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Abstract

In the current work, the effect of HoO5 addition on the flame structure, laminar flame speed and NOx
emissions is investigated in the context of 1D laminar premixed Hs/air flames at T,,=300 and 600 K, p=1
and 30 atm, ¢=0.5. Mathematical tools from the computational singular perturbation approach are used in
order to identify the key chemical and transport mechanisms.

The H202 addition causes a significant increase to the laminar flame speed (sz,), heat release (Q) and
NOx emissions. Indicatively, 10% H2O4y addition (per fuel volume) at T, =300 K, p=1 atm results in 72%
increase of sp, 100% increase of Q, and 140% increase of the mass fraction of NO. Depending the conditions
the flame structure is altered through the chain carrying reaction 10f (H,O2 + H — H2O + OH) or the chain
branching 9f (HO2 (+M) — 20H (+M)); the first is favored at low temperatures/pressures while the latter
is favored at sufficiently high temperatures/pressures. Both reactions boost the radical pool generation,
therefore contributing to the broadening of the reaction zone. The reaction with the largest contribution
to Q that is mostly affected (decreased) by the addition of HyO4 is reaction 21 (H + O (+M) < HO-
(+M)). Moreover, the HyO5 addition enhances the stability of the flame. Finally, the increased production
of NO is mainly associated with the increased temperature that is reached with the addition of HyOs.
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1. Introduction

The introduction of clean transportation modes, driven by the climate emergency, has become a priority
for all modern economies. As a result, many nations have taken legislative measures to ensure, and in
many cases to accelerate, the energy transition from fossil fuels to more environmentally friendly forms of
energy. For instance, the UK government recently announced its commitment to end the sale of new petrol
and diesel cars by 2030 accelerating its transition to net-zero emissions by 2050. To this direction, electric
vehicles will play a key role exploiting the production of energy from renewable sources such as solar and
wind energy. However, there are modes of transport where the electrification is still challenging, such as

heavy-goods vehicles (HGVs) and ships. A common feature of these two types of transport is that currently

Email address: e.tingas@napier.ac.uk (Efstathios-Al. Tingas)

Preprint submitted to Fuel April 17, 2021



10

15

20

25

30

35

40

they are both powered predominantly by compression ignition (CI) engines.

Hydrogen is an energy carrier that has long be seen as an ideal candidate to replace fossil fuels in thermal
engines [IH5]. Yet, its use in CI engines has mainly been attached to the dual fuel concept where a more
reactive fuel, such as diesel, is employed to promote ignition [6]. To the best of the author’s knowledge, all
the dual fuel concepts that have investigated the use of hydrogen in CI engines relied predominantly on
carbon-based fuels [7], the only exceptions probably being that of ammonia [8] and ozone [9].

Recently, an alternative approach was proposed: that of a hydrogen-hydrogen peroxide blend (H202)
[10]. The use of hydrogen peroxide as an ignition promoter is not new. In fact, hydrogen peroxide has
long been used in aerospace applications [ITHI4]. In conventional transport-related applications, hydrogen
peroxide has been used with a large variety of fuels, such as natural gas [I5] [16], diesel [I7H23] and ammonia
[24]. In the early work of Ref. [10] it was reported that a mere 10% (per fuel volume) addition of HoOg2 in
Hs /air mixtures at homogeneous adiabatic and engine relevant conditions can lead to ignition delay times
relevant to CI engines. The approach was also complemented by the addition of steam where it was showcased
a spectacular decrease of NOx emissions, while the ignition delay time was weakly affected and remained
relevant to a CI engine operation. The work of Ref. [I0] further examined the key chemical mechanisms related
to the ignition delay time and NOx emissions. The analysis of the chemical dynamics and the identification
of the key chemical pathways was performed on the basis of mathematical tools from the computational
singular perturbation (CSP) approach [25H28]. CSP is a mathematically rigorous algorithmic method of
asymptotic analysis that has been used successfully in a large variety of different reacting flows set ups for
the identification of the key chemical and transport mechanisms as well as for the characterisation of the
reacting flow topology [20H37]. An excellent review on the potential of the CSP approach and its applications
can be found in Ref. [38] [39]

The current study is a continuation of the earlier work reported in Ref. [I0] and aims to investigate
the effect of hydrogen peroxide addition on the flame structure, laminar flame speed and NOx emissions,
in the context of one-dimensional (1D) freely propagating premixed laminar flames. The reported findings
and the drawn conclusions herein aim to explore further the potential and the limitations of the proposed
technology. For that purpose algorithmic tools from the CSP approach will be employed to identify the key
chemical mechanisms as well as their interaction with transport process that are important for the system’s
dynamics.

The structure of the paper is as follows. Firstly, a brief overview of the CSP approach will be provided
along with the mathematical tools as well as the computational set up. The simulations will be performed
at three different sets of initial conditions to ensure an extended validity of the results and the drawn
conclusions. The analysis of the results will follow, detailing first a reference case and discussing next the

results from all the other cases.
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2. Methods

The physical problem under investigation concerns an unstrained premixed freely propagating laminar
flame. The PREMIX package [40] of the Chemkin Pro suite [4I] is used for the simulations of the laminar
flames. The reader is referred to the PREMIX manual for a detailed description of the employed numerical
methods [40]. Since the physical problem is well documented in the literature [42], here only a brief description
is provided.

The unstrained premixed freely propagating laminar flame problem can be mathematically described by

the system of species and energy equations [40]:

n Ann
mdLer(P YnVn)

— Aw, W, = 1
dx dx wnWn =0 (1)
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where x represents the spatial coordinates, T' the temperature, y,, the mass fraction of species n (n=1,N),
w the mass flow rate, p the mass density, W, the molecular weight of species n, A the mixture’s thermal
conductivity, ¢, the mixture’s heat capacity at constant pressure, ¢, 1 the heat capacity at constant pressure
of species n, w, the molar rate of production of species n per unit volume, V,, the diffusion velocity of the
nth species, A the cross-sectional area of the stream that contains the flame. Eqgs. [I] and [2] are complemented

by the continuity equation:

m = puA (3)
as well as the equation of state:
pW
— 4
P=TT (4)

where u is the velocity of the fluid mixture, W the mixture’s mean molecular weight, p the pressure and R
the universal gas constant. For the problem under study, 72 is an eigenvalue and is determined as part of the
solution. For this reason, the user must specify the temperature at one point, thereby fixing the location of
the flame. For more details about the numerical solution methods used by PREMIX, the reader is referred
to the manual [40].

