a quite low value, since it also incorporates the heat
energy loss to the electrodes; no additional model has been implemented to simulate
this process, due to the great uncertainty of the exact shape, temperature and transient
effects near the spark electrodes. The end of the ignition process and the transition to
the turbulent combustion is determined by the time instant that the flame kernel radius
exceeds a specific constant value (critical radius), equal to 4 mm [8]. More details
concerning the incorporation of the laminar flame speed into the combustion model and
the description of the ignition model can be found in Ref. [36].

The laminar flame speed is used not only during the ignition process, when the initial
flame kernel approximately propagates with its laminar flame speed [8], but also during
the turbulent flame development phase, when the laminar flame speed is inserted in the
expression of the turbulent burning velocity. In the developed combustion model the
turbulent flame speed (u,) is used, in order to track the computational cells in which the
flame has propagated (partly or fully) during the main stages of combustion after the
ignition phase. The expression incorporated is the one proposed in Refs. [47,48], where
only one calibration constant ‘A’ needs to be tuned. This tuning process has been
accomplished in the evaluation study of this combustion model [36], where the
calibration constant has been found to be equal to 0.8. In the present study this constant
holds the same value for every case examined. The expression describing the turbulent
flame speed is given by Eq. (6), which has been shown to give reliable results,
especially at low/moderate turbulence (when u'<u,, as is the case in most hydrogen-
fueled Sl engines) [47,48].

u, = AW) u? Dy EAL 4y, (6)
where A is the only calibration constant, u’ the rms turbulent velocity given by

u'=.2k/3, Dty the thermal diffusivity of the unburned mixture, and L; the turbulent

integral length scale given by L, =0.37 (u')*/e.
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The calculation of the local flame kernel radius is implemented by discretizing and
solving a similar expression as Eqg. (5), with the difference that the turbulent flame speed
is used instead of the laminar one (us uy).

Further details concerning the implementation of this turbulent burning velocity
expression in the combustion model developed and the description of the turbulent

flame development phase can be found in Ref. [36].

3.2.2. Residual gas term

Recently, a new correlation of the residual gas term has been suggested for the
hydrogen laminar flame speed, which is derived from a large range of EGR rates [30].
The calculated values of this expression have a correct physical meaning at high EGR
rates, contrary to the previous one proposed in the literature [1], which is widely used
and calculates negative values at these conditions. In the present study, where
significantly high EGR rates are used (maximum external EGR equal to around 47% by
mass), reliable expressions should be used to calculate adequately the combustion
phenomena.

To take into account the effect of residual gas dilution, the laminar flame speed
function is multiplied by a relevant correction expression ‘F (see Eqg. (4)). The
expression used up to now, describing the effect of the residual gas fraction, is depicted
in Eq. (7) [1].

F(L)=0- 1) (7

where =2.715- E, is the relative air-to-fuel ratio, and f the residual gas fraction by

volume, valid for f values from 0% to 30% by vol. [1].
The new expression suggested, which is valid for f from 0% to 50% by vol. [30], is

given in Eqg. (8), with a maximum value of unity (for f equal to zero).

2 2

T
+C, — +Cy 2 +C,f7+

F(T.f, ,P):cl+cz_|_—+cspi+c4 +cf +c4

(o] (o]

TP P c T
10T__+011P_ "'(312f +£+iT_+ClS_O_+ClGT_f3+ (8)

(] (o]

P
PO
c

+cC

P P1 P T
+Cl7P_f3 +ClS f3 +019P__+020P_f +C21f_

(] (o] (] (o]

where T,=300 K, P,=1 bar, and the coefficients ¢; (i=1 to 21) are given in Table 3 [30].
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It should be stressed that the residual gas is composed of the internal (burned gas
remained in the cylinder) and external EGR (recirculated exhaust gas).

In Fig. 4 the calculated values of the two aforementioned expressions (Egs. (7) and
(8)) are shown, for three representative combinations of pressure and unburned gas
temperature (10 bar/600 K, 20 bar/700 K, 30 bar/800 K) and for two equivalence ratios
( =1 and0.75).

Fig. 4 shows that negative values are calculated (non-physical results) with the
previous term (Eq. (7)), when the EGR is increased beyond 40% by vol. On the contrary,
with the new term (Eg. (8)) always positive values are calculated for EGR lower than
55% (maximum validity range of 50%); this is satisfactory for the requirements of the

present study and most of the relevant studies found in the literature [5,14,49].

