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Abstract

The laminar burning velocities of Ho-air and Hz-air flames highly diluted with recirculated exhaust gas were
calculated using the freely propagating flame algorithm of ANSYS Chemkin Pro. In order to calculate the effect
of recirculating exhaust gas, a simplified equilibrium composition that is experimentally accessible was generated
and mixed with inlet streams varying air factor, preheat temperature and heat loss of exhaust gases. Besides, three
different chemical mechanisms have been applied and compared.

The results show that with increasing exhaust gas recirculation (EGR) the overall flame speed is decreasing and
the flame speed maximum is shifted towards higher air factors. The comparison of the chemical mechanisms
showed that the more recent Konnov-2019 and NUIG Mech1.1 show similar trends, whereas the older Kéromnés
predicts higher flame speeds. Above the heat loss from the exhaust gas was investigated and showed that with less
heat loss timescales of chemical kinetics become more pronounced resulting in higher flame speeds at an air factor

of A=1.0.

Introduction

With the advancing decarbonization of the energy
market, it can be assumed that hydrogen will be
available on a large scale in the near future playing an
important role in end-use applications [1]. In addition
to the use of synthetic hydrocarbons produced from
"green" hydrogen, the combustion of carbon-free
chemical energy sources is an attractive option for
avoiding CO, emissions. In this context hydrogen
produced by water electrolysis for the storage of excess
renewable power can be used as a primary energy
carrier [2]. However, due to its combustion
characteristics, conventional burner systems are often
not suitable for operation with pure hydrogen.
Accordingly, there is a need for new developments
which are designed for operation with pure hydrogen
where process heat is needed. In present studies the
main focus is on hydrogen enriched methane-flames
[3,4] and is slowly shifting towards hydrogen only
combustion.

The combustion properties of hydrogen are very
different from those of conventional hydrocarbons. The
high burning velocity of hydrogen-air flames of around
320 cm/s at an air factor of 0.6 must be mentioned in
this context [5]. In addition, high diffusion rates in the
flame region lead to very short reaction zones and to
thermo-diffusive flame instabilities [6].

These reasons lead to the fact that hydrogen is not
burned premixed in current technical systems due to
operational safety. On the other side, non-premixed
combustion leads to locally high peak temperatures and
thus promotes the formation of nitrogen oxide in the
exhaust gas, which also severely restricts the operating
ranges and controllability of technical applications. In
a premixed system, there is also the risk of flashback
[7,8], which strongly increases when pure hydrogen is
used as fuel due to the increased diffusivity and flame
speed in combination with a reduced quenching
distance. Due to a smaller quenching distance,
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hydrogen-air flames propagate closer along walls than
other fuels before extinguishing. In automotive engines
this strongly increases the tendency to backfire because
the hydrogen-air mixture passes closer to the intake
valve than hydrocarbon flames [9]. Hydrogen engines
are also characterized by higher NOx concentrations
compared to hydrocarbon fuels [10].

In order to handle these issues that are related to
hydrogen-air combustion, dilution with steam or
nitrogen is often used [11]. The experimental and
numerical results of Lu et al. [12] show that the NO
emission at steam dilution is about 20-50 % of the
emission present at N dilution at the same equivalence
ratio and dilution ratio due to the direct chemical and
third-body effects of steam reducing the formation of
NO mainly in the NNH pathway.

Another option to better control premixed hydrogen
combustion is to recirculate exhaust gas. Right now the
exhaust gas recirculation (EGR) concept is mainly used
in Sl engines [13,14] or turbines [15]. One of the key
technologies for pure hydrogen combustion due to its
ability to reduce NOyx emissions [16,17]. EGR acts as
an additional diluent in the unburned gas mixture,
lowering peak combustion gas temperatures and NOy
formation rates [18], provided that an appropriate
amount of heat is removed from the exhaust gases.
Moreover, mmeasurements on a spherically expanding
flame at constant pressure performed by Duva et al.
[19] showed that the flame speed and the adiabatic
flame temperature decrease almost linearly with
increasing degree of dilution through EGR. This effect
could also by shown by Wang et al. [20].

