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Abstract

The potential use of hydrogen peroxide as an ignition promoter to enable the use of ammonia in compression ignition
engines is explored in the current study. A simplified numerical HCCI engine model within the Chemkin Pro suite is
employed. The numerical investigation reveals that the proposed use of hydrogen peroxide is significantly more advanta-
geous against the more conventional method of preheating the intake charge to achieve ignition, whilst using a glow plug.
In particular, the IMEP, power and torque exhibit an increase greater than 65% along with a spectacular decrease of
NOx emissions reaching in certain cases a 9-fold decrease. The thermal efficiency exhibits a more moderate, yet non-
negligible increase, around 5%. Generally, the incremental increase of hydrogen peroxide leads to the increase of the
IMEP, power and torque as well as the maximum temperature and, hence, NOx emissions. These increases are largely
linear with the hydrogen peroxide addition. Finally, the introduction of hydrogen peroxide leads to a two-stage ignition
process, where the first ignition stage was found to be instrumental to the control of the ignition process, and, there-
fore, the system’s efficiency. Further research is required to substantiate further the feasibility and the the limitations of
the proposed technology which can enable the rapid decarbonization of heavy duty applications, such as marine ships
and trucks.
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Introduction makers and the industry as a viable alternative to petrol
and diesel cars and the cost reduction that has been
achieved at the same time, have also made EVs a poten-
tially affordable solution.”'® However, electrification is
far from an attractive solution for heavy duty transport
applications, such as trucks and marine ships, both pre-
dominantly powered by compression ignition (CI)
engines due to the requirement for high efficiency.'"-'?
As a result, the research on decarbonization technol-
ogies applicable to heavy-duty transport applications
has intensified over the recent years. One of the alterna-
tive fuels that have attracted significant interest is
ammonia. Ammonia is considered by many as an ideal

The existing climate crisis is a product of human-
induced actions over the past centuries. With a rapid
increase in human population and demand in various
sectors, an exponential growth in greenhouse gases has
been observed. The transportation sector plays a signif-
icant role in the increase of carbon emissions, with 23%
of all emissions generated in Europe arising due to
heavy reliance on fossil fuels used by vehicles.! This
have motivated policy makers, particularly in the west,
to introduce mandates that will phase out petrol and
diesel cars in the next 1015 years.>™* For instance, the
UK, Sweden and the Netherlands have decided to end
the sales of new petrol and diesel cars by 2030 while
Norway has pledged a more ambitious plan, advancing School of Engineering and the Built Environment, Edinburgh Napier
the ban date to 2025.°® An important detail to note, is  University, Edinburgh, UK
that all the strict and ambitious regulations concern .
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candidate to replace fossil fuels in ICEs not only for
propulsion but also for power generation purposes.'* !¢
In principle, ammonia is a hydrogen energy carrier with
one of the highest gravimetric and volumetric hydrogen
densities.'* The energy density of liquid ammonia is
15.6 MJ/1, that is, much higher than liquid hydrogen
(9.1MJ/l) and even more higher than compressed
hydrogen (5.6MJ/1 at 70 MPa). This translates to a
driving range of 756km with a 60.61 fuel tank of
ammonia, which is almost twice the range provided by
a liquid hydrogen tank (417 km) holding the same vol-
ume and almost three times the range yielded by a com-
pressed hydrogen tank (254km) again, holding the
same volume.'* When compared to hydrogen, ammo-
nia features two additional important advantages; its
storage and transportation is much easier due to an
established and reliable infrastructure already being in
place.'* !¢ Therefore, it is not surprising that the use of
ammonia in heat engines is not new and dates decades
back.!” However, one of ammonia’s unique features
that renders its use in heat engines extremely challen-
ging is the very high auto-ignition temperature, more
than 130K higher than hydrogen. This favors the use
of spark ignition (SI) engine mode, where ignition is ini-
tiated by a spark plug. As a result, most research on
ammonia use in heat engines has been performed in the
context of SI engines.'*'®* On the other hand, the
thermodynamic conditions achieved in the engine cylin-
der in conventional CI engines are such that prohibit
the use of ammonia. To tackle ammonia’s high resis-
tance to auto-ignition in CI engines, three strategies
have been proposed.'”* The first is the use of high
compression ratios (> 35:1).'®%¢ The second is the use
of a glow plug to properly preheat the charge, thereby
facilitating ignition, combined with increased compres-
sion ratios.?” The available literature on both these stra-
tegies has generally been quite scarce and practically
stopped decades back because of the great difficulty in
enabling a smooth engine operation as a consequence
of ammonia’s low reactivity, high auto-ignition tem-
perature and low flame speed.'”* Ultimately, using
such high compression ratios — in context of vehicular
applications, is seen as impractical as it would require
extensive engine modifications and also result in higher
in-cylinder temperatures. Furthermore, the use of high
compression ratios can lead to issues such as ringing,
which occurs when the intensity of a combustion cycle
is too high. This ultimately leads to an expansion of gas
at dangerous speeds causing oscillation within the
cylinder.”®

An alternative and more attractive approach is the
use of a more reactive fuel along with ammonia, which
acts as an ignition promoter to counteract ammonia’s
low reactivity and low flame speed. Diesel has been by
far the most popular choice to this regard, enabling the
use of ammonia to as much as 95% of the fuel
blend.?*** Other fuels that have been tested in a dual
fuel CI engine mode are DME,?!3? kerosene,*>** and
hydrogen with proper charge preheating.”®*>*¢ Of all

the aforementioned fuel choices, only hydrogen is non
carbon-based. But the preheating of the charge in the
case of hydrogen has a detrimental effect on the engine
performance characteristics.”® Therefore, the ignition
promoter should ideally be: (i) sufficiently strong to
enable ignition without requiring any charge preheat-
ing, and (ii) non-carbon based, to avoid the production
of any CO,, the primary greenhouse gas.

A potential candidate to serve as an ignition
promoter for ammonia’s combustion in CI engines is
hydrogen peroxide (H,O,). Hydrogen peroxide is a
well-known ignition promoter which has been used
since the 1930s as a propellant in acrospace and mili-
tary applications.”” In transport-related applications, it
has been used alongside fuels such as diesel,>® ! jatro-
pha oil,** butanol,** and hydrogen.***® Hydrogen per-
oxide has few advantages that render it a compelling
candidate for use in CI engines. Firstly, it is non-
carbon based and can also be produced from renewable
sources.*’” Secondly, an infrastructure mechanism for
its logistics support already exists, since it is a substance
used in many other applications, such as for medical
use as an antiseptic, domestic use as a cleanser and dis-
infectant, and in the food sector for processing and
bleaching certain foods.