3.2.3. Reaction rates calculation

The basic sub-model incorporated in the developed CFD code for the calculation of the
reaction rates is the characteristic conversion time-scale method. This sub-model uses a
characteristic time-scale ( ), which is the sum of the laminar conversion time ( |) and the
turbulent mixing time (¢), and dictates to what extent the combustible gas of each
computational cell (partly or fully swept by the flame front) has reached its chemical
equilibrium in a predefined time step. This methodology is followed for the calculation of
the reaction rates of all chemical species taken into consideration here, namely H,, Oy,
N2, H2O, H, O, N, and OH, except for the nitric oxide (NO), which is kinetically controlled
and its reaction rate will be discussed in the next sub-section.

The methodology followed originates from the work of Abraham et al. [50], which has
gone through some major improvements ever since [51] and has been also extended to
other types of engines [52,53]. Recently, it has been formulated for the simulation of
hydrogen-fueled spark-ignition engines and validated against experimental data, while
further details concerning the calculation of the reaction rates with the use of the

characteristic conversion time-scale method can be found in Ref. [36].

3.2.4. NO formation modeling

It has been shown that the reaction rate of the nitric oxide (NO) is kinetically controlled,
governed primarily by three kinetic reactions known as the extended Zeldovich
mechanism (thermal NO) [54].
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The methodology followed is the same as the one presented in detail in [55]. The
most usual set of constants for the reaction rates of the three chemical equations
considered is also used in the present study, which is the one reported in Ref. [55].
Nevertheless, these constants were derived for hydrocarbon fuels, and so their
uncertainty (which is already quite high) increases when applied for the calculation of the

nitric oxide reaction rates in the case of a carbon-free fuel [16].

3.3. Computational details

In the present study some initial and boundary conditions are provided from the
experimental data, such as the pressure at IVC, and the inlet air and hydrogen flow
rates. For the rest of the required conditions, reliable estimations are used. The initial
flow field is calculated by considering an initial low swirl ratio at IVC equal to 1.5, since
the inlet valve is unshrouded [53]. The initial turbulence properties are the same as the
ones derived from a relevant work concerning the same engine [53], and are held
constant for every case examined here, since the engine speed is kept constant as well.
More specifically, the initial turbulent velocity (u’) at IVC is equal to 5.16 m/s, giving a
mass-weighted average rms turbulent velocity at TDC equal to around 0.80 m/s,
although the latter value slightly changes with the EGR rate. The initial gas temperature
at IVC is estimated according to the measured inlet/exhaust/recirculated flow rates and
temperatures and is varied from 370 to 405 K, as the EGR rate decreases [56], while the
wall temperature is varied from 405 to 450 K, according to previous experimental
investigations concerning the same engine and similar operating conditions [2,18].

The estimation of the internal residual gas mass fraction plays a minor role in the
value of the laminar flame speed in the current study, since a significant amount of
external EGR already exists. Nevertheless, estimations concerning the values of internal
residual gas are obtained from the works reported in [57,58], combined with the
measured air and hydrogen inlet flow rates. No overlapping period of the inlet and
exhaust valves exists in this specific engine, thus making the estimation of the amount of
internal residual gas rather simpler.

For the simulations to be reliable and most importantly to calculate adequately the NO
exhaust emissions, multiple (consecutive) closed engine cycles have been simulated.
This procedure is briefly described next. The first simulation cycle considers that the
trapped gas in the cylinder is only composed of Hy, O,, N2, and H,O. At the end of this
simulation (at EVO) the mass fraction of each species is calculated, so that the internal
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and external EGR is composed of nine species in total, which is actually the input to the
second simulation cycle. This EGR (internal and external) is mixed up with the fresh
mixture (hydrogen and air) in order for the second simulation cycle to begin, where at its
end (at EVO) an updated mass fraction for all nine species is calculated. Then a third
simulation cycle is initiated and so on until this procedure goes to convergence,
characterized by the invariance of the NO mass fraction at EVO from a cycle to the next.
It should be pointed out that performance values remain actually the same during these
multiple cycles, whereas the exhaust emissions significantly change from cycle to cycle,
especially for the higher EGR rates where high quantities of NO are recirculated,
requiring more cycles to converge. By following this procedure, the initial in-cylinder
mixture at IVC from the second cycle onwards is composed of all nine species. Fig. 5
shows the calculated NO mass fraction at EVO for each simulation cycle (medium and
high EGR rates). For the low EGR cases, 2 to 3 simulation cycles (runs) are sufficient for
this procedure to converge, while for the higher EGR cases up to 12 cycles (runs) may
be required. It should be mentioned that during this iterative procedure, the initial gas
temperature in the simulations is kept constant, since only the low species mass
fractions actually change over engine cycles (even for high EGR rates).