The analysis of the pertinent chemical dynamics of the premixed flames discussed in the current study
is performed using tools from the computational singular perturbation (CSP) approach [25]. For a detailed
description of the method and the mathematical tools the reader is referred to Refs. [26] [38] 43] [44]. Here,
only a brief description will be provided.

On the basis of solely the chemical source term (i.e., in the absence of transport), the system of species
and temperature equations can be expressed in the form of Eq.
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where z is a column vector with (N + 1) solution variables including N species mass fractions (y) and tem-
perature (T'), g(z) the chemical reaction source term, and Sy, and R are the (N +1)-dimensional generalized
stoichiometric column vector and the reaction rate, respectively, of the k-th unidirectional reaction of a total

of 2K irreversible reactions [28] 44H46]. According to the CSP theory, Eq. can be written in the form of

Eq. [6}

ds NI ‘
o= > aib’, (6)
i=1

where a; is the (N + 1)-dimensional CSP basis column vector and h'=b’ - g(z) is the related amplitude,
which is produced using the dual basis row vector b’ (b - a; = (5;) [25, 27, [47]. Interested in leading order
accuracy, the CSP basis vectors a;, b’ can be approximated by the right (c;) and left (3¢), respectively,
eigenvectors of the Jacobian J of g(z) [31 34, 48-50]. Apart from an amplitude, each CSP mode is described
by a timescale which is defined as the inverse norm of the associated eigenvalue, i.e., 7; = |A\;|~!, where
\i = B J -« [BIHE3]. A CSP mode is characterised as explosive if the associated eigenvalue is positive
and dissipative otherwise [50]. Explosive modes are relate to processes that tend to drive the system away
from equilibrium. Such modes are typically met in igniting systems [36] 37, 54H57] and flames [58H64]. On
the other hand, dissipative modes relate to processes which tend to drive the system towards equilibrium
65, 66).

The timescales of the modes are ordered from fast to slow and according to the criterion originally
introduced in [29] and later revised in [67], the timescales (and the modes they associate with) can be
classified as fast (11 < ... < 7ar) and slow (7ar41 < ... < 7n41) [68H70]. The fast timescales are responsible
for the generation of the constraints in the phase space (i.e., the slow invariant manifold) on which the slow

system evolves. Mathematically this means that Eq. |5| can be transformed in the system of:

dz o
h"=0 (m=1,M) i Z a,h". (7)
n=M+1

In autoigniting systems described by Eq. [l the system’s characteristic mode responsible for its slow
evolution is usually of explosive nature since the associated timescale (7. ¢) is among the fastest of the slow
timescales (7. ~ O(Ta4+1)) and its amplitude (h®/) is dominant [71H74].

In the presence of transport (convection or diffusion or both), Eq. [5| can be written in the form of eq.

dz

5 = Lr(2) +9(2) = Lo(z) + Lp(2) + g(2), Ly(z) = Le(z) + Lp(2) (8)
where Lo(z), Lp(z) the spatial transport operators representing convection and diffusion, respectively, and
L7 (z) their sum. On condition that the timescales associated with the transport processes are slower than all

fast chemical timescales (71, ..., Tar), according to the CSP theory, Eq. (8| can be written in a form equivalent

to that in Eq.|7| as follows [75] [76]:

dz N+1
a0 (m=1,M) P > anfm (9)
n=M+1
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The only difference between Eq. |7] and Eq. |§| is that in the latter the amplitudes f’ take transport into

account:

fr=0"(Lr(z) + g(2)). (10)
By using the right (c;) and left (3¢) eigenvectors of the Jacobian J of g(z) as leading order approximations
of a; and b?, respectively, Eq. |§| and [10| can be written in the form of Egs. and

dz N+1
fmf~0 (m=1,M) i > anf” (11)
n=M+1
) ) N+1 ) 2K o 2K+N+1 )
fr=p"(Lr(2)+g(2)=>_ Bilr;+> B SR = > i, (12)
j=1 k=1 m=1

The contribution of the k-th process (chemical or transport) to the amplitude of the n-th mode can be

assessed by the amplitude participation index (API) tool (Py) [T7H80]:

- Vi
B = —srv— (13)

DR

Obviously, Z;K:J;NH |P| =1foralln =1,..,N+1. When P} is positive, the k-th process tends to increase
the amplitude of the n-th mode while the opposite applies when negative. By combining the API values of
all chemical processes (k = 1,...,2K) for the n-th mode, the contribution of chemistry to the amplitude of
the n-th mode can be assessed [54], §1]:

2K

Hg’hem = Z |PI?| (14)
k=1

In a similar manner, the total contributions of transport, diffusion and convection to the amplitude of the n-
th mode can also be quantified, i.e., Hf,.,,,, Hp,;;; and HE,, . Therefore, by definition, H7,.,,, + Heyep, =1
and Hp,rp + Heopy + Hpep, = 1, for n=1,N+1.

In the current work it will be shown that the system’s characteristic mode is the fast explosive one. There-
fore, the discussion will focus on the explosive timescale 7 r, the associated amplitude f ef, the largest API
values P,f’f and the total contributions of the chemistry and diffusion to f*7, i.e., Hg’}{em and Hglfff,
respectively.

In addition, following the same practice as in [62, [63], the analysis will be performed from a Lagrangian
perspective. Consequently, Eq. [8 will be considered in the form of Eq.

22 Ln(=) +9(2) (15)
where D(-)/Dt is the total derivative operator. Hence, the right-hand-side of Eq. [L5| considers the chemical
source term g(z) and the spatial operator of diffusion Lp(z).