The available scientific literature on the use of
ammonia and hydrogen peroxide blends is extremely
scarce. Khalil et al.*® used batch reactor simulations to
demonstrate the strong effect that hydrogen peroxide
can have on the ignition delay time promotion of
ammonia. They showed that a 2% addition of H,O;
can induce a drop to the ignition delay time by a factor
of 30. Using sophisticated mathematical tools from the
computational singular perturbation (CSP) theory, they
reported that the reaction that controls the ignition
process of ammonia is H,O, (+M) — 20H (+M)
(which explains the strong effect of hydrogen peroxide
addition on the ignition delay time) and that ammonia
ignition occurs as a thermal explosion. They also
reported a negligible increase of NOX emissions as a
result of the hydrogen peroxide addition. Wu and
Chen® explored numerically the effect of hydrogen
peroxide addition in ammonia/air mixtures in the con-
text of one-dimensional premixed laminar flames and
reported a substantial increase of the laminar flame
speed and the adiabatic flame temperature. They also
reported an increase of NO emissions as a result of the
obtained flame temperatures and suggested the use of
fuel lean mixtures to counteract the increased NOx
emissions. Khalil et al.”® later extended their original
computational work to include steam dilution in their
ammonia/hydrogen peroxide batch reactor simulations.
Using CSP tools, they revealed that NOx formation is
mainly due to the thermal NO mechanism, with the
fuel-bound nitrogen mechanism having negligible effect
on NOx production. More importantly, they high-
lighted that the hydrogen peroxide addition can reverse
the inherent effect of steam dilution in retarding the
ignition delay time, by facilitating the increased
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production of OH radicals. Finally, Yang et al.>! inves-

tigated the effect of hydrogen peroxide addition on
ammonia-based counter-flow diffusion flames. Their
numerical work showcased the dual role hydrogen per-
oxide has: that of a fuel and that of an oxidiser. They
reported that increase of the hydrogen peroxide in the
fuel stream above a specific percentage leads to a sub-
stantial and qualitative change of the flame structure.

All the aforementioned studies significantly
increased our understanding on ammonia/hydrogen
peroxide combustion. The reported promising results
clearly demonstrate the necessity for further research
that will showcase the feasibility of the proposed tech-
nology. Therefore, the aim of the current work is to
build on the available knowledge and explore the feasi-
bility of using ammonia/hydrogen peroxide blends in
the context of a simplified HCCI engine model, in view
of engine performance characteristics, combustion
phasing and NOx emissions. The simplified numerical
model available in the Chemkin Pro>” suite is selected
because it will allow for a wide exploration of the para-
metric space with a small computational cost. The
employed computational model is a simplified one,
therefore has some inherent weaknesses due to the
underlying assumptions made to reach a simple mathe-
matical formulation. Yet, it can still provide some valu-
able insight if carefully used, which justifies its wide use
by the research community.*>>*>* Subsequently, the
results produced by such a simplified model will need
to be treated with care, and the emphasis should be
placed on exploring the qualitative aspects rather than
the quantitative ones. In addition, the obtained results
will be used to identify trends that can credibly inform
subsequent analyses of the fuel blend in either high-
fidelity simulations or real-world engine testing.

Material and methods

In the current work a single zone zero-dimensional
HCCI engine model was employed, available within the
Chemkin Pro suite. The employed model is fully closed
(no mass exchange) and solves the species mass frac-
tions and energy equations, along with an additional
equation for the volume change. In principle, the model
considers the system to be fully homogeneous, with the
effect of the transport processes being negligible. Since
the HCCI combustion is a chemical kinetic combustion
process controlled by the thermodynamic conditions of
the in-cylinder charge and not by the flame propagation
these approximations are reasonable.’® Yet, the results
should be treated with care because the preparation of
a fully homogeneous charge with no spatial composi-
tional and thermal inhomogeneities may not always be
used (sometimes intentionally) and in these cases mixed
combustion modes (deflagration and spontaneous igni-
tion) can co-exist, thereby affecting the overall engine
performance.’®>® For a detailed description of the

model the reader is referred to the Chemkin Pro man-
ual.>*> Here, only a brief description will be provided.

Considering a system of Y, mass fractions
(k=1,...,N), o being the molar production rate of
the k-th species and W)} the respective molecular
weight, the species mass fraction governing equation
can be written as:

— =vw Wi 1
di T M)
where v is the mixture’s specific volume and ¢ represents
time. The energy equation can then be expressed as:

dT ~ dv
v, T T k t Wc — VT osses 2
o v;c)/wk k=P = (2)

where ¢ ,, is the specific heat of the mixture evaluated at
constant volume, e j is the internal energy of the k-th
species, p is the pressure and Qs 1S the net heat flux
directed out of the reactor. The ideal gas equation is
also used to calculate the pressure of the mixture:

p=L2 3)

where p is the density of the mixture, W is the mean
molecular weight of the mixture and R is the universal
gas constant. In equation (2) the rate of change of the
specific volume is given by:

dv 1dV

a mdi (4)

where m is the total mass of the mixture and V is the
volume of the system given by the following equation:

V -1
=1+ C2 [R +1— cosh + VR —sin20} (5)
where V. is the clearance volume, C is the compression
ratio, and 0 is the crank angle. Then, the volume rate of
change can be calculated by:

dv/vy _ (C—1\
TQ< 5 )sznﬂ

cosh } (©)
R? — sin0

1+

where Q is the rotation rate of the crank arm. In the
case of adiabatic conditions, Qs In equation (2)
becomes zero. Otherwise, Qyses can be computed by
the equation:

Q = hA(T_ Twa/l) (7)

where / is the heat transfer coefficient, 4 is the internal
surface area of the cylinder, 7T is the temperature of the
gas, and T,,; is the wall temperature, maintained at
430 K. The heat transfer coefficient /, can be calculated
from equation (8):

h = AaRe’PreD™! (8)
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Table |. Engine parameters and operating conditions.

Comepression ratio 17

Bore 100 mm
Stroke 105 mm
Engine speed 750, 1150 rpm
Connecting rod to crank radius ratio 3.714286
Intake temperature 320K

Intake pressure 1.065 atm

where A is the gas conductivity, Re and Pr are the
Reynolds and Prandtl numbers, respectively, and «, b,
and ¢ were constants that were assigned the default values
of 0.035, 0.71 and 0, respectively. The velocity in Reynolds
number was calculated on the basis of the average gas
velocity, given by the Woschni correlation. In the latter,
the modeling parameters Cy;, Cy,, and C, were given their
default values of 2.28, 0.308, and 3.24, respectively.

The chemistry in the simulations was modeled by
the detailed chemical kinetic mechanism of Zhang
et al.>” which includes 38 species and 262 chemical reac-
tions and has been extensively validated.”® The engine’s
parameters are summarized in Table 1. In all simula-
tions, the compression ratio was maintained at 17:1,
whilst the bore and stroke were 100 and 105mm,
respectively. Unless otherwise stated, the intake tem-
perature and pressure remained constant at 320 K and
1.065 atm. Since hydrogen peroxide is in liquid phase at
these conditions, a fuel vaporizer would need to be
used, like those typically used for diesel operation in
HCCI mode.®* % The study focused on two engine
speeds, 750 and 1150rpm. Finally, all simulations
started at —180 crank angle degrees after top dead cen-
ter (CAD aTDC) and ended at + 180 CAD aTDC.

Addition of H>O, was done on a mole fraction basis
of NHj3. For example, a 10% addition of H,O, specifies
the mole fraction of H>O, added on a 10% basis of the
mole fraction of NH;. However, as a result of hydrogen
peroxide acting as an oxidiser (and a fuel), the tradi-
tional method of calculating the equivalence ratio:
@ = (F/A)/(F/A),,. cannot be implemented and there-
fore an alternative method, where the equivalence ratio
was denoted as the effective equivalence ratio (),
similar to the approach taken by Tingas*>*® and Hui
et al.% in their investigations was employed:

o = /0.5 Xin0, + Xo,)
eff (XNm,/Xo, stoic

©)

Equation (9) is derived on the assumption that 1 mol of
H,0, generates 1 mol of HO and 0.5 mol of O,. The nota-
tion stoic indicates that stoichiometric conditions must be
considered. Indicative values of the initial mole fractions
used for the examined compositions are shown in Table 2.