Concerning the computational mesh used, previous relevant studies [36,40], together
with a parametric study using the firing version of the developed CFD code, have shown
that the most reliable mesh, providing adequate accuracy and keeping the required CPU
time relative low, is the one having (40x40x40) grid lines along each axis respectively.
The computational mesh at the beginning of the simulations (IVC) is shown in Fig. 6,
where the location of the spark-plug is also depicted. The grid-spacing along the x- and
y-axis is very uniform and equal to around 2 mm, while the initial grid-spacing along the
z-axis (axial) is around 3 mm, decreasing as the piston moves towards TDC. The
methodology of adding or removing mesh layers, according to the piston’s movement, is
the same as the one described in Ref. [40].

The computational time step used is kept low and equal to 0.5 °CA, since it has been
shown that this is small enough to provide time-step independent solutions [40], even for
low rotational speeds. During the combustion period, initiating from the ignition timing
and afterwards, the time step is further decreased and becomes equal to 0.1 °CA, as in
Ref. [8]. This methodology is followed in order to increase the accuracy of the
computational results and also to enhance the stability of the code, since during each
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time step the variation of the cylinder pressure and temperature is large, especially for
the higher load cases (low EGR).

Finally, the only calibration constant used in the in-house CFD code exists in the
expression of the turbulent flame speed, and retains the value A=0.8 (as mentioned

previously in subsection 3.2.1.) for all cases examined [36].

4. Results and discussion
4.1. Test cases examined

The operating conditions of the CFR engine investigated in the present study concern
the variation of the external EGR rates. For all cases examined the spark-timing is set to
its MBT value, and the engine speed is kept constant at 600 rpm. Table 2 gives the

matrix of all test cases examined.

4.2. Validation of the CFD code for various EGR rates

The in-house CFD code is first validated for various EGR rates, taking into consideration
both performance and emission parameters, by comparing the calculated results with
the measured data. Then, the numerical results will be further processed, aiming at the

investigation of the in-cylinder processes at such operating conditions.

4.2.1. Cylinder pressure and performance

The validation procedure first considers the comparison of the calculated cylinder
pressure traces and net heat release rate [18] with the measurements. This comparison
is depicted in Fig. 7.

It can be observed that for every EGR rate, the differences of the calculated results
from the measured data are kept low, especially at low EGR rates. Moreover, the peak
pressure is predicted with high accuracy, together with the pressure prior to spark-
ignition and during the expansion phase [18]. For EGR rates higher than 42% the
numerical predictions are not so precise, since during the early expansion stroke the
calculated pressure is under-predicted, a fact that can be partly attributed to the
uncertainties of the laminar flame speed for such conditions.

Furthermore, it is observed that the peak cylinder pressure acquires relatively high

values and decreases slightly as the EGR rate increases, up to around 35%. For even
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higher EGR rates a significant decrease of the peak pressure is observed, which is
attributed to the low burning velocity (see Fig. 4) and is well captured by the CFD code.

Concerning the net heat release rate, the timing of the calculated peak value is
slightly advanced in comparison with the measured one, while at absolute values the
peak values match. Moreover, the combustion duration is well captured by the CFD
code, while this duration increases for higher EGR rates, which is presented with more
detail in another section of this study.

The validation of the CFD code explores further the gross IMEP and indicated
efficiency of the engine during the closed part of the engine cycle. These performance
values are calculated from Egs. (9) to (11) [18], and the comparison of calculated values

with the corresponding measured ones for various EGR rates can be seen in Fig. 8.

EVO

Wg= _ Pdv ©)
W i
IMEP =& (10)
W, W,
ng =—> 2 (11)

9 Qu, my, LHY,,
where Wy the gross indicated work, P the cylinder pressure, V the cylinder volume, Vs

the swept volume, ng the gross indicated efficiency, Q,, the heat of combustion, m,,
the trapped hydrogen mass per engine cycle, and LHV, the lower heating value of

hydrogen, equal to 120 MJ/kg [1].