For the heat release rate analysis, the spatially integrated total heat release rate Q will be calculated

from Eq.
Q= /HRR(:E) dz, (16)
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where HRR the local heat release rate value. In a similar manner, the total contribution ¢; of the i-th reaction
to the global heat release rate @@ will be calculated from Eq.
q;
¢ ==, g = /hrri(x) dz (17)
Q x
where hrr; the local heat release associated with the i-th reaction.
Finally, the effective Lewis number Le.y; will be calculated from the volume-based definition of Eq.
[821H84]:

Leeff = $H2L€H2 + tzOQLeHQOQ (18)

where z g, and 2,0, the upstream mole fractions of Hy and HyOg, respectively and Leg,, Lem,0, the Lewis
number calculated on the basis of Hy and HsO4, respectively. It is noted that all results were found to be
consistent with the diffusion-based definition of the effective Lewis number [83H85].

Since the current work follows up to the earlier study of Ref. [10], the chemical reaction mechanism of
Aramco 3 [86] was employed in the current study, supplemented with the nitrogen mechanism of Glarborg
et al. [87].

All simulations were performed using the Chemkin-Pro software [41] (freely propagating adiabatic pre-
mixed laminar flame model), while the CSP analysis was performed using the CSPTk package [88] integrated
with the TChem package [89] for thermo-kinetic database management. In all simulated cases, the adaptive
grid control based on solution curvature and gradient values were set to 0.1 or lower, the absolute and rela-
tive tolerances were set to 1072 and 104, respectively, and the domain’s size was 52 mm. In all cases, the
domain’s size was sufficiently small to ensure that the mixture does not ignite. Additional tests were also
performed to ensure that the obtained results do not depend on the size of the domain. In addition, unless

otherwise stated, mixture-averaged transport properties were used.

3. Results

3.1. The effect of Hy Oy addition on the flame structure and the laminar flame speed

The one-dimensional (1D) freely propagating premixed laminar flame simulations and the subsequent
analysis were mainly performed at fuel lean (¢ = 0.5), atmospheric conditions and T, =300 K, but the
discussion with additional findings were extended to a higher temperature (T,,=600 K) and pressure (p=30
atm) which are more relevant to a compression ignition engine operation. For brevity, in the following, the
case of p=1 atm and T,=300 K, will be referred to as ”baseline”, the case of p=1 atm and T,=600 K
will be referred to as "high T” and the case of p=30 atm and T,=600 K will be referred to as ”high p-
T”. HyOs is added on the basis of the fuel mole fraction. Therefore, a 10% addition of HyO5 implies that
the HoO2 mole fraction (Xg,0,) comprises 10% of the total fuel (Xp = Xp, + Xpg,0,) mole fraction, i.e.,
Xu,0,/( X, + Xm,0,) = 0.10. The addition of HyOs is performed in a way ensuring that the mixture’s
upstream equivalence ratio, in accordance with the typical definition of ¢ = (Xr/Xair)/(Xr/Xair)st, is kept
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fixed. However, this definition does not account for the fact that HoO5 can act as oxidiser. For that purpose,
the use of an effective equivalence ratio, as the one used in Ref. [90], may be more representative. Therefore,
on the assumption that one mole of HyO5 leads to the formation of 1 mol of HoO and half mole of Oy the

effective equivalence ratio is defined as:

5o,y — X/ (05Xu0, + Xo,)
/I (XH2/X02)St

(19)

where the subscript st denotes stoichiometric conditions. In principle, the addition of HyO4 will tend to shift
the ¢.fs of the mixture towards stoichiometry while the opposite stands. However, as it will be shown next,
this shifting is very small for the conditions under study.

Table [1] displays the reactions that are highlighted in the analysis next. The symbols “f” and “b” used
next to the reaction numbers, stand for forward and backward, respectively. The reactions listed in Table
are those which are either identified by the API CSP tool to play a key role to the flame’s structure or
to have large contribution to the heat release rate, in all the different cases that are analysed in the current

section. These reactions will be discussed in detail next.

Table 1: The most significant reactions to the dynamics of the system in all examined cases. These reactions are either identified
by the API CSP tool to play a key role to the flame’s structure or to have large contribution to the heat release rate, in all the

different cases that are analysed and discussed in the current work.

2. Hs + 0O <+ H+ OH 11. Hs05 + H < Hs + HO»

3. Hy + OH +» H,O + H 15. HO; + H + 20H

5. H+ 02+ OH+ O 16. HO; + H < Hs + O2

6. H+ OH+ M < H,O +M 18. HO3 + OH « Hy0 + Oq
9. Hy02 (+M) < 20H (+M) 21. H+ Oy (+M) + HOq (+M)

One of the most important properties of laminar flames is the flame speed s;,. Figure [Th displays the
laminar flame speed variation against the mixture’s equivalence ratio ¢ at the baseline conditions for the
case of no- and 10% addition of HyOs. It is shown that the addition of HyO5 induces a significant increase
to the laminar flame speed in the range of fuel-lean to fuel-rich mixtures. Although not explicitly shown,
the flame speed increase at fuel lean conditions is larger than the respective increase at stoichiometric or
fuel-rich conditions. For instance, at ¢ = 0.5, 10% addition of HyO5 induces 72% increase of the sy, while the
respective values at ¢ = 1.0 and 1.5 are 31% and 34%. Since the current work aims at fuel lean conditions,
the discussion will continue on those without dismissing though the importance of the stoichiometric and
fuel-rich conditions. The strong effect of HoO5 addition on the laminar flame speed is also confirmed at the
high-T and high p-T conditions, as it is displayed in Fig. [Ip. In fact, the laminar flame speed increase is
amplified significantly at the high p-T conditions, where 10% HsO4 addition results in 140% increase of sp,. At

all three sets of conditions the laminar flame speed change is roughly linear to the HoO9 addition. Finally,
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Fig. [It demonstrates that at the fuel conditions of ¢ = 0.5, the addition of HoO leads to an increase of the
effective equivalence ratio (¢ss), which for the cases that will be investigated next (i.e., 5% and 10% HO4

addition), does not exceed the value of ~5% compared to ¢.
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Figure 1: (a) Laminar flame speed calculations for a 1D freely propagating premixed hydrogen/air flame (T,=300
K, p=1 atm) without any HoO> addition (black-solid line) and a 10% H20O, addition (red-dashed line) for a range
of equivalence ratio (¢). (b) Percentage change of the laminar flame speed of a 1D freely propagating premixed
hydrogen/air flame at ¢ = 0.5 due to the addition of H2Og2, at three different conditions: T, =300 K, p=1 atm
(solid line), T,,=600 K, p=1 atm (dashed line), T,,=600 K, p=30 atm (dotted line). (c) The evolution of the effective
equivalence ratio as a function of the addition of HoOg, for the laminar flames displayed in Fig. 1(b). For all figures: The

filled symbols represent the cases analysed in detail next.