On the basis of the indicated work being W;,, and
the engine speed denoted by N, the indicated power can
be defined as:

— (10)

Subsequently, torque can be derived using

_ P ind
27N

(11)

whilst the swept volume (V;,) can be used to define
the indicated mean effective pressure,
Wind

IMEP =
Vdisp

(12)

using Vi = (m/2)D*L,, where D denotes the bore
diameter and L4 = 36.8 mm, the crank arm radius.
Finally, the thermal efficiency is given as

1
sfc- Qny
where sfc indicates the specific fuel consumption

(sfe = (mN)/(2Pjnq)), m s the fuel mass and Oy indi-
cates the heating value of the fuel.

(13)

Ny

Results and discussion

Comparison of the hydrogen peroxide use strategy
against the glow plug approach

The first part of the investigation is focused on compar-
ing the proposed technology (i.e. the use of hydrogen
peroxide as an ignition promoter) against the more
conventional use of a glow plug which preheats suffi-
ciently the charge to enable its ignition close to the
TDC. We firstly consider adiabatic conditions (i.e.
Quusses 10 equation (2) is zero), at ¢ = 0.3, 0.4, and
0.5. To allow a fair and meaningful comparison
between the two strategies we keep the ignition CAD
(CADjg,) constant at 12.6 and 17.5CAD aTDC for
¢or = 0.3 and 0.4/0.5, respectively. The results of this
analysis are displayed in Table 3. For example, at
750rpm and ¢,; = 0.3, we would need to add 24%
H,0, to achieve CADj,, = 12.6 CAD aTDC. With the
glow plug strategy (and in the absence of any H,0O,),
we would need to increase the inlet temperature by
141.57K, to T;, = 461.57K, so as to achieve the same
CAD;,, = 12.6 CAD aTDC. It is noted that CADign is
determined on the basis of the maximum temperature
rate of change.

In particular, the results at an effective equivalence
ratio of ¢, = 0.3 and an engine speed of 750 rpm,
highlight a significant increase of 69% and 67% in
IMEP and power/torque, respectively, as a result of the
addition of hydrogen peroxide. In the absence of any
hydrogen peroxide the inlet temperature would need to
be increased by 44%, from 320 to 461.57 K. The hydro-
gen peroxide addition also leads to a small increase of
the thermal efficiency (4%) and a notable decrease
(11%) of the maximum temperature. The latter is sim-
ply the result of the much lower inlet temperature used
(320 K) which is 31% lower than the one used with the
glow plug approach. The notable decrease of the maxi-
mum temperature is important because as was reported
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Table 2. Indicative values of the initial mole fraction values of Increasing the engine speed from 750 to 1150 rpm
the charge at various equivalence ratios. while maintaining the effective equivalence ratio and
. the CAD,,, constant at 0.3 and 12.6 CAD aTDC,
bt % H202 X Xr20: Xo, X respectively, requires the increase of the hydrogen per-
02 0 0.053030 0.000000 0.198864 0748106 oxide addition from 24% to 29.5%. To achieve the
02 | 0.053069 0.000531 0.198744 0.747656 same CAD,, in the absence of any hydrogen peroxide
02 5 0.053225 0.002661 0.198264 0.745849  we would need to increase the inlet temperature from
02 10 0053422 0005342  0.197660  0.743576 37 (; 47568 K, that is, a 49% increase. Hence, we
02 20 0.053819 0.010764 0.196438 0.738980 . . .
02 30 0054222 0016266 0.195198 0.734314 observe that by increasing the engine speed from 750 to
02 35 0.054425 0.019049 0.194571 0.731955 1150 rpm the required increase of the inlet temperature
03 0 0.077491 0.000000 0.193727 0.728782 in the absence of any hydrogen peroxide is 5% higher,
03 | 0.077574  0.000776  0.193547 0.728104  while hydrogen peroxide needs to be increased by 5.5%
03 5, e aomen ol SRS fom 2k 1 25.5%). Al iy, drogn o
03 20 0079186 0015837 0.190045 0714932 addition leads to a more pronounced increase of the
03 30 0.080061 0.024018 0.188144 0.707777 IMEP, torque and power; IMEP increases by 76%
03 35 0.080506 0.028177 0.187177 0.704140 (69% at 750 rpm) while power and torque both increase
04 O 0.100720 0.000000 0.188849 0.710431 by 77% (67% at 750rpm). On the other hand, the
04 1 QIO 000009 DIGIE 07N s nducd o the thrmal ey e o -
04 10 0.102140 0.010214 0.186406 0701240 gen peroxide addition is maintained the same at 4%.
04 20 0.103601 0.020720 0.183893 0.691786 The same applies for the decrease of the maximum tem-
04 30 0.105105 0.031532 0.181306 0.682057 perature (11% decrease) and NOx emissions. However,
04 35 0.105874 0.037056 0.179985 0.677086

in the earlier work of Khalil et al.”® the NO production
largely depends on the thermal NO mechanism. This
justifies the significant decrease of NOx production dis-
played in Table 3, where it is shown that the addition
of hydrogen peroxide leads to a 52% decrease in NOx.
The only caveat with the hydrogen peroxide addition is
the increase of the maximum pressure by 30%.
However, this pressure increase is accompanied by a
85% increase of the rapid burning angle (RBA), which
would mitigate any knock occurrence. It is noted that
the RBA is defined as the difference between CAD90
and CADI10, that is, the crank angle between 10% and
90% of the heat release rate.

the adverse effect on the maximum pressure becomes
more intense, since hydrogen peroxide now leads to a
33% increase of the maximum pressure (as compared
to a 30% increase at 750 rpm), and the RBA increase is
limited to a 45% increase (down from an 85% increase
at 750 rpm).

Moving onto ¢, = 0.4, similar trends can be noted
as a result of the hydrogen peroxide addition, when
compared to that of ¢, = 0.3. Firstly, the inlet tem-
perature has to be increased by 46% and 50% in the
absence of any hydrogen peroxide for 750 and
1150 rpm, respectively. These values are larger when
compared to the 44% and 49% increases required at
¢or = 0.3 (for 750 and 1150 rpm, respectively). The
increase seen in IMEP, power/torque and thermal effi-
ciency due to the hydrogen peroxide addition are

Table 3. Engine performance results for different engine speeds (750 and | 150 rpm) and effective equivalence ratios (¢4 =0.3, 0.4,
0.5) with and without H,O, content. Each case of NH3 + H,0O, has a respective case of pure ammonia which is preheated. All cases
with H,O; content have a constant intake temperature of 320 K. CADjg, is maintained constant at 17.5aTDC, whilst the only
exception being the results obtained at ¢ = 0.3, where CAD;g, = 12.6aTDC.

Speed @.r %H Oy Tin (K) CAD, RBA IMEP Power Torque ng Tmax (K)  NOx P nax

(rpm) (CAD aTDC) (CAD aTDC) (bar) (J/sec) (N m) (ppm)  (bar)
750 03 24.00 320.0 12.6 14.8 7.1 3640.0 463 66.6 1740.1 21065 82.1
0.00 461.6 12.6 8.0l 42 21778 27.7 643 19479 4359.1 633

04 19.58 320.0 17.5 17.8 8.7 44609 56.8 63.7 19039 34628 768

0.00 465.7 17.5 10.2 52 26574 33.8 60.9 2097.6 64848 57.6

0.5 17.84 320.0 17.5 15.4 102 52802 67.2 620 21029 58935 856

0.00 471.8 17.5 8.7 6.1 31252 398 59.5 22832 93375 62.1

1150 03 29.50 320.0 12.6 12.0 72 57163 475 66.6 17504 22209 82.6
0.00 475.7 12.6 83 4.1 32289 268 64.1 19703 53383 62.1