As the EGR rates increase, the engine load decreases and IMEP takes values from
5.9 down to 3.8 bar. On the other hand, the indicated efficiency increases as the load
decreases, due to low heat transfer and lower combustion products dissociation [18,59],
up to around 42% EGR. Afterwards, the efficiency radically decreases, especially
because of low combustion efficiency, since significant unburned hydrogen exists at the
exhaust [18]. These trends of IMEP and indicated efficiency are successfully predicted
by the CFD code, with the differences being very small for all cases examined and
significantly lower than the experimental error [2].

Therefore, it can be concluded that the CFD code developed can adequately predict
the performance of a hydrogen-fueled, spark-ignition engine using variable EGR rates
for the regulation of the engine load, especially for low/mid EGR rates. Moreover, the

expression of the residual gas term that has been used and incorporated into the
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hydrogen laminar flame speed correlation seems to be capable of providing reliable

flame speed values, in order to calculate the combustion phenomena.

4.2.2. Exhaust NO emissions

The validation of the CFD code continues with the investigation of the exhaust NO
emissions before the three-way catalyst. This comparison is depicted in Fig. 9. It should
be pointed out that with the multiple simulation cycles that were considered in the
current study (see subsection 4.2 above), the exhaust NO emissions significantly varied
from cycle to cycle until their final value is converged. This procedure requires more than
3 calculation cycles, especially for higher EGR rates.

It is generally observed that the match of these emissions is quite good for EGR rates
lower than 20%, although some differences in absolute terms are observed (lower than
50%). For higher EGR rates there is an important discrepancy, which is attributed to a
great extent to the incapability of the Zeldovich-mechanism’s set of constants (and their
high uncertainty) [54] to calculate the nitric oxide emissions with high accuracy [36]. This
is under investigation by the authors, planning to use in future works an updated set of
constants, specially developed for hydrogen fuel [16]. Nevertheless, the trend of the
emissions is captured adequately as the EGR rate varies, although in absolute values
the comparison is not very accurate.

Moreover, it seems that the use of high EGR rates (low engine loads) leads to
important discrepancy in absolute values between the calculated results and the
measured data, and larger than when lean mixtures are used for the regulation of the
engine load. This can be verified, by taking into consideration Ref. [18], in which the
mixture leaning strategy (no EGR) was used and the minimum engine load was kept
higher than in the present study, providing more reliable NO predictions than in the
present study.

In order to provide a more detailed view of the in-cylinder processes, and to try to
explain the reason for this high difference between the measured and calculated NO
emissions, the in-cylinder images of Fig. 10 are shown next, which can help identify the
NO production mechanisms, especially at high diluted mixtures. These images show the
evolution of the spatial temperature field, together with the NO mass fraction distribution,
for selected time instants and planes after the spark-timing for three different levels of
EGR (low/mid/high). One should notice the different contour range for the temperature
and the NO mass fraction, as the EGR rate changes, while the upper right hand side
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plane in each image is the one crossing the spark-plug. It can be observed with higher
detail, how the NO production strictly follows the temperature variation, also witnessing
the location of the flame propagating from the spark-plug location towards the cylinder
walls.

From these images it is observed that for the low EGR rate case (high engine load),
the flame has covered the whole combustion chamber at 20 °CA after the spark-timing.
At that moment the NO mass fraction has its peak value, and starts to decrease
afterwards. For the mid engine load case (mid EGR rate), the flame propagation velocity
is similar to the high engine load, since at 20 °CA after the spark-timing the flame has
almost covered the whole cylinder, but the NO continues to be produced until around 32
°CA after the spark-timing, when the local gas temperature has just started to decline
from its high values of around 2200 K. For the low engine load case (high EGR rate), the
burning velocity is very low, since at 44 °CA after the spark-timing the flame still
propagates towards the chamber walls, and the local temperature is very low (peak
value slightly higher than 1700 K). Due to the low local temperatures, the calculated NO
mass fraction is very low, but lower than the measured values as well. Possibly, an
updated set of constants of the Zeldovich mechanism could resolve this inaccuracy,
which is investigated at the moment, as was already mentioned.