Before initiating the discussion on the effect of HoO5 addition on the flame structure at the baseline
conditions and discussing the respective changes in the CSP diagnostics, it is informative to briefly discuss
the no-H505 case which will be used as a reference. It is noted that all results will be presented and discussed
in the progress variable space, as represented by temperature, so that they can be readily compared with
future turbulent combustion simulations. Starting with the species mass fraction profiles along with the heat
release rate, both plotted in Fig.[2] it is shown that the flame zone can be roughly split into three regions: a
low temperature zone where HOs and HyO5 reach maximum, followed by a mid-temperature and high heat
release region that H and O rapidly increase, and completed by a high-temperature zone where OH reaches
its maximum and maintains high values. These results are well documented in the literature (e.g., [91]). In
addition, Fig. also shows that the heat release rate reaches its maximum at ~1,050 K and the largest
contributors to its generation are: (i) the exothermic reactions 18 and 21 in the first low-temperature region,
(ii) the exothermic reactions 21, 3, 15 and the endothermic reaction 5 in the mid-temperature region where the
heat release exhibits its largest increase and (iiii) the exothermic reactions 18 and 6 in the high-temperature
region.

The N+1 chemical timescales 7; (associated with the N+1 CSP modes) that develop in the 0% H509
case at the baseline conditions are displayed in Fig. [3] It is shown that all timescales are of dissipative

nature except for two which are explosive: a fast 7. y and a slow 7. . This indicates that N-1 CSP modes are
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Figure 2: (a) Evolution of selected species mass fractions and the HRR (black-solid line) against temperature. (b)
Evolution of the HRR (black-solid line) and the individual contributions of the reactions with largest effect on the

HRR, against temperature. Both subfigures refer to the case of a freely propagating laminar premixed hydrogen/air

flame (p=1 atm, T,=300 K, $=0.5).

dissipative while two modes are explosive. The fast explosive timescale 7 ¢ rapidly accelerates in the region of
300 K<T<550 K, from values in the order of 10% s to 10~% s. Therefore, it can be concluded that in this zone
the effect of 7 ¢ is small. At T ~ 550 K, 7. ¢ starts exhibiting a moderate acceleration and a gap is established
between 7, s and the faster timescales indicating that a valid reduced model can be constructed. The fact
that 7. s is placed above the gap indicates that 7. ¢ is the faster of the slow timescales, hence one of the
two conditions required to qualify for the system’s characteristic one is met. The second condition, i.e., the
dominance in the modes’ amplitudes will be discussed next. At T ~ 700 K a second explosive timescale 7 g
much slower than 7. ; emerges which gradually accelerates. At T ~ 1,090 K 7. r starts gradually decelerating,
while 7. s starts accelerating faster. At some point (T ~ 1,165 K) the two explosive timescales meet and
then disappear signifying the end of the explosive stage [44]. The disappearance of 7, ; and 7. s, is due to the
fact that the corresponding two positive eigenvalues, say Ac r and A. s, meet, become a complex pair with
positive real part and then evolve into a complex pair with a negative real part and finally to two negative real
eigenvalues [44]. The profile of 7, ; just described in the laminar flame configuration is qualitatively different
from the respective in autoigniting systems where 7. ¢ exists from the very beginning of the process and
most important, it typically exhibits a steep acceleration before it starts decelerating to meet 7. 5 [45] 92].
As already explained, the system’s characteristic mode must not only have an associated timescale among
the fastest of the slow timescales but also the related amplitude must be dominant. Figure |3| indicated that
the fast explosive mode has an associated timescale 7. ; which is the fastest of the slow timescales. Table
lists the five largest CSP mode amplitudes at four representative spatial points which cover the whole

breadth of the region where the fast explosive mode exists. It is noted that the mode number of the fast
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Figure 3: Evolution of the chemical time scales against temperature, in the case of a freely propagating laminar
premixed hydrogen/air flame (p=1 atm, T, =300 K, $=0.5). Explosive/dissipative time scales are represented by red

and black lines, respectively.

explosive mode changes across the flame because of the change in the ordering of the timescales as shown in
Fig. 3] e.g., at the second point listed in Table [2| the fast explosive mode is the 25th mode while at the next
point it has become the 23rd because two timescales became larger (slower) than that. In any case, the data
listed in Table [2| are used to numerically demonstrate that the fast explosive mode’s related amplitude h®/
is by far the largest one in the area of interest, i.e., for T>500 K.

In summary, the developing timescales displayed in Fig. [3|and the largest CSP mode amplitudes provided
in Table [2| demonstrate, respectively, that: (i) 7. s is the fastest of the slow timescales and (i) h®/ is the
largest of all amplitudes. Therefore, it can be concluded that the fast explosive mode is indeed the dominant
one. For all the cases under study, the fast explosive mode was found to be the characteristic one in a manner
similar to what was just discussed for the 0%-H>O5 case at the baseline conditions.