04 2461 320.0 17.5 13.9 8.8 6991.5 58.1 635 19179 36843 775

0.00 479.5 17.5 10.5 5.0 39482 328 608 21175 6897.1 56.5

0.5 28.00 320.0 17.5 9.1 10.6 83693 695 60.8 2155.1 69153 883

0.00 485.6 17.5 7.0 59 4644.6 38.6 59.4 23014 97798 61.0




International | of Engine Research 00(0)

maintained and remain practically unchanged when
increasing ¢, from 0.3 to 0.4, at both engine speeds
(750 and 1150 rpm): IMEP increases by 67% and 76%
(compared to 69% and 76% at ¢,; = 0.3), power/tor-
que increase by 68% and 77% (compared to 67% and
7% at @5 = 0.3), thermal efficiency increases by 5%
and 4% (compared to 4% at ¢,; = 0.3). On the other
hand, some more noticeable changes in the trends for
the other variables are noted. The decrease of the maxi-
mum temperature due to the hydrogen peroxide addi-
tion becomes less pronounced at ¢, = 0.4, reaching a
9% decrease in both speeds (compared to 11% at
@ = 0.3). This has a direct effect on the NOx emis-
sions, which now decrease at a lower magnitude, by
47% (compared to 52% at ¢, = 0.3). In addition, the
increase of the maximum pressure becomes more pro-
nounced reaching 33% and 37% at 750 and 1150 rpm,
respectively, (compared to 30% and 33% at ¢, = 0.3).
Finally, the RBA becomes less favored by the addition
of hydrogen peroxide, exhibiting 75% and 32%
increases at 750 and 1150 rpm, respectively, (compared
to 85% and 45% at ¢, = 0.3).

At @,y = 0.5 the required temperature increase in
the absence of hydrogen peroxide becomes more pro-
nounced, reaching 471.75 and 485.62K for 750 and
1150 rpm, respectively. These values represent 47% and
52% increases compared to the cases where hydrogen
peroxide addition is considered, where the inlet tem-
perature is maintained at 320K. In addition, the
increase of IMEP, power and torque due to the addi-
tion of hydrogen peroxide is maintained significantly
high at both speeds: IMEP increases by 67% and 80%
while power/torque increase by 69% and 80%, at 750
and 1150 rpm, respectively. The thermal efficiency still
experiences a small increase due to the addition of
hydrogen peroxide, with the higher speed being even
less favored (4% and 2% increase at 750 and 1150 rpm,
respectively). Moreover, hydrogen peroxide addition
still induces a decrease of the maximum temperature
affecting negatively the production of NOx but both
decreases become less pronounced at both engine
speeds; T, decreases by 8% and 6%, while NOx
reduces by 37% and 29% at 750 and 1150 rpm, respec-
tively. Finally, the maximum pressure increases by
38% and 47% at 750 and 1150 rpm, respectively, due
to the addition of hydrogen peroxide.

In summary, the following conclusions can be drawn
for the hydrogen peroxide addition approach when
compared to the inlet preheating method:

e [MEP, power and torque all increase significantly
(> 65%), with their increases remaining practically
unaffected by the increase of the effective equiva-
lence ratio but becoming more pronounced at
higher engine speeds. This will be discussed further
in the following chapters.

e the thermal efficiency exhibits a small increase,
regardless the effective equivalence ratio and the
engine speed.

e the maximum temperature is notably decreased by
6%—11%. This decrease has a significant effect on
the production of NOx, leading to a decrease of
29% —52%. The decreases of T,,,. and NOx both
become less pronounced as the effective equivalence
ratio increases.

e the maximum pressure increases significantly by
30%—45%. Its increase is favored by the increase of
the effective equivalence ratio and/or the increase
of the engine speed.

e the RBA increases significantly by 30% —85%,
with its increase becoming less pronounced as the
effective equivalence ratio and/or the engine speed
increase.

In order to understand what causes the higher
engine performance with the use of hydrogen peroxide,
we have to remember that the introduction of hydrogen
peroxide leads to the increase of the mixture’s energy
density. Considering that the introduction of hydrogen
peroxide occurs on a volumetric basis and that hydro-
gen peroxide has significantly higher volumetric energy
density than ammonia at the examined conditions
(4.428 MJ/I for H,0,%* against 1.116 MJ/I for ammo-
nia® at 320K and 1 bar), it is reasonable to expect that
the mixture of NH3;/H,0O, will be more energy dense.
The higher energy density favors the higher pressure
reached, as shown in Figure 1, which in turn increases
the indicated work, and hence IMEP, power and
torque.

It is worth noting that for the cases considered in
Table 3, the inlet temperature in the absence of any
hydrogen peroxide had to be increased by 44%—52%.
At the same time, the hydrogen peroxide approach
required hydrogen peroxide addition ranging between
24% and 28%. A closer investigation of the inlet tem-
perature and hydrogen peroxide addition values reveals
something unexpected. In the cases where no hydrogen
peroxide is added to the mixture, the inlet temperature
has to be increased with the increase of the equivalence
ratio. This is not surprising since the reactivity of
ammonia decreases as the mixture becomes richer, that
is, the ignition delay time increases when moving from
fuel lean to stoichiometric mixtures.®*®® The unex-
pected finding is the variation of the required amount
of hydrogen peroxide at 1150 rpm; from fuel lean to
fuel rich conditions, the required percentage of hydro-
gen peroxide initially decreases and then increases. This
anomaly is observed at 1150rpm and not 750rpm
where the hydrogen peroxide percentage decreases with
the increase of the effective equivalence ratio.

In order to investigate further this unexpected find-
ing, in Figure 2 we present the variation of CAD;,, as a
function of Pofy for selected cases of H,O, content at
both engine speeds: 20%, 25%, and 30% at 750 rpm
and 25%, 30%, and 35% at 1150 rpm. It is shown that
in both engine speeds and all hydrogen peroxide per-
centages, CAD;,, exhibits a non-monotonic response to
the increase of ¢4, initially decreasing up to some
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Figure I. The P-V diagram for the cases of 19.58% H,O,,
320K (solid-black line) and 0.0% H,O,, 465.68 K (dashed-red
line), both at 750 rpm and ¢ = 0.4. For further details on the
two examined cases, the reader is referred to Table 3.

point before it starts increasing. The upper ¢, limit,
that is, the largest ¢,; value that ignition can be
achieved, appears to be largely insensitive to the hydro-
gen peroxide content, placed at ¢,; ~0.65 and 0.5 at
750 and 1150 rpm, respectively. Therefore, unlike what
was revealed in Table 3, Figure 2 highlights that the
non-monotonicity in the response of CADjg, as a func-
tion of ¢, does not occur only at 1150 rpm but also at
750rpm. In fact, at 750rpm it becomes more
pronounced.

In order to understand what causes the non-
monotonic response in CAD,,, Figure 3 displays the
variation of the pressure and temperature as a function
of CAD for three cases with different ¢, (0.32, 0.43,
0.66) but with the same hydrogen peroxide percentage
(25%) and the same engine speed (750 rpm). In essence,
these cases represent three cases from those displayed
in Figure 2 with the red dashed line; the case of
@y = 0.32 represents a case in the range of ¢,;, where
CADy,, decreases with the increase of ¢, @, = 0.43
represents the case where the minimum CADy, is
reached and ¢, = 0.66 represents one case in the ¢,/
range where CAD;,, increases with the increase of Pofy
Figure 3 reveals that although CAD,, has a non-
monotonic response among these three cases (from
@ = 0.32 t0 0.43 it decreases and from ¢,; = 0.43 to
0.66 it increases), the first stage ignition has a mono-
tonic response, being retarded with the increase of ¢,
Notice also that for the case of ¢,; = 0.43 that repre-
sents the case with the minimum CADy,, the first stage
ignition occurs at the TDC, that is, 0 CAD. These
results indicate then that the non-monotonic response
of CADjg, observed in Figure 2 is due to the CAD of
the first-stage ignition.