It should be pointed out, that for the mid/low engine load (mid/high EGR rate) the
higher NO mass fraction is observed near the spark-plug and at the center of the
combustion chamber for the whole combustion period, where the prevailing
temperatures are also higher, but a significant in-cylinder NO mass fraction stratification
exists at the end of combustion. On the contrary, an almost uniform temperature and NO
spatial distribution are evident for the high engine load case (low EGR rate).

Concluding, it has been shown that the developed CFD code can adequately predict
the performance and the trend of exhaust nitric oxide emissions of a hydrogen-fueled
spark-ignition engine, where the engine load is regulated with the variation of the
external EGR.

4.3. Investigation of mass fraction burned and combustion duration

After the validation of the CFD code has been implemented, the computational results
are further processed in order to investigate the in-cylinder combustion phenomena of
this spark-ignition engine. This analysis is initiated with the combustion duration and the
hydrogen mass fraction burned, for each case considered in the present study.
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The combustion duration can be calculated from the normalization of the integral of
the gross heat release rate [5]. However, in order to have more accurate results, this
duration will be calculated based on the reaction rates calculated directly from the
combustion model of the CFD code. By doing so, the hydrogen mass fraction burned
can be then derived; it is shown in Fig. 11 for various EGR rates (note the different scale
of the horizontal axis).

It can be observed that the slope of the mass fraction burned is significantly higher for
EGR rates lower than 30%, although the ignition-timing is retarded in these cases (see
Table 2) and the unburned gas temperature at the spark-timing is lower. Moreover, for
EGR rates higher than 40% the combustion duration is much higher, since combustion
is completed in more than 40 °CA, whereas for the low EGR cases only a few degrees
CA are required (less than 15 °CA) for the whole combustion process.

In order to investigate the combustion duration, the whole combustion period is split
into two sub-periods. The first one is the flame development period (usually referred to
as ignition delay period as well [14]), which is defined here as the time period in crank
angle degrees from spark-ignition until the mass fraction burned (MFB) reaches the
value of 5% (0-5% MFB). The second sub-period is the main combustion period, which
in a similar way is defined as the time period in crank angle degrees just after the flame
development period (from 5% MFB) until the mass fraction burned reaches the value of
99% (5-99% MFB). Fig. 12 shows the two aforementioned time periods for various EGR
rates, as well as the total combustion duration (0-99% MFB).

It can be observed that both combustion periods have relatively low values for low
EGR rates, whereas they are substantially increased as the EGR becomes higher than
around 35% by mass. At the maximum EGR rate investigated here (around 47%) the
whole combustion process takes place in almost 80 °CA, being around 8 times longer
than the one for the minimum EGR rate. In this case combustion is far from a constant
volume one [18,59,60], leading to decreased indicated efficiency (see Fig. 8).

It should be mentioned that the reduced indicated efficiency at high EGR rates is
attributed not only to the increased combustion duration, as explained before, but also to
the increased unburned hydrogen at the exhaust, which will be presented in the next

sub-section.

4.4. Unburned hydrogen at the exhaust

22



The unburned hydrogen at the exhaust is responsible for the decrease of the indicated
efficiency, since some fuel traces are not burned, decreasing the combustion efficiency
[18] and increasing the COV of IMEP, especially at high EGR rates as shown previously
in Fig. 3. Moreover, in Ref. [18] it was shown that for lean mixtures the unburned
hydrogen at the exhaust becomes a significant reason for decreasing the combustion
efficiency, as the engine load decreases (lower equivalence ratio used). This also is true
here, where the engine load is regulated with the variation of EGR. Figure 13 shows the
calculated unburned hydrogen at the EVO for variable EGR rates, obtained from the
processing of the computational results of the CFD code.

As the EGR rates are increased, the unburned hydrogen at the exhaust is increased,
proving the poor combustion efficiency [18]. It should be mentioned that the computed
values are in the same range as the measured ones, mentioned previously; a direct
comparison cannot be attempted though, due to the high measurement error for such

low concentrations.