Next, in Fig. the H g,{em and Hfmf sy metrics, i.e., that is, the summative contributions of the chemistry

and diffusion to the amplitude of the system’s dominant mode, are compared against the 7. ; and HRR. It

is reminded that by definition, Hg’,{em + Hle)’ifff = 1. It is shown that Hg’,{em > ngfff in the region of
672K < T < 1,150K while Hg’}{em < Hglfff when 300K < T < 672K. Therefore, from a system’s dynamics

perspective, the first region can be characterised as the preheat zone where diffusion prevails while the former
as the reaction zone where the action of the chemical reactions becomes more important to the generation of
fe-f. In the following, any reference to these two zones will be performed on the basis of the aforementioned
definitions. In addition, Fig. E| further shows that in the preheat zone 7. s exhibits a very steep acceleration
indicating the the timeframe of action of the fast explosive mode becomes rapidly shorter, hence more
active. In the reaction zone, 7. ; keeps accelerating but in more moderate fashion reaching values between
3x107%s to 3x107%s. A further comparison of the HZJ}{em with the HRR reveals that they are very well

correlated with the only exception of the point in the progress variable space where they both reach their

10
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Table 2: The largest amplitudes h’ of the CSP modes, at various spatial locations which cover the breadth of the
region where the fast explosive mode exists (see 7 s in Fig. |3), in a case of a freely propagating laminar premixed

hydrogen/air flame; T,,=300K, p=1 atm, ¢=0.5. CSP modes in bold are the fastest explosive ones.

x [m] 0.00467 0.00478 0.00489 0.00503
T [K] 320 393 637 1,053
i-th mode X i-th mode % i-th mode I i-th mode B

25: 1.2E405 25: 9.5E405 23: 2.4E406 25: 3.1E+06
26: 4.5E+404 23: 4.1E404 14: 5.0E+05 22: 1.0E+06
22: 5.2E403 26: 3.4E+04 26: 3.6E+4+05 27: 9.4E+05
23: 1.7E+03 3: 3.5E+03 3: 2.8E+05 17: 9.5E+404
28: 5.7E+02 2: 2.3E403 10: 5.5E4+04 13: 2.9E+04

maximum values: H, é}{em reaches maximum at 927 K while the maximum of HRR is at 1,048 K. Yet, despite
this small decorrelation, the region where the HRR reaches its highest value is characterised by high values
of Hg’}{em as well. In terms of the individual processes that contribute to Hle)’ifff and Hg’,{:em, for the first,
although it is not shown, the dominant contributor by more than 93% is the diffusion of heat while for the
latter, the results are displayed in Fig. [d] Reactions 3f, 15f, 5f and 2f are the most important contributors
favoring the increase of f*/, while the major opposition to its increase originates from 21f, 18f, 16f and
5b. These results are explained as follows. Reactions 2f, 5f, 15f are all chain branching reactions while 3f is a
significant chain carrying step, hence all favor the radical pool generation. The importance of these reactions
is well-documented in the literature [91]. On the other hand, reactions 21f and 5b compete reaction 5f, while
reactions 16f and 18f are chain termination steps. As it will be shown next through the sensitivity analysis,
the reactions with large positive API values to {7 (e.g., 3f, 15f, 5f and 2f) tend to increase the laminar flame
speed while the opposite applies for those with negative API values (e.g., 21f, 18f, 16f and 5b)

With the addition of HyO2 at the baseline conditions, the fast explosive mode remains the dominant
mode, its timescale being the fastest of the slow timescales and its amplitude being the largest. In fact,
Fig. |5 shows that 7. ; becomes faster and f¢/ becomes larger, suggesting that the system’s dominant mode
becomes more active and its impact increases. It is noted though that the higher acceleration of 7. ¢ due to
the addition of HyO4 is mainly manifested at intermediate and high temperatures where it is expected that
the chemistry will have more important role compared to diffusion. Notice also that 7. y exists for higher
progress variable values, thus extending the region in the progress variable space that affects the system’s
dynamics. The responses of 7. ¢ and fef to the addition of HyO4 at the high T and high p-T conditions are
very similar to those at the baseline conditions, therefore they are omitted.

Since f¢7 increases with the addition of HyOs, it is reasonable to investigate the processes that relate to

this change. Firstly, Fig. [f]shows that the addition of HyO5 increases the region in the progress variable space
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Figure 4: (a) Evolution of HG/ Hgfff and 7., ; against temperature. (b) Evolution of HG/ Hi};{ff and HRR
against temperature. (¢) Evolution of the reactions with the largest APIs related to the fast explosive mode against
temperature. All subfigures refer to the case of a freely propagating laminar premixed hydrogen/air flame (p=1 atm,

T.=300 K, $=0.5).
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Figure 5: The evolution of the 7, ; and f*/ against temperature, for the three cases of 0% (black-solid lines and
square signs), 5% (red-dashed lines and diamond signs) and 10% (blue-dashed-dotted lines and circle signs) H2Oo
addition in the fuel (per vol). All cases refer to a freely propagating laminar premixed hydrogen/air flame (p=1 atm,

T.,=300 K, ¢=0.5).

where chemistry has a larger relative effect compared to diffusion, as this is manifested by the faster increase
of Hgiem and the fact that 7. ; extends its presence in higher temperatures, as previously explained. It
is reminded that Hg£6m>H%{ff
zone). Therefore, the reaction zone increases while the preheat zone decreases with the addition of HyOy in

when HG/ >0.5 (reaction zone) and Hgﬁem<H%{ff otherwise (preheat

the progress variable space. This effect becomes more pronounced at the high p-T conditions.
In order to appreciate in more detail the changes in the flame structure and identify the processes that
are responsible for the reaction zone broadening, the API values of reactions with the largest contributions to

fe-f are next presented in Fig. E and for the baseline and high p-T conditions, respectively. Starting with the

12



215

220

225

230

1 1
- T,=300 K, 1 atm - T,=600 K, 30 atm A
I \\'\\ | -
0.8 Vi 0.8 WM
| 1 | [
| \
| | 1
£ 0.6 r . 0.6 - |l
= 5 L - 5 | !
T s |
0.4F 0.4F
i 0.00 H,O,
0.2 Y A 0.05 |.|202 0.2 F;
N —— 0.10 H,0, o
0 L L1 L1 L1 L1 LB L1 L1
400 600 800 1000 1200 800 800 1000 1200 1400
T[K] TIK]
(a) (b)