{1150 RPM |
25| = %O, [ 750 RPM

35% H,0,

-— 30% H,0,
—  20% H,0,

Pesr

Figure 2. The variation of CAD;,, (CAD aTDC) as a function
of @ for selected cases of H,O; content at 750 (black font)
and 1150 (red font) rpm.
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Figure 3. The evolution of pressure (bar) and temperature (K)
against CAD for three cases of . (0.32, 0.43, 0.66) with the
same hydrogen peroxide percentage (25%) and the same engine
speed (750 rpm). The case of @4 =0.32 is in the range where
CAD;,, decreases with the increase of Peffs Peff = 043
represents the case with the minimum CAD, (increasing or
decreasing @ ¢ will lead to the increase of CADj,) and

@efr = 0.66 is in the range where CADjg, increases with the
increase of @g.

To substantiate further the critical role of the first
stage ignition on the non-monotonic response of
CADjgn to ¢,y Figure 4 displays the variation of
CADjg, and CADI0 against ¢, for 25% H,O, content
at 750rpm. CADI10 is used as a marker representative
of the first ignition stage. It is clearly shown that as long
as CADI10 is negative (i.e. bTDC), CAD,q, decreases
with the increase of ¢,;. This is reasonable since the
combustion process is favored by the thermodynamic
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changes induced by the compression of the volume. As
soon as the CAD10 becomes positive (i.e. aTDC) the
increase of ¢, leads to the increase of CAD,. Positive
CADI10 suggests that the chemical system has to work
against the unfavorable thermodynamic conditions pro-
duced by the volume expansion in order to reach igni-
tion. Ammonia’s very poor reactivity makes the system
strongly dependent on the thermodynamic conditions
produced by the piston movement close to the TDC. It
is noted that the two-stage ignition exhibited herein is a
feature introduced due to the addition of hydrogen per-
oxide as ammonia as a sole fuel exhibits single stage
ignition.>>! Consequently, the first stage ignition is
instrumental to the control of the whole ignition pro-
cess as it can lead to qualitatively different outcomes.

The effect of the incremental increase of the initial
amount of hydrogen peroxide on the engine
performance characteristics at constant equivalence

ration ()

The next analysis takes into consideration the incre-
mental addition of H202 at ¢, = 0.2, 0.3, and 0.4 and
engine speeds of 750 and 1150 rpm and considers the
effect produced on the various engine performance
characteristics. The results of this numerical campaign
are displayed in Figures 5 to 8.

In Figure 5(a) it is shown that the addition of hydro-
gen peroxide initially has a strong effect on the CADS50
advancement but shortly afterward levels off. For
instance, at Pop = 0.3, ignition is first achieved with
23.5% H,0, addition, incurring CADS50 equal to
11.2 CAD aTDC. Increasing the hydrogen addition by
8% further to 31.5%, CADS50 reaches 0.8 CAD aTDC,
that is more than 10 degrees additional advancement.
Further increase of the H,O, addition to 50% incurs
merely 2% further advancement of CADS50. The phe-
nomenon of the rapid advancement of CADS50 fol-
lowed by a level-off becomes more pronounced as ¢,
increases. On the other hand, as ¢, increases the
advancement of CADS50 due to the hydrogen peroxide
addition occurs at higher degrees. For instance at ¢
= 0.3 the incremental H,O, addition leads at some
point (H,O, addition larger or equal to 34%) to nega-
tive CAD, that is, bTDC. However, when the effective
equivalence ratio is increased to ¢ = 0.4, the hydrogen
peroxide addition does not induce negative CADS50,
regardless the percentage addition. In fact, in the case
of @, = 0.4, CADS0 never levels off as a function of
H,0, addition, but following a steep decrease it reaches
a minimum value and then starts gradually increasing.
This non-monotonic response is occurring because the
first stage ignition CAD is retarded and turns from neg-
ative (i.e. bTDC) to positive (i.e. aTDC), due to the
addition of H,O,, similar to what was described for
Figures 2 to 4. The retarding of the first stage ignition
due to the addition of H,O, occurs for all Posy but in
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Figure 4. The variation of CAD;,, and CAD 10 (CAD aTDC)
as a function of Pef for 25% H,O; content at 750 rpm.

the other two cases (¢, = 0.2 and 0.3) it never changes
sign (i.e. from negative to positive), which explains why
they don’t exhibit the same non-monotonic response in
CADXO0.

As the engine speed increases, it becomes more diffi-
cult for the system to reach negative CADS50 values. In
fact, the advancement of CADS50 to negative degrees is
barely achieved for extremely lean mixtures of
¢or = 0.2. Another significant difference between
¢ = 0.2 and the other two effective equivalence ratio
values is that the minimum required H,O, addition to
achieve ignition is significantly higher for the first. In
particular, at Pop = 0.2 the minimum required H,O,
addition is 32.5% and 39% for 750 and 1150 rpm,
respectively, while at ¢, = 0.3/0.4 the respective H,O,
percentages are 23.5%/19.5% and 28.5%/24.5% for
750 and 1150 rpm, respectively. This is roughly a 10%
difference of the minimum required H,O, addition
between ¢,;=0.2 and 0.3/0.4. Finally, the non-
monotonic response of CADS0 in the case of ¢, = 0.4
becomes more pronounced.

The significant influence of the H,O, addition on
the combustion phasing is also reflected on the RBA,
that is, the difference between CAD90 and CADIO.
Figure 5(b) show that regardless the ¢, and the engine
speed, the addition of H,O, incurs initially a dramatic
drop to the RBA but after some point it levels off, simi-
lar to what was reported previously for CADS50 with
the only difference being that this response occurs for
all three @, values. Yet, as ¢, increases, the logarith-
mic response (in fact, 1/logx) of the RBA becomes
more pronounced. In fact, 80% of the maximum possi-
ble decrease of the RBA (the latter occurring for 50%
H,0O,; addition) can be achieved with 40%/31%/25%
H,O, addition, at ¢, =0.2, 0.3, 0.4, respectively,
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Figure 6. Variation of IMEP (a), power (b), and torque (c) as a function of H,O, addition for three different cases of ¢4 =0.2, 0.3,
0.4 (solid, dashed, and dot dashed lines) and two different engine speeds, 750 (black font) and 1150 rpm (red font).

when the engine speed is 750 rpm. These H,O, addition
percentages represent 7.5%, 7.5%, and 5.5% increases
compared to the minimum required hydrogen peroxide
addition contents (32.5%, 23.5%, and 19.5%) to
achieve ignition of the system, at ¢, = 0.2, 0.3, and
0.4, respectively. The dramatic decrease of the RBA is
due to not only the advancement of CAD90 but also
the retarding of CADI10 (which is correlated with the
first stage ignition), as previously described.

The analysis will now focus on the effect of incre-
mental hydrogen peroxide addition on IMEP, power
and torque, as illustrated in Figure 6. Firstly, it can be
easily observed that all three performance outputs exhi-
bit in principle a linear response to the hydrogen perox-
ide addition. Exploiting this feature, a linear regression
analysis was performed to determine how the response
of IMEP, torque and power is affected by the change
in ¢, and engine speed. In all cases discussed next, the
coefficient of determination (R?) was always higher
than 0.97. At 750rpm it was found that gradients of
the best fit lines were 2.342, 3.225, 4.367 for ¢,; = 0.2,
0.3, and 0.4, respectively. These results indicate that
hydrogen peroxide tends to increase IMEP, power and
torque and this tendency is favored as the effective

equivalence ratio increases. This finding is confirmed at
the higher engine speed of 1150 rpm, where the gradi-
ents of the best fit lines were 3.124, 3.518, 4.362 for
¢y = 0.2, 0.3, and 0.4, respectively. Hence, as the
engine speed increases at the same ¢, the response of
IMEP, power and torque tend to get characterized by a
steeper gradient but this phenomenon becomes attenu-
ated as the effective equivalence ratio increases.