Numerical Approach

The numerical calculations carried out in the current
study employ the CKReactorFreelyPropagatingFlame
program of the ANSYS Chemkin Pro 21 package [21].
The program is a further development of the PREMIX
code originally developed by Kee et al. [22] that solves



the 1D, steady state balance equations of species and
energy that describe the flame dynamics in a laminar
premixed planar flame using implicit finite difference
methods. The solution algorithm uses a coarse-to-fine
grid refinement in order to provide optimal mesh
placement. Typically, calculations start with a coarse
grid of about 10-30 points and are assumed to be grid
independent at a number of 300-600 points, depending
on the complexity of the used chemical scheme. Grid
independence is assessed using normalized criteria with
respect to maximal changes in the values and gradients
of species between adjacent points (0.05 and 0.07). The
freely propagating flame algorithm is employed to
determine the characteristic flame speed of the gas
mixture at the specified pressure and inlet temperature.
It automatically adjusts the velocity at the inlet of the
problem to maintain the fluid velocity constant at a
point in the flame with a selected temperature.

The simulations were conducted using the Konnov
mechanism for hydrogen combustion from 2019 [23],
the mechanism from National University of Ireland
Galway called NUIG Mech1.1 from 2020 [24] and the
Kéromnés mechanism from 2013 [25]. The review of
Olm et al [26] comparing the performance of several
hydrogen combustion mechanisms that were present
before 2014 showed that the Kéromnés mechanism
performed best calculating flame velocities. This is the
reason why this mechanism was chosen amongst the
other two more recent mechanisms.

The aim of the numerical calculations was to
determine the dependence of the laminar flame velocity
under the influence of recirculating exhaust gases. The
purpose of exhaust gas recirculation (EGR) is manifold,
as it offers the possibility to manipulate extensive
thermodynamic quantities by additional fluxes, such as
enthalpy, which changes its value only by a flux across
the system boundary (e.g., by heat removal). Without
heat flow across the system boundary, the total
enthalpy (sum of sensible enthalpy and formation
enthalpy) remains constant. Furthermore, the final state
(equilibrium) remains the same regardless of mixing
within the system. The reaction path to reach the
equilibrium state also usually remains similar.

When exhaust gas is recirculated and heat is
removed from this fluid stream, its total energy
decreases. Thus, mixing such a gas mixture with fresh
fuel results in a composition with lower enthalpy, so
that the maximum possible temperature after
combustion is also reduced. The amount of removable
heat from exhaust gases depends on the technical
realization.
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Figure 1: Sketch illustrating the generation of inlet
conditions for laminar flame calculations with maximum
heat loss

The first calculation series investigates the pure
influence of recirculation rate using as a maximum
estimation that the temperature of the recirculated flow
is reduced to the preheating temperature Tin. Figure 1
illustrates for this assumption the generation of inlet
conditions for the laminar flame calculations with
maximum heat loss. In a first stream m, fresh Ho-air
mixture is used with air factor A, pressure p and the inlet
temperature Ti,. The composition of a second stream is
calculated using the equilibrium code of ANSYS
Chemkin Pro for the same mixture, but restricting the
possible species-set to the components Hz, Oz, N; and
H,O. The resulting mixture composition and
temperature Teq Of this pseudo-equilibrium is then
artificially set to the inlet temperature Ti, of the first
mixture. The inlet conditions for the 1D hydrogen
flame calculation is then calculated by a massflow
weighted mixture of the two described streams.

Equation (1) shows the definition of the exhaust gas
recirculation rate EGR as the fraction of mass flows 1,
and

EGR = 2 @
my

In order to additionally look at the influence of the
amount of heat that is removed from the recirculated
flow, a specified heat-loss needs to be applied to the
recirculated (equilibrium) gas. This can be done by
additional processing of the pseudo equilibrium results
with the perfectly stirred reactor model of ANSYS
Chemkin Pro. The residence time is chosen to be
sufficiently large for the system to adapt to this heat
loss (~ 1-2 sec), regardless of technical realizability at
this stage.
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Figure 2: Sketch illustrating the generation of inlet conditions
for laminar flame calculations with specified heat-loss

In order to assess the heat-loss specified for the
recirculated mixture a normalized quantity H* was
used. This relative enthalpy has been defined relating
the heat loss @, that is applied to the perfectly stirred
reactor to the difference of mixture enthalpies of
equilibrium state and of a mixture with the equilibrium

composition H,, and fresh gas temperature H}g.

Qloss
Heq — Hf*g

As a consequence, the enthalpy of the stream from
the outlet of the perfectly stirred reactor Hpgg iS the
difference between H,, and Q-

H = @

3
Hpgp = Heq — Qloss @)

Itis clear that H* =0 denotes no heat-loss and H* =1
approximates the maximum heat-loss with recirculated
flow temperature approximating the one of fresh gas,
similar to procedure shown in Figure 1.