Figure 6: Evolution of Hgiem against temperature, for the three cases of 0% (black-solid line), 5% (red-dashed line)
and 10% (blue-dashed-dotted line) HoO2 addition in the fuel (per vol) at (a) p=1 atm, T,,=300 K and (b) p=30 atm,
T,=600 K. All cases refer to a freely propagating laminar premixed hydrogen/air flame (¢=0.5).

baseline conditions, Fig. [7]shows that the chemical process that is mostly affected by the addition of HoO3 is
reaction 10f, which from negligible API values in the 0%H3O5 case, it reaches a notable +7% in the 10%H504
case, favoring the increase of ff. The notable rise in the relative importance of the H-abstraction reaction
10f is reasonable considering that it is a chain carrying reaction that includes HoO4 as a reactant. However,
the earlier increase of HeC£ om and the subsequent broadening of the reaction zone after the addition of HyO,
is also due to the earlier increase of reaction 3f which, favoring the increase of f©/, reaches higher API
values. The earlier increase of reaction 3f is believed to be connected with the higher relative importance of
reaction 10f, since reaction 3f depends on OH which is a product of reaction 10f. A non-negligible increase
is also demonstrated in the API value of reaction 21f, which, unlike reactions 3f and 21f tends to decrease
fe-f . The increase of the relative importance of reaction 21f is associated with the enhanced effect of reaction
3f which produces H radicals essential for reaction 21f. The API values related to reactions 2f and 5f (both
favoring the increase of f©/) tend to start increasing for slightly higher temperatures and eventually their
relative effect is increased after the addition of HoOs. The small suppression that reaction 5f experiences
in the increase of its associated API value is due to the increased relative effect of the competing reaction
21f. The suppression of the relative effect of reaction 5f affects in turn the relative effect of reaction 2f. Finally,
the API values related to reactions 15f, 16f and 18f (the first favoring and the latter two opposing the increase
of f©/) remain largely unaffected by the addition of HyOy. However, their role cannot be dismissed since
they maintain their importance with notable relative contributions to f¢/.

At the high p-T conditions, the changes in the flame structure in view of the largest contributors to

fe-f are more pronounced. Firstly, unlike the baseline conditions where the addition of HoOy was reflected
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Figure 7: Evolution of the reactions with the largest APIs related to the fast explosive mode against temperature,
for the three cases of 0% (black-solid lines), 5% (red-dashed lines) and 10% (blue-dotted lines) HoO2 addition in the
fuel (per vol). All cases refer to a freely propagating laminar premixed hydrogen/air flame (p=1 atm, T,=300 K,

$=0.5).
to the importance of the HyOs-related reaction 10f, here, reaction 9f is favored instead (supporting the
increase of f*/) reaching higher maximum API value compared to the one attained by reaction 10f. The
main reason probably that leads to the favor of reaction 9f instead of 10f at the high p-T conditions relates
to the associated higher activation energy E,. Reaction 9f has an activation energy of E,=4.8749E+04 as
25 opposed to E,=3.97TE+03 for 10f. This suggests that reaction 10f is favored at lower temperatures, therefore
explains why at the baseline conditions the relative importance of reaction 10f prevails over 9f. Another
important point that needs to be addressed is that reaction 9f is a chain branching reaction, thus favoring a
larger radical pool compared to the chain carrying 10f. The increase in the relative importance of reaction
9f triggers notable increase to the relative importance of reactions 3f and 15f, both favoring the increase
a0 of &7, The increase of the relative effect of reactions 9f, 3f and 15f is the main reason for the pronounced
reaction zone broadening previously reported in Fig. [6] Reactions 5f and 21f, which are competing processes
(the first favoring and the latter opposing the increase of ff), both have API values which decrease in
magnitude due to the addition of HoO5. The decreasing relative influence of these two reactions does not
mean though that their absolute contributions decrease as well. In fact, although not shown, their absolute
us  contributions to &7 increase but the contributions related to other reactions increase higher. Finally, the
relative contribution of 18f in opposing the increase of ff remains largely unaffected by the addition of
H>0s.

In summary, at low temperature/pressure the addition of HoOs affects the flame structure by enhancing
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Figure 8: Evolution of the reactions with the largest APIs related to the fast explosive mode against temperature,
for the three cases of 0% (black-solid lines), 5% (red-dashed lines) and 10% (blue-dotted lines) HoO2 addition in the
fuel (per vol). All cases refer to a freely propagating laminar premixed hydrogen/air flame (p=30 atm, T,,=600 K,
$=0.5).
the effect of the chain carrying reaction 10f which in turn enhances the influence of 3f. The pathway of
10£-3f is the main reason for the radical pool enhancement and the broadening of the reaction zone. The
enhancement of the relative contribution of 3f increases the effect of 21f, leading in turn to a small suppression
of the relative contribution of reaction 5f and subsequently that of reaction 2f. The relative contributions of
reactions 15f, 16f and 18f remain largely unaffected. At sufficiently high temperature/pressure the addition
of HyO5 affects the flame structure primarily through reaction 9f. Compared to the chain carrying 10f the
chain branching 9f is more efficient in increasing the radical pool. The increased effect of reaction 9f causes
in turn a notable increase to the relative contributions of reactions 3f and 5f. The increased efficiency of the
chemical pathway of reactions 9f, 3f, 15f is the main reason for the broadening of the reaction as reflected
in the early increase of Hgiem due to the addition of HyO5. The relative contributions of the competing
reactions 5f and 21f decrease while that of reaction 18f remains largely unaffected.

Although chemistry plays an important role to the dynamics of the examined laminar flames, the role of
diffusion should not be dismissed. The fact that the laminar flames under study are lean hydrogen flames
enhances the significance of diffusion, due to the inherent non-equidiffusivity of such flames, reflected on the

Lewis number. The addition of HyO5 in the hydrogen/air mixture necessitates the employment of an effective
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Lewis number Le.y, as the one described in Section [2} Figure |§| shows that the addition of HyO5 leads to
the increase of Le.r¢, therefore favoring the thermodiffusive stability of the laminar flame. This finding is
practically insensitive to the system’s initial conditions in terms of T, and pressure. The decrease of the
flame’s thermodiffusive instability after the addition of HoO4 (as reflected to the increase of the effective
Lewis number) is in agreement with the previously reported finding (Fig. ) that the HyO5 addition leads

to the increase of the effective equivalence ratio.
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Figure 9: The mixture’s effective Lewis number as a function of the initial HoO2 addition at T,,=300 K (solid line)

and 600 K (dashed line). All cases refer to a freely propagating laminar premixed hydrogen/air flame (p=1 atm,
¢=0.5).