Figure 6 also shows that at 750 rpm and 35% H,0,:
() at ¢, =0.2, the IMEP equals to 5.2bar, P,
becomes 2.66 kW and Torque reaches 33.9 Nm; (i) at
@or = 0.3, the IMEP is 7.5bar, Pyg is 3.88kW and
Torque is 49.4Nm; (iii) at ¢, = 0.4, the IMEP
becomes 9.7 bar, P;,, equals 4976.8 W and Torque is
63.4 Nm. These results clearly demonstrate the tremen-
dous increase in engine performance characteristics as a
richer fuel mixture is employed, yet at extremely lean
conditions. It is also worth noting that at 750 rpm: (i)
at ¢,; = 0.2, IMEP ranges between 5.0 and 5.5bar,
P;q between 2.56 and 2.83kW and torque between
32.6 and 36Nm; (i) at ¢, = 0.3, IMEP ranges
between 6.9 and 8.0 bar, P;,; between 3.58 and 4.11 kW
and torque amidst 45.6-52.3Nm; (iii) at ¢, = 0.4,
IMEP is between 8.6 and 10.3 bar, P;,; between 4.42
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Figure 7. Variation of the thermal efficiency as a function of H,O, addition (a) and CAD50 (b) for three different cases of
Qe =0.2, 0.3, 0.4 (solid, dashed, and dot dashed lines) and two different engine speeds 750 (black font) and | 150 rpm (red font).

and 5.29kW and torque between 56.3 and 67.3 Nm.
Hence, the highest possible increase to IMEP, power
and torque in the examined range of hydrogen peroxide
addition (igniting) cases rises from ~10% at ¢,; =
0.2, to ~15% at ¢, = 0.3 and ~20% at @, = 0.4.
Similarly, at 1150 rpm: (i) at ¢, = 0.2, 5.1 < IMEP
< S5.5bar, 4.06 < Py < 4.35kW, 33.7 < Torque <
36.1 Nm; (i) at ¢, = 0.3, 7.1 < IMEP < 8.0bar,
5.59 € Py < 6.30 kW, 46.5 < Torque < 52.3Nm;
(iii) at ¢, = 0.4, 8.8 < IMEP < 10.1bar, 6.96 < Piu
< 8.00 kW, 57.8 < Torque < 66.4Nm. Hence, the
highest possible increase to IMEP, power and torque in
the examined hydrogen peroxide addition cases now
becomes ~7% at @, = 0.2, ~12% at ¢, = 0.3, and
~15% at ¢,y = 0.4, that is, decrease compared to the
lower engine speed cases. Another interesting observa-
tion that can be made is that the range of values of
IMEP and torque remain largely unaffected by the
engine speed as opposed to the indicated power that
exhibits significant increase as the engine speed, which
is reasonable since it is proportional to the engine
speed, as it was shown in equation (10).

The effect of H,O, addition on the thermal effi-
ciency is also displayed in Figure 7. The first observa-
tion that can be made is that the thermal efficiency
generally drops with the increase of ¢,;. As the ¢,
increases, for the same % of H,O, addition, the sfc and
QHYV both increase, which leads to the decrease of the
thermal efficiency. Secondly, the incremental addition
of hydrogen peroxide leads initially to a rapid increase
of the thermal efficiency which at some point reaches a
maximum value. Further increase of the hydrogen per-
oxide addition leads to a gradual decrease of the ther-
mal efficiency. The non-monotonic response of the
thermal efficiency to the addition of H,O,; is the net
outcome of the competitive action between the sfc and
QHYV; the first monotonically increasing and the latter
monotonically decreasing with the increase of H,0,.
The condition where the maximum thermal efficiency
is reached is when the rate of the increase of the first
becomes larger than the rate of the increase of the lat-
ter. At 750 rpm, the system reaches maximum thermal
efficiencies of 69.03% (40.5% H,0,), 67.7% (29%
H,03), and 66.3% (25.5% H;,0,) thermal efficiency for

¢or = 0.2, 0.3, and 0.4, respectively. These values indi-
cate that as the mixture becomes richer the maximum
thermal efficiency is obtained for lower hydrogen per-
oxide percentage additions. This is in agreement with
the results at 1150 rpm, where the system reaches high-
est thermal efficiency 68.8% (48.5% H,0,), 67.4%
(35% H,0,) and 65.5% (25.5% Hy0,) at ¢, = 0.2,
0.3, and 0.4, respectively. Notice though that as the
engine speed increases, the leaner the mixture the more
hydrogen peroxide is required to reach the highest ther-
mal efficiency.

To obtain further insight on the relation between the
thermal efficiency and the combustion process, in
Figure 7(b) the thermal efficiency is plotted against
CADS0. The percentage of the added H,O, increases
from left to right, that is, from high to low CADS50 val-
ues. The maximum thermal efficiency is achieved in all
cases when CADS0 is close to the TDC (—2.2/—0.6,
2.2/3.6, 3.1/6.7 for ¢, = 0.2, 0.3, 0.4 at 750/1150 rpm,
respectively), which is reasonable since it ensures maxi-
mum indicated work. However, as the mixture becomes
leaner the CADS0 associated with the maximum ther-
mal efficiency is advanced and in the case of ¢, = 0.2
it even becomes negative. Additionally, as the engine
speed increases, the CADS50 values that produce the
maximum thermal efficiencies are retarded and this
phenomenon becomes more pronounced as Q.
increases, that is, the mixture becomes richer. Finally,
notice that the non-monotonic response that is
observed for ¢,; = 0.4 is due to the retarding of the
first stage ignition, discussed in Figure 5.

The last part of this analysis focuses on NOx emis-
sions. Figure 8 displays the variation of NOx emissions,
on a basis of ppm units and maximum in-cylinder tem-
perature, as a function of H,0, addition at engine
speeds of 750 (a,c) and 1150 (b,d) rpm and at ¢,; =
0.2, 0.3, and 0.4. NO, emissions at ¢,; 0.2 and 0.3 are
sufficiently low for both 750 and 1150 engine speeds.
Firstly, it is shown that hydrogen peroxide addition
leads to an increase of both T,,. and NOx. The
response of both T,,,, and NOx to the hydrogen perox-
ide addition is strongly linear for all cases considered,
with the only exception the cases of sufficiently low
hydrogen peroxide addition percentages. The latter
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Figure 8. Variation of exhaust NO, emissions (a) and maximum temperature (b) as a function of H,O, addition for three different
cases of g = 0.2, 0.3, 0.4 (solid, dashed, and dot dashed lines) and two different engine speeds 750 (black font) and 1150 rpm (red

font).