Results and Discussion

Figure 4 shows the laminar flame speed of
hydrogen-air flames in cm/s as a function of air factor
A for the inlet temperature of 300 K on the left-hand
side and for the inlet temperature of 673 K on the right-
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hand side. The results were obtained using the Konnov
mechanism from 2019 [23] and show the laminar flame
speed over air factor between 0.3 <A < 3.0 varying the
EGR rate from 0 (in black) to 1.0 (in red) in 0.2 steps.
Additionally, the fresh gas inlet temperatures was
varied (300 K, 373 K, 473 K, 573 K and 673 K). The
graphs show exemplarily the inlet temperatures of
300 K and 673 K.

The maximum in flame speed for both graphs are
with an EGR ratio of 0.0 at approximately 320 cm/s for
an air factor of L = 0.6 on the left-hand graph and at
around 1140 cm/s for an air factor of A =0.55 on the
right-hand graph. After reaching the maximum flame
speed the flame speed is decreasing with increasing air
factor. For both inlet temperatures is obtained that with
increasing EGR rate the flame speed is decreasing and
the flame speed maximum is shifted towards higher air
factors. For an EGR rate of 1.0 and an inlet temperature
of 300 K the maximum flame speed of approximately
60 cm/s is reached at an air factor of A = 0.75. For an
inlet temperature of 673 K and an EGR rate of 1.0 the
maximum flame speed of approximately 480 cm/s is
reached at an air factor A = 0.65. The shift towards
higher air factors with increasing EGR rate is more
pronounced for lower inlet temperatures and for higher
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Figure 3: Flame speed of Hz-air mixtures as a function of
the air factor and recirculation ratio (EGR) at po = 1 bar
and Tin =373 K
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Figure 4: Flame speed of hydrogen-air flames in cm/s as function of the air factor A for inlet temperature of 300 K (left) and
673 K (right) for different EGR rates (0, 0.2, 0.4, 0.6, 0.8, 1.0) (po= 1 bar)



inlet temperatures the maximum flame speed is shifted
slightly towards lower air factors.

Figure 3 plots the laminar flame speed as iso-color
plot varying the air factor and EGR as a colored
gradation. High flame speeds are shown in red color,
and lower flame speeds are depicted in blue color. The
turquoise region between 25 cm/s and 50 cm/s
represents the operating range, which includes the usual
methane-air combustion range of 37 cm/s
(stoichiometric and at standard conditions) [27]. It can
be observed, that the turquoise region spans from lower
right to the upper left, i.e. at higher EGR this domain is
located at lower air factors. E.g. at an EGR of 0, the
area is at an air factor A of about 2.5, while at an EGR
of 1.0, the area shifts to an air factor A of 1.2.
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Figure 5: Flame speed of Hz-air mixtures as a function of the
air factor for three different kinetic mechanisms (Konnov,
NUIG, Kéromnes) with EGR 0.0 and 1.0 with po = 1 bar and
Tin =423 K

In order to assess the flame speed results at the
conditions imposed by EGR three different chemical
schemes have been applied. Figure 5 shows the flame

speed as a function of the air factor for three different
kinetic mechanisms at a pressure of po= 1 bar and an
inlet temperature of fresh gas of Tin = 423 K. The results
with EGR 0.0 are shown in red and the results with
EGR 1.0 are shown in blue. The solid lines are
computed with the kinetic mechanism of Konnov [23],
the dashed lines with the NUIG Mechl.1 [24] and the
dashed-dotted lines with the Kéromneés mechanism
[25]. The overall trend in flame speed is for all the
mechanisms the same and the maximum flame speed is
reached at the same air factors for both EGR rates. It
can be observed that the more recent mechanisms
NUIG Mechl.1 and Konnov-2019 show very similar
values in flame speed with and without EGR, whereas
the Kéromnes mechanism predicts slightly higher
flame speeds which is more pronounced in the case
with EGR. In this case the Kéromnes mechanism
predicts an approximately 10 % higher flame speed in
comparison to the Konnov-2019 mechanism over a
wide range of air factors. Only at high air factors and
low flame speeds the graphs show the same trend. In
the scenario without EGR the flame speed of all
mechanisms show similar values for air factors below
1. For air factors A > 1.0 the Kéromnés mechanism
predicts higher flame speeds.