To investigate further the non-unity Lewis number effect, additional cases at the baseline and high p-
T conditions were simulated. The aim was to assess the dependance of the flame structure changes (due
to the HoOq addition) on the flame’s non-equidiffusion characteristic. Figure displays the evolution of
Hgicm in the progress variable space for the 0% and 10% H2O, addition cases at the baseline and high
p-T conditions. On top of these results has been overlaid the Hgﬁem evolution for the same conditions but
with fixing Lewis number to 1. Firstly, it is shown that when Le=1, the addition of H,O results again in a
broadening of the reaction zone. However, in that case the reaction zone broadening becomes significantly
decreased, becoming practically negligible both at the baseline and at high p-T conditions. These findings
can be explained when the main mechanism that H,O5 affects the flame structure is considered: the increase
of the radical pool either through the pathways of 10£-3f (at the baseline conditions) or through 9f-3f-15f. The
larger diffusivity of the reactants compared to the thermal diffusivity (i.e., in the non-unity Lewis number
cases), becomes more effective in an enhanced radical pool, leading to the broadening of the reaction zone.

Following the same practice as in [59], a sensitivity analysis was performed in order to identify the
reactions with the largest effect on the flame speed. The results were then compared against the set of

reactions identified by the API tool on the basis of the system’s fast explosive mode. It is noted though
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Figure 10: Evolution of Hg,{em against temperature, for the cases of 0% (black-solid line) and 10% (red-dashed line)
H2O; addition in the fuel (per vol) at (a) p=1 atm, T,,=300 K and (b) p=30 atm, T,,=600 K. All cases refer to a
freely propagating laminar premixed hydrogen/air flame (¢=0.5).

that the sensitivity indices have global character, i.e., characterise the whole flame, as opposed to the API
values which are local and can vary significantly in a flame. As a result, the comparison between the two
sets of reactions can only be qualitative. The results of the sensitivity analysis at the baseline and high
p-T conditions are displayed in Fig. where the largest sensitivity coefficients are plotted for the 0%, 5%
and 10% cases. It is shown that at the baseline conditions and 0%H;O4 case, the reaction with the largest
effect on the flame speed is reaction 3 favoring its increase, followed by reactions 15, 2, 5 and 21, the first
three favoring its increase while the latter tending to decrease the flame speed. Notable effect on the flame
speed (but smaller in magnitude than the aforementioned ones) also have reactions 6, 16 and 18, all of them
tending to decrease the flame speed. All these results are in agreement with previous sensitivity analyses at
the same conditions [93]. When H50> is added the same set of reactions remain the most important ones for
the laminar flame speed in view of the sensitivity analysis indices with one exception: reaction 10 obtains
considerable effect on the flame speed, favoring its increase. It is noted also that the HoO5 addition leads to
the decrease of the sensitivity indices of all reactions highlighted in the 0%H>0O3 case, except for the index of
reaction 6 which exhibits a small increase. A comparison of the set of the reactions identified as important by
the API tool (Fig.[7) to those identified by the sensitivity analysis (Fig. [ITh), reveals that: (i) all the reactions
with large relative contributions to f¢f have significant effect on the flame speed but the opposite applies
for the vast majority and not all of the reactions, since reaction 6 has a non-negligible sensitivity index but
its API value is small; (ii) the signs of the API values of the reactions identified as important contributors
to the f*f are consistent with the signs of their respective sensitivity analysis indices, i.e., all reactions with

large positive API values have notable positive sensitivity indices, therefore tend to increase the flame speed
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while the opposite holds for the reactions with the large negative API values. The aforementioned findings
hold both at the baseline and high p-T conditions. In the latter, the reactions with the largest effect on
the laminar flame speed are reactions 2, 3, 5 and 14 favoring its increase and reactions 6, 14, 16, 18 and
21 tending to decrease the magnitude of the flame speed. The aforementioned reactions are important both

without any and with HoOs addition, with the only exception of reaction 9 which becomes important with

the addition of HyOs.
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Figure 11: The reactions with the largest sensitivity coefficients against the flame speed for the three cases of 0%, 5%
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figures: all cases refer to a freely propagating laminar premixed hydrogen/air flame at ¢=0.5.

Additional insight on the changes induced by the addition of HyO5 in the flame structure is also obtained
by the investigation of the heat release metrics. In particular, the Q and c¢; metrics are used to provide a
global insight since the first is the integrated (in the physical space) HRR while the latter reflects the relative
contribution of each reaction to the aforementioned quantity of the integrated HRR. Figure [12] displays that

at the baseline conditions the addition of HoO increases Q in a weakly non-linear manner. Indicatively, a
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10% H504 addition leads to ~100% increase of the integrated Q. The increase of Q is significant not only
at the baseline but also at the high T and high p-T conditions. In fact, the increase of Q at the high p-T
conditions is particularly amplified in agreement with what was previously reported for the increase of the
laminar flame speed sy, (Fig. . A 10% of HyO9 addition at the high p-T conditions yields a ~182% increase
of the integrated heat release Q. The reaction with the largest contribution to Q that is mostly affected by
the addition of HoO4 at all three sets of conditions is reaction 21 with its relative effect being diminished. It is
highlighted that the decreasing trend in the values of c; for reaction 21 as a function of the addition of HoO4
does not suggest that the heat release associated with reaction 21 decreases with the addition of HyOs. In
fact, the q; value of reaction 21 (i.e., the integrated heat release associated with reaction 21) increases with
the addition of HyO9, but the increases of the q; values associated with other reactions are stronger. In
addition, c1¢ exhibits moderate increase of its relative contribution to Q at atmospheric conditions but its
relative effect is mitigated at high pressure conditions. The relative effect of reaction 6 exhibits small increase
at all three sets of conditions while the contributions of reactions 3, 15, 16 and 18 are largely unaffected by

the addition of HyOs.