4.5. Investigation of the flame speeds and flame propagation

As mentioned in Section 3, a recent expression of the residual gas term [30], included in
the hydrogen laminar flame speed correlation, is considered in the present study, which
is valid for a wide range of residual gas fractions (up to 50% by vol.). Some simulation
attempts that have been made with the previous expression, shown in Eq. (7) [1], failed
to provide reliable results, especially for higher EGR rates, since negative values of the
residual gas term have been calculated, which is of course unrealistic. These negative
values are set equal to zero in the computations of the combustion model, for avoiding
code divergence. In these cases a laminar and turbulent flame speed equal to zero is
calculated, and the flame does not propagate (zero heat release).

The calculated values of the laminar and turbulent flame speeds for various EGR
rates are shown in Fig. 14, while the flame radius is depicted in Fig. 15. It should be
pointed out that these calculated values are obtained from the computational cells,
which are located at an axial direction crossing the spark-plug, and until the flame
reaches the piston.

It can be observed from Fig. 14 that the mixture laminar flame speed is substantially
higher when the EGR rates are low, as expected. The differences in the calculated
values are mainly attributed to the strong variation of the EGR rates (residual gas term
of Eg. (8)). A minor effect of these differences emanates from the different mixture
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temperature and pressure at the spark-timing, due to the different MBT values [36]. For
example, the gas temperature/pressure at the spark-timing is around 800 K/17.4 bar for
the case with the lower EGR rate, 765 K/16.9 bar for EGR equal to 34%, and 730 K/16.1
bar for the highest EGR considered. The turbulent flame speed has a similar trend for
variable EGR rates, since it includes the laminar flame speed in its expression [36],
while it also takes into account the local turbulent properties. For the lowest EGR case,
due to the retarded spark-timing, the turbulence level has decayed (u'=0.72 m/s), and
this is why lower values are calculated in comparison to the 18% EGR case (u'=0.76
m/s).

Concerning the flame radius depicted in Fig. 15, the flame reaches the piston in less
time (fewer crank angle degrees, since the engine speed is held constant) for lower
EGR rates, due to the higher burning velocity. Moreover, the maximum radius observed
is around 12 mm, which is somehow lower than the height of the cylinder dead volume
(equal to 14.27 mm), taking into consideration the position of the spark-plug (1 mm lower
than the cylinder head) and the position the piston possesses at the instant the flame
impinges on the piston wall.

The flame propagates with a speed equal to its laminar burning velocity [36] up to a
flame radius equal to 4 mm, which corresponds to almost one third of its total radius.
This brings an additional computational need for using a reliable expression of the
laminar flame speed and its residual gas term, in order to be able to predict with high
accuracy the operation, performance, and exhaust emissions of such highly diluted

engines, with EGR rates reaching nearly values of 50%.

5. Summary and conclusions

An experimental investigation has been conducted concerning a hydrogen-fueled, spark-
ignition engine, operating with external EGR rates varying in a very wide range, reaching
even 47% by mass. The experimental procedure involved the measurement of the
cylinder pressure traces, the inlet air and hydrogen flow rates, and additionally the
tailpipe exhaust NO emissions for all cases examined.

The numerical results obtained from an in-house CFD code were first compared with
the available measurements in order to validate its combustion model, which
incorporates a very recent expression of the residual gas term inserted into the laminar
flame speed formula. This validation process includes the comparison of performance

and exhaust nitric oxide (NO) emission values. Then, the numerical results were further
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processed in order to investigate, in more detail, the combustion processes of such
highly diluted mixtures.

More specifically, the mass fraction burned was examined for all cases, showing that
for high EGR rates the combustion process lasts much longer. This fact can be better
identified with the investigation of the combustion durations, where for the highest EGR
rate the whole combustion process lasts almost 80 °CA. On the contrary, for the lowest
EGR rate combustion is completed in just 10 °CA. This increased duration for the highly
diluted mixtures brings a reduced indicated efficiency, together with an increase of the
unburned hydrogen at the exhaust, due to the low combustion temperatures.

One important aspect of the current work was the test of a recent expression of the
residual gas term, incorporated in the expression of the laminar flame speed. This new
expression is valid for large quantities of residual gas, and with its use reliable results
were obtained. Additionally, the values of the laminar and turbulent flame speeds
together with the flame radius have been computed during the flame propagation
process, showing the differences that exist in the flame speed during the ignition phase
and the turbulent flame development phase.

This in-depth investigation shows that the promising hydrogen-fuelled, spark-ignition
engines can operate under the EGR strategy for the regulation of engine load, with
reduced exhaust emissions. Even with an EGR rate equal to nearly 50% the engine
could operate, albeit with a low efficiency. Indeed this strategy is proved very successful,
especially at lower EGR rates, where the engine operates certainly in a stable way and
the unburned hydrogen at the exhaust is kept under acceptable limits.