were excluded from a linear regression analysis that
aimed to determine the conditions which favor the
increase of NOx and T,,,,. In all examined cases in the
regression analysis, R> was equal to or larger than 0.95.
The gradient of the best-fit line for T, at 750 rpm
was determined to be 355.3, 298.2 and 350.6 for
@0 = 0.2, 0.3, and 0.4, respectively. These values indi-
cate no clear trend, however, when the engine speed
increases to 1150 rpm, they become 760.4, 405.5, and
396.7, for ¢, = 0.2, 0.3, and 0.4, respectively. Hence,
at the higher engine speed the gradient of the best-fit
line decreases with the increase of ;. Also, it must be
noted that for the same ¢, the gradient increases with
the engine speed. The former finding holds true for the
gradient of the best-fit line for NOx as well, that is, the
gradient increases with the increase of ¢,;: at 750 rpm,
the gradient becomes 1768.7, 3816.0 and 6957.9 for
¢ = 0.2, 0.3, and 0.4, respectively. The same applies
for the case of 1150 rpm where the gradient of the best-
fit line becomes 3669.8, 5010.0, and 7677.8 for
¢or = 0.2, 0.3, and 0.4, respectively. These results in
principle suggest that hydrogen peroxide addition leads
to increase of NOx but this increase becomes more pro-
nounced as ¢,; and/or the engine speed increase. In
overall, the obtained NOx values are considered high,
thereby suggesting that the proposed technology of
hydrogen peroxide should most probably require some
treatment for the excessive production of NOx emis-
sions. For instance, Khalil et al.>® reported that steam
dilution may be an effective strategy for reducing sig-
nificantly NOx emissions.

The effect of the incremental increase of the initial
amount of hydrogen peroxide on the engine
performance characteristics at constant engine load
conditions

The next part of analysis considers the effect of H,O,
addition on NO, emissions, CADS50 and thermal effi-
ciency whilst keeping the engine load (IMEP, indicated

power, and torque) constant across an ¢, range of
0.3-0.5. Essentially, the effect of increasing the ¢,

incrementally in steps of 0.02 whilst also adjusting the
H202 content to keep the engine load fixed was studied
under engine speeds of 750 and 1150 rpm. This numeri-
cal campaign was performed at an engine load where
torque was maintained at 62.1 N- m.

In Figure 9 we firstly observe that the required
amount of hydrogen peroxide addition to achieve the
desired load outcome reaches 100% when the mixture
becomes very lean (¢, = 0.3), at both engine speeds.
This finding indicates that from a practical point-of-
view medium load conditions would only be achieved
with sufficiently rich mixtures where ¢,; = 0.4 and
hydrogen peroxide does not exceed 40%. Interestingly,
the engine speed has negligible effect on the response of
¢, against the hydrogen peroxide addition percentage.
Note, however, that as the ¢, decreases the required
hydrogen peroxide addition exhibits qualitatively differ-
ent response. At sufficiently rich conditions (¢,; = 0.4)
a small decrease of ¢, would require a small decrease
of the required H,O, addition but as the mixture
becomes very lean (¢,; < 0.4) this situation changes
drastically and a small decrease of the ¢, would
require a large increase of the hydrogen peroxide addi-
tion to maintain the same load. The threshold of ¢,

= 0.4 is actually associated with the change in the
response of the thermal efficiency. The maximum ther-
mal efficiency at 750 rpm (66.2%) is reached at ¢,; =
0.4 while at 1150 rpm the maximum n , (65.6%) is
obtained at ¢,; = 0.38. For lower ¢, values the ther-
mal efficiency drops with the increase of the hydrogen
peroxide addition while for larger ¢, values the oppo-
site trend is observed. The reason for this qualitatively
different response of n , can be understood if we ana-
lyze the response of CADS0 (Figure 9(b)). Starting
from ¢, 0.5, by decreasing the ¢,; while also
increasing the hydrogen peroxide percentage leads to
the advancement of CADS50, which is much more dras-
tic for relatively richer conditions (¢,; =0.4). At the
same time, CAD10 (indicative of the first stage ignition)
is retarded, as has already been discussed. At 750 rpm
and ¢,; = 0.4 (0.38 at 1150 rpm) CADS0 obtains the
closest value to the TDC, 1.5CAD aTDC (4.7CAD
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Figure 9. The effect of H,O, addition on the thermal efficiency, the NO, emissions and CAD50 as the effective equivalence ratio is
incrementally increased whilst adjusting the H,O; addition to maintain constant the load at 62.1 Nm. In the following cases the
effective equivalence ratio is incrementally increased from 0.3 up to 0.5 in steps of 0.02.

aTDC). However, at these limiting conditions CAD10
changes sign, that is, turning from negative (i.e. bTDC)
to positive (aTDC). By decreasing further ¢, while
also increasing the hydrogen peroxide addition per-
centage leads to the further retarding of CADI10,
which has an adverse effect on CADS50 (and hence the
ignition process), incurring its retarding as well.
Finally, reaching high thermal efficiency comes with
the caveat of high NOx emissions. Generally, the
increase of the hydrogen peroxide addition induces an
increase in NOx emissions. This increase becomes
more pronounced as CADS50 is advanced close to the
TDC through the addition of hydrogen peroxide and
reaches a value which is maintained largely unchanged
with further increase of the hydrogen peroxide.

In the last part of the analysis, the aim was to high-
light the benefits of H,O, addition on the engine per-
formance characteristics whilst providing a direct
comparison with the conventional method of pre-
heating ammonia, but opposite to the analysis so far,
now heat losses are considered. The heat losses are the
cause for some notable differences in the results com-
pared to the respective ones reported in Figures 5 to 8
for the adiabatic cases. Initially, H,O, was incremen-
tally added on a mole fraction basis of NH3 in steps of
1% from 27% to 35%. The load output obtained from
this exercise was then reproduced by removing the
hydrogen peroxide and increasing properly the inlet
temperature. If an increase in temperature did not suf-
fice that is, the same power was not achieved using the
glow-plug approach as for the case containing H»O,,
the ¢,; was incrementally increased, until sufficient
performance (identical to that of a respective case con-
taining H>O,) was achieved. This approach was taken
for each % addition of H,O, from 27% to 35%.
Ultimately, the overall aim was to highlight the changes
in the glow plug approach required to achieve the same
load in the case as with the use of hydrogen peroxide,
and what these changes would entail in terms of perfor-
mance, NOx and combustion phasing.

The results concerning this analysis are shown in
Table 4. Firstly, the glow plug approach generally
requires that the equivalence ratio is doubled and the
inlet temperature is increased by more than 50% for all
examined cases, while with the hydrogen peroxide
approach the effective equivalence ratio and the inlet
temperature are both kept fixed at 0.3 and 320K,
respectively. With regard to combustion phasing,
CADI10 is consistently maintained to negative values
for the hydrogen peroxide approach while in the glow
plug approach it is maintained at ~11 CAD aTDC.
The difference of the CADI10 values between the two
approaches is in the neighborhood of 12 degrees for all
cases under consideration. On the other hand, the dif-
ference in the CADS0 values between the two
approaches becomes more pronounced ranging
between 17 and 28 degrees. This occurs because the
increase of the hydrogen peroxide addition leads to the
gradual advancement of CADS50 and at the same time
the increase of the equivalence ratio to reach the
desired load outcome in the glow plug approach leads
to the gradual retarding of CADS50. This phenomenon
also explains why the difference in the RBA values
between the two approaches increases gradually with
the increase in the hydrogen peroxide addition. In addi-
tion, unlike to what was reported earlier in the discus-
sion on Table 3, the difference in the thermal efficiency
between the two approaches becomes more notable.
The thermal efficiency with the hydrogen peroxide
addition approach varies in the range of 48%-53%,
which is consistently higher than the respective thermal
efficiency with the glow plug approach, by 3%—7%,
depending the conditions. This is a reasonable finding
since most of the heat release in the hydrogen peroxide
addition approach occurs close to the TDC, much
closer compared to the glow plug approach. More spec-
tacular though is the difference of the maximum
reached temperature. The glow plug approach leads
consistently to much higher maximum temperatures,
with this difference ranging between 28% and 52%
against the hydrogen peroxide addition approach. The
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Table 4. Engine performance results for a engine speed of 750 rpm and an effective equivalence ratio of .4 = 0.3 with and without
H,O,; content. Each case of NH; + H,O, has a respective case of pure ammonia which is preheated. All cases with H,O, content
have a constant intake temperature of 320 K. Power is maintained equivalent to that achieved by incremental addition of H,O,, whilst

using preheated ammonia and considering heat losses.