3.2. The effect of Hy Oy addition on NOz emissions

In the earlier work of Ref. [10], the effect of HyO2 addition on the ignition delay time and NOx emissions
of Hy/air mixtures was investigated, in the context of an idealised homogeneous adiabatic batch reactor
at compression ignition engine relevant conditions. Using CSP mathematical tools the chemical pathways
that control the production of NOx were determined. One of the main findings to this regard was that HoO4
addition results in a significant reduction in NOx emissions. This is opposite to the effect of HoO5 addition on
NOx emissions in the context of 1D freely propagating premixed laminar hydrogen/air flames, as displayed
in Fig. [[3] where it is shown that the HoO, addition results in substantial increase of NO in equilibrium,
regardless the sets of conditions. Indicatively, a 10% addition of HoOg causes ~140% and ~400% increase of
NO at the baseline and high p-T conditions, respectively. The main driver for the increase in the equilibrium
mass fraction of NO is due to the temperature increase. This is a significant difference compared to the
batch reactor simulations reported in Ref. [10] where it was found that the HoOo addition has negligible
effect on the temperature. Here, it is shown that a 10% addition of HoOy at the baseline conditions leads
to a ~10% increase in the equilibrium temperature, which is translated to ~156 K. At higher temperatures,
the temperature increase due to the addition of HyOg is slightly mitigated but it reaches much higher values
(for instance T¢q=2,000 and 1,756 K at the baseline and high p-T conditions, respectively, for the 10% HyO»
case), thus the effect of the temperature increase on the system (including NOx) becomes stronger. The
reactions that have been found in the current work to be the most important contributors to the heat release
increase, hence to the temperature increase, are summarised in Fig. It is noted that similar increasing
trends are observed for the mass fractions of the NOs and N3O pollutants. Finally, no qualitative changes
were observed during the examination of the CSP diagnostics related to the key chemical pathways of the

NOx pollutants, therefore, the reader is referred to [I0] for a detailed description.
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Figure 12: (a) The change in the integrated heat release Q as a function of the initial HoO2 addition at three different
sets of conditions: T,,=300 K, p=1 atm (solid line), T,,=600 K, p=1 atm (dashed line), T,,=600 K, p=30 atm (dotted
line). The largest percentage contributors to the integrated heat release Q as a function of the initial HoO2 addition
at: (b) 1 atm, T,,=300 K; (c) 1 atm, T,,=600 K; (d) 30 atm, T,,=600. All figures: all cases refer to a freely propagating

laminar premixed hydrogen/air flame at ¢=0.5.

4. Conclusions

In the current work, the effect of hydrogen peroxide addition on the laminar flame speed, the flame
structure and NOx emissions was investigated, in the context of a 1D freely propagating laminar premixed

hydrogen/air flame at fuel lean conditions. The current work’s key findings can be summarised as follows:

e hydrogen peroxide addition leads to a substantial increase of the laminar flame speed. Indicatively, a

10% H204 (per fuel volume) addition results in 72% and 140% increase of the laminar flame speed at
T,=300 K, 1 atm and T,,=600 K, 30 atm, respectively.

e the reaction zone, as defined by the CSP diagnostics, is increased with the addition of HoO5 due to
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Figure 13: Percentage change of the equilibrium (a) temperature and (b) NO mass fraction, of a 1D freely propagating

premixed hydrogen/air flame at ¢ = 0.5 due to the addition of HoO2, at three different conditions: T,,=300 K, p=1
atm (solid line), T,,=600 K, p=1 atm (dashed line), T,,=600 K, p=30 atm (dotted line).

the increased radical pool that is achieved.

hydrogen peroxide addition alters the flame structure in a way that increases the importance of the
chain carrying reaction (10f) HoO2 + H — HO + OH or the chain branching reaction (9f) Hy04
(+M) — 20H (+M), depending the conditions; the first is favored at low temperatures/pressures
while the latter is favored at sufficiently high temperatures/pressures. The increased effect of reaction
10f enhances in turn the effect of reaction 3f (Hy +OH — H2O + H), while 9f increases the influence of
reactions 3f and 15f (HO3 +H — 20H). The changes induced in these pathways are mainly responsible

for the radical pool increase and the reaction zone broadening.

hydrogen peroxide addition tends to make the laminar flame less thermodiffusively unstable as indicated

by the increase of the effective Lewis number and the increase of the effective equivalence ratio.

all the reactions identified as important by the CSP diagnostics have notable effect on the flame speed,

as highlighted by the sensitivity analysis.

hydrogen peroxide addition yields a large increase of the spatially integrated heat release. Indicatively,
a 10% addition can lead to 100% and 182% increase at T,=300 K, 1 atm and T,=600 K, 30 atm,

respectively.

the reaction with the largest contribution to the integrated heat release that is mostly affected by the

addition of HyOj is reaction 21 (H + Oy (+M) <> HO5 (+M)), with its relative effect being diminished.

hydrogen peroxide addition leads to a substantial increase of NO, opposite to what was reported in

batch reactor simulations. Indicatively, a 10% addition of HoOy causes ~140% and ~400% increase of

21



380

385

390

395

400

405

NO at T,=300 K, 1 atm and T, =600 K, 30 atm, respectively. The increase of NO is associated with

notable temperature increase.

Taking into account the results presented herein and in Ref. [I0], the proposed technology of hydro-
gen/hydrogen peroxide blends in compression ignition engines seems to be a promising idea with good
potential that deserves further exploration. However, further research is required that will showcase the po-
tential of the proposed concept both through multidimensional simulations and experiments. The increased
NOx emissions presented in the current work potentially pose an issue that needs to be addressed. To this re-
gard, the dilution of the hydrogen/hydrogen peroxide mixture with steam might be an efficient approach. In
fact, in the previous work of Ref. [10], steam dilution was reported to reduced NOx emissions by orders
of magnitude. Besides, the use of steam for emissions’ reduction purposes is a well documented and simple

technique.
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