Furthermore, the computational results show that the CFD code developed can
simulate with good accuracy such in-cylinder processes, especially for low/mid EGR
rates, predicting adequately the measured performance and exhaust NO emissions. For
the more reliable prediction of the latter ones, the constants of the Zeldovich-mechanism
are under investigation and planned to be substituted, in a future communication, with a

different set of parameters, applicable for hydrogen fuel.
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Table 1. - CFR engine specifications.

Engine model and type

CFR engine, single cylinder, naturally

aspirated, four-stroke, water-cooled

Bore

Stroke

Swept volume
Connecting rod length
Compression ratio
Valves

Engine speed

Ignition timing

End of port-fuel injection (intake stroke)

Injection pressure (gauge)
Number of piston rings
Valve timing Inlet valve opening
events Inlet valve closure
Exhaust valve opening

Exhaust valve closure

82.55 mm

114.2 mm

0.6117 lit

254 mm

9:1

2 (unshrouded)
600 rpm (constant)

BDC

2 bar

5

17 °CA ATDC
26 °CA ABDC
32 °CA BBDC
6 °CA ATDC

Table 2. - Test cases examined in the present study.

Case EGR percentage MBT timing H, flow rate
(% by mass) (°CA ABDC) (Nm?3/h)
1 12.87 185.5 2.275
2 18.92 182.4 2.099
3 26.94 178.7 1.971
4 34.49 172.0 1.802
5 42.15 171.7 1.638
6 47.47 170.0 1.477




Table 3. - Coefficients c; of EqQ. (8) [30].

Coefficient (i=1-10)

Value

Coefficient (i=11-21)

Value

C1
Co
Cs3
Ca
Cs
Ce
C7
Cs
Co

C1o

1.782191
-1.945813E-01
-4.071734E-03
-4.987061E-01

-4.347767
8.576177E-05
4.490150E-02
7.878902E-02

4.243647
-2.052509E-03

Ci1
C12
C13
Ci4
Cis
Cie6
C17
Cis
Ci9
C20

C21

3.724404E-03
-2.114637E-01
-2.224738E-01
4.624703E-02
2.116186E-01
-2.098941
7.029643E-02
1.334951
4.861730E-04
-1.915344E-02
6.146191E-01
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Figures Captions

Fig. 1 - Engine test-rig with the exhaust gas recirculation (EGR) line.

Fig. 2 - Measured hydrogen flow rates for the two strategies of variable EGR or mixture
leaning.

Fig. 3 - Coefficient of variance (COV) of indicated mean effective pressure (IMEP) for
the two strategies of variable EGR or mixture leaning.

Fig. 4 - Comparison of the calculated values of the residual gas term ‘F’ previously used
[1] and the new one [30], for three combinations of pressure and unburned gas
temperature, and two equivalence ratios.

Fig. 5 - Calculated NO mass fraction at EVO as a function of successive (multiple)
simulation cycles, for two EGR rates (26.94 and 47.47%).

Fig. 6 - Computational grid used, depicting the location of the spark-plug (off-set from
the cylinder axis).

Fig. 7 - Comparison of calculated cylinder pressures and net heat release rates with the
measured ones for various EGR rates.

Fig. 8 - Comparison of calculated gross indicated mean effective pressure (IMEP) and
indicated efficiency with the measured ones for various EGR rates.

Fig. 9 - Comparison of calculated exhaust nitric oxide (NO) emissions with the
measured ones for various EGR rates.

Fig. 10 Temperature and NO mass fraction spatial distributions during the combustion
period for three EGR rates (Cases 2, 4, 6 of Table 2).

Fig. 11 - Calculated hydrogen mass fraction burned for various EGR rates.

Fig. 12 - Combustion durations of 0-5%, 5-99% and 0-99% mass fractions burned
(MFB) for various EGR rates.

Fig. 13 - Calculated unburned hydrogen (% vol.) at the exhaust for various EGR rates.
Fig. 14 - Laminar and turbulent flame speeds of the mixture, located at the axial
direction crossing the spark-plug for various EGR rates.

Fig. 15 - Flame radius for various EGR rates.
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