Qer %H205 Tin (K) CADIO (CAD aTDC) CAD50 (CAD aTDC) RBA  Torque (Nm) ny,  Trax (K) NOx (ppm) Prax (bar)
0.30 27.00 3200 -I.69 7.79 1820 37 52.54 158552  1154.82 72.23
066 0 4932 10.99 25.23 1443 37 45.61 2416.84 10,021.95 47.36
0.30 2800 3200 -I.7I 5.56 10.93 36 51.47 171812  1976.51 89.21
064 0 4920 10.71 24.29 13.70 36 4593 2397.16  9995.15 48.49
0.30 29.00 3200 -I.72 4.16 8.54 36 50.69 1753.12  2267.99 96.31
064 0 4919 10.80 27.14 16.53 36 4545 2357.48  9450.58 45.60
0.30 30.00 3200 -I.72 3.15 7.08 36 50.10 177291 244856 100.10
062 0 4908 10.42 23.63 13.33 36 46.24 2377.78  9934.24 49.77
0.30 31.00 3200 -I.72 2.38 6.04 36 49.62 1786.60  2580.32  102.50
062 0 490.7 10.49 25.11 14.78 36 46.00 2352.87 957225 45.89
0.30 3200 3200 -I.73 1.77 5.26 35 49.24 1797.00 2684.29 104.15
062 0 490.7 10.49 25.24 14.92 35 45.84 2340.96  9396.48 45.73
0.30 33.00 3200 -I.72 1.27 4.62 35 4891 180543 277133 10536
062 0 490.7 10.53 26.56 16.25 35 45.74 2331.96  9262.62 45.73
0.30 3400 3200 -I1.72 0.87 4.12 35 4836 181240 284539 106.26
062 0 490.7 10.55 27.27 16.97 35 45.68 232725 9192.38 45.73
0.30 3500 3200 -I.7I 0.54 3.68 35 4839 181853 291220 106.99
062 0 490.7 10.55 27.27 16.96 35 45.66 232698 918842 45.73

higher maximum temperatures reached in the glow
plug approach are the result of the higher employed
equivalence ratios and inlet temperatures. These higher
temperatures directly affect the production of NOx
emissions which increase by a factor of 3 to a factor of
9 (almost an order of magnitude) compared to the
hydrogen peroxide addition approach. Finally, in
agreement with what was reported earlier in the discus-
sion on Table 3, the only caveat with the use of hydro-
gen peroxide is the increased maximum pressures,
which when compared to the glow plug approach exhi-
bit increases which range between 50% and 130%.

Conclusions

Ammonia is one of few main candidates for future use
in heavy duty applications, however its unrealistic igni-
tion delay times due to its high auto-ignition tempera-
ture has made it an unattractive solution for the
decarbonization of heavy duty applications. In the cur-
rent study, hydrogen peroxide was considered as an
ignition promoter of an ammonia-fulled HCCI engine.
The numerical work was conducted on the basis of a
single zone simplified model available in the Chemkin
Pro suite, using a detailed chemical kinetic model.>*
The objective of the work was to provide numerical evi-
dence for the feasibility of the proposed technology,
while also identifying potential challenges in its imple-
mentation. The employed numerical model, albeit sim-
plified, enabled the qualitative analysis of the proposed
technology and the identification of trends that will
inform future experiments and/or computationally
expensive high fidelity numerical simulations. The
employed numerical model despite its inherent weak-
nesses provided valuable insight about the feasibility of
the new technology, yet the produced results and the

reached conclusions should be interpreted with care, due
to lack of proper validation with engine experiments.
The conclusions can be summarized as follows:

e hydrogen peroxide addition was proven to be
advantageous against the more conventional
approach of preheating the ammonia/air charge,
typically done with the use of a glow plug. In par-
ticular, the hydrogen peroxide addition led to sig-
nificantly higher IMEP, power and torque, mainly
due to the increase of the mixture’s energy density.
The thermal efficiency exhibited much lower, yet
non-negligible, increase. NOx emissions were also
found to decrease tremendously. Under constant
load conditions, the hydrogen peroxide addition
approach led to a 9-fold decrease in NOx. Yet the
obtained NOx emission values were still high,
thereby suggesting the necessity for the use of an
additional technology for their treatment.

e the introduction of hydrogen peroxide leads to a
two-stage ignition process. The first ignition stage
is instrumental in the control of the whole ignition
process since it was found to be retarded with the
increase of the hydrogen peroxide addition while
the second ignition stage was advanced. This led to:
(i) a rapid decrease of the RBA and (ii) a non-
monotonic response of the ignition CAD to the
hydrogen peroxide addition.

e hydrogen peroxide addition generally leads to
higher IMEP, power, torque, and NOx emissions
values. In fact these variables largely exhibit linear
response to the hydrogen peroxide addition. Linear
regression analysis revealed that hydrogen peroxide
tends to increase IMEP, power and torque and this
tendency is favored as the effective equivalence
ratio increases. As the engine speed increases the
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response of IMEP, power and torque are character-
ized by a higher rate of change but this phenom-
enon becomes attenuated as the effective
equivalence ratio increases. Additionally, hydrogen
peroxide addition leads to increase of NOx but this
increase becomes more pronounced as the effective
equivalence ratio and/or the engine speed increase.

e the incremental addition of hydrogen peroxide
leads initially to a rapid increase of the thermal effi-
ciency which at some point reaches a maximum
value and after that point further increase of the
hydrogen peroxide addition leads to a gradual
decrease of the thermal efficiency. The thermal effi-
ciency is achieved when CADS50 gets closest to the
TDC. As the mixture becomes leaner the CADS50
associated with the maximum thermal efficiency is
advanced and in the case of sufficiently lean codi-
tions it even becomes negative.

The results presented herein for the feasibility of the
proposed use of hydrogen peroxide as an ignition pro-
moter for ammonia use in CI engines, are promising.
Yet, further research is required. Few of the issues that
we believe merit further investigation, as highlighted by
the current works, are:

e the chemical mechanism that is responsible for the
control of the two ignition stages, particularly the
first stage ignition which was found to be key to the
control of the ignition process;

e the implementation of different strategies for NOx
mitigation such as the use of exhaust gas recircula-
tion (EGR) or steam dilution;

e the limitations in terms of the pressure rise rate and
the combustion efficiency.
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Appendix
Abbreviations
aTDC After Top Dear Center
bTDC Before Top Dead Center
CAD Crank Angle Degrees
CADIO The Crank Angle Degrees at 10% Heat
Release

CADS0 The Crank Angle Degrees at 50% Heat
Release

CAD90 The Crank Angle Degrees at 90% Heat
Release

CI Compression Ignition

CSp Computational Singular Perturbation

DME Dimethyl-ether

EGR Exhaust Gas Recirculation

HCCI Homogeneous Charge Compression

Ignition

IMEP Indicated Mean Effective Pressure

RBA Rapid Burning Angle

RPM Rounds Per Minute

SI Spark Ignition

TDC Top Dead Center