Figure 6 shows the laminar flame speed of
hydrogen-air flames in cm/s as function of air factor A
for the inlet temperature 473 K and heat loss H* = 0.7
on the left-hand side and heat loss H* = 0.8 on the right-
hand side. H* is defined using equation (2). The result
for EGR 0.0 is the same in both graphs and reaches its
maximum in flame speed at air factor A = 0.6 with
approximately 630 cm/s. In the left-hand side case less
heat is removed from the exhaust gas (H* = 0.7) in
comparison to the right-hand side case (H* = 0.8).
Therefore, the recirculated exhaust gas has a higher
temperature before it is admixed to the fresh gas in the
H* = 0.7 case.

Most noticeable in Figure 6 is an unexpected local
maximum that is visible at air factor 1.0 for increased
EGR and is more pronounced for the lower heat-loss
case H*=0.7. This can be explained by the fact, that
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Figure 6: Flame speed of hydrogen-air flames in cm/s as function of the air factor . for inlet temperature of 473 K for different
EGR rates (0, 0.2, 0.4, 0.6, 0.8, 1.0) for H* = 0.7 heat loss (left) and H* = 0.8 heat loss (right). (p = 1 bar)



corresponding to a decrease of H* an increase of
temperature at the inlet of the laminar flame is a result
of recirculation. Of cause this increase is more
pronounced when less heat is removed from the
recirculating gases, i.e. at lower H*. If H* is decreased
to even lower values than 0.7, a domain of air factor
around the stoichiometric value can be observed, where
autoignition prevents a solution of the freely
propagating flame problem. As auto-ignition is ruled by
the timescales of chemical kinetics, the phenomenon is
most pronounced at stoichiometric air factor.
Decreasing H* down to 0.7 and below thus leads to a
transition to the conditions, where auto ignition occurs,
showing increased flame speed.

In the right-hand side case, the maximum in flame
speed shifts towards higher air factors and to lower
flame speed values for increasing EGR. It can be
obtained that a local maximum is reached at an air
factor of L = 1.0 which is only present with EGR and
more pronounced with increasing EGR rate. Around
the air factor of A = 1.0 the values of flame speed for
EGR 0.2 — 0.8 also exceed the value of EGR 0.0 in a
small range of air factor.

In the left-hand side case the effect described before
is even more present. The maximum in flame speed is
also shifted towards higher air factors with increasing
EGR. However, in this case the maximum in flame
speed is shifted towards higher values with increasing
EGR. Again, a local maximum in flame speed is
reached at an air factor of A = 1.0 which is also a global
maximum for an EGR rate of 1.0. In the range of 0.4 <
A < 1.4 the values in flame speed for any EGR exceed
the case of EGR 0.0. After reaching the turning point at
an air factor of A = 1.4 a higher EGR rate leads to lower
flame speeds for A > 1.4.

Conclusions

The current investigation focuses on the influence
of exhaust gas recirculation (EGR) on the flame speed
of hydrogen-air mixtures. In this case, an extensive
series of calculations have been conducted varying the
inlet temperature, the air factor and the EGR rate using
three different Kkinetic mechanisms. Besides an
additional series of calculation have been performed
analyzing the influence of the EGR with different
amount of heat-loss applied to the recirculated exhaust
gas before it is admixed to the fresh gas.

An analysis of the results with reference to the
procedure shown in Figure 1 showed that with
increasing EGR the overall flame speed is decreasing
and the flame speed maximum is shifted towards higher
air factors. This effect is more pronounced for lower
inlet temperatures. An increased inlet temperature leads
to an overall higher flame velocity.

When an operation range is aimed for that reaches
equal flame speeds in comparison to methane-air
combustion EGR makes it possible to reduce the air
factors from 2.5 without EGR to A = 1.2 with an EGR
of 1.0.

Furthermore, three different kinetic mechanisms
were compared in a scenario with and without EGR.
The results showed that the more recent mechanisms
from Konnov-2019 and NUIG Mechl.1 show similar
trends in flame speeds in both scenarios. In comparison
the older mechanism of Kéromnes from 2013 predicts
higher flame speeds especially in the EGR case.

When more exhaust gas is recirculated and less heat
is removed from the exhaust gas a second local
maximum at an air factor of A = 1.0 is obtained. This
creates a plateau like maximum in flame speed in the
range of L = 0.7 and A = 1.0. In this region, the values
of flame speed are dominated equally strong by the
change of diffusivity and chemical time scale with
respect to air factor. For high EGR rates in the range of
1.0 and less heat loss of the EGR the maximum in flame
speed is obtained for air factors of A = 1.0.
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