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21 Abstract
gg The steady laminar stagnation flow flame of NH3-Hj-air gas mixture stabilized at a plane wall is numerically investi-
24 gated. Its interaction with the wall with the consideration of heat loss is the focus of this work. The numerical study of
25 the combustion system is performed by using the full chemical mechanism and detailed transport model including the
26 differential diffusion and Soret effect. The simulation of the solid mechanics is based on the theory of isotropic linear
27 thermo-elasticity. With the numerical simulation, it will be discussed how the wall material would change the flame
28 stability in terms of extinction limit, and how the combustion system such as mixture composition, flame strain rate,
29 and pressure would vary the thermo-mechanical stresses in the solid wall and the corrosive behavior at the surface of
30 the wall.
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34
gg 1. Introduction quired to avoid thermal failure on a combustion liner,
. L. and in [5] it is stated that the thermoacoustic instability
37 In most of the combustion applications such as gas lead diff . £ th busti
38 X X eads to different wall displacement of the combustion
turbines and furnaces, the combustion process closely chamber.

39 interacts with the solid material. Flame-solid interac- ’
40 tion refers to the complex and dynamic interactions that Despite several existing literatures about the flame-
3% occur between flames and solid materials. This interac- solid interaction, there is still limited study concerning
43 tion plays a crucial role in a wide range of processes, in- the numerical modeling of this interaction, and the inter-
a4 cluding the combustion of gaseous or solid fuels, flame action of materials with clean fuels (low and zero carbon
45 spread, and material mechanics. On one hand, the selec- fuels) is still desired. There is a pressing need to de-
46 tion of materials can significantly affect the combustion velop clean fuel technologies to offset the undesirable
47 efficiency and combustion properties such as combus- effects of climate change and combat the depletion of
48 tion temperature and NOx emission [1, 2, 3]. For exam- conventional fuels. Ammonia’s widespread availabil-
49 ple, as reported in [2], if the combustion chamber head ity, comparatively low Nox emissions, and high volu-
50 is made from aluminum alloy, it could cause a higher metric density make it an attractive material for clean
51 HC formation compared to cast iron, and the coating fuel. However, the use of ammonia has several severe
52 of the surface with low heat conductivity improves the application problems. For example, ammonia can be
53 combustion efficiency. On the other hand, the combus- corrosive to various metals (e.g. copper and brass), so
54 tion process could also have a noticeable influence on containers made from these metals to store the ammonia
55 the material and mechanical properties such as thermal gas must be avoided [6, 7]. Furthermore, the ammonia-
56 stress and creep lifetime. For instance, in [4] it is shown hydrogen system leads to hydrogen embrittlement and
57 that the optimization of the combustion process is re- induces stress corrosion cracking. [8, 9].
58
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Hence, with the increasing demand for the use of am-
monia in different applications such as furnaces, inter-
nal combustion engines, gas turbines, and fuel cells, it is
also important to investigate how the ammonia combus-
tion system behaves if it interacts with solid materials
in terms of thermo-mechanical stresses, corrosive layer
growth at the surface, etc.

This paper analyses the steady laminar stagnation
flow of NH3-H2-air flame at a plane wall with a focus
on the extinction limit and the influence of combustion
system on the thermo-mechanical stress and corrosive
behaviors. Though there are various studies about the
mechanical and combustion properties of gas and solid
considered as individual systems, there is still a gap in
understanding the exact coupling behavior between the
flame and the wall.

And this understanding can
help improve the efficiency of the combustion process
and reduce the damage to the wall surface.

2. Mathematical Modeling

In the present work, study of the flame-solid inter-
action focuses on the combustion configuration of the
stagnation flow premixed flames to a plane wall, as
shown in Fig.1. In this configuration, fuel and oxidizer
are pre-mixed and flow out of the burner nozzle, and a
flame (gas phase) impinging normal to a plane surface
is observed.

wall

flame

- j_Z’ .l_ - —e—
Fuel + Oxidizer

corrosion layer

Figure 1: Schematical illustration of the stagnation flow premixed
flame to a plane wall.

Due to the high temperature of premixed flames, the
temperature inside the plane wall (solid phase) is not ho-
mogeneously distributed, inducing thermo-mechanical
stress caused by the temperature change in the material
(orange part in Fig.1).

Moreover, because of the high temperature at the con-
tact surface (z = 0 mm) and the presence of oxygen (dis-
sociated from water vapor as a major product) and other
molecular sources from the exhaust gas, the wall ma-
terial can experience significant changes as a result of
high-temperature corrosion. In particular, depending on
the chemical composition of the wall material, constitu-
tion of the exhaust gas, and temperature, an oxide layer
will continuously grow on the metallic wall (purple part
in Fig.1). Due to the addition of specific elements such
as Cr, Al or Si in a proper concentration, the surface of
the alloy will be completely covered by Cr,03, Al,O3
or SiO; layer. Such protective oxide scales separate the
metallic substrate from the gas phase preventing oxida-
tion of the main element, i.e, Ni in Ni-based alloys (e.g,
stainless steel), and therefore fast degradation of the ma-
terials such as nitriding [10, 11].

2.1. Governing equations in the gas phase of a stagna-
tion flow flame (7 > 0)

In general, the numerical simulation for the consid-
ered flame configuration can be performed in a two-
dimensional (2D) or even three-dimensional (3D) ge-
ometry. However, a study in [12] shows that although
the 1D simulation results tend to over-predict the ve-
locity field, the 1D simulation can give accurate predic-
tions for the temperature field of the flame. As already
shown in various publications such as [13, 14, 15], the
1D simulation can give an accurate prediction for the
flame structure and the flame extinction limit against
the experimental measurements if several assumptions
and simplifications are made. Furthermore, in the prati-
cal application, the Reynolds number increases with in-
creasing pressure and the flow tends to transit to turbu-
lence. However, since we want to keep the problem as
simple as possible to avoid the influence of turbulence
with the corresponding turbulence models in the discus-
sion, we assume that the flow remains laminar for the
whole pressure range (p < 20 bar for this study).

In the present, we follow the modeling in [16, 17],
and the following assumptions and simplifications are
made for the flame (gas phase):

e The ideal gas law is valid for the whole combustion
pressure condition (p < 20 bar) considered in the
present work.
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e The isobaric laminar premixed flame normally im-
pinging onto a plane wall is considered in the
present, and the flow in the burner is assumed to
be an axisymmetric stagnation flow. This means
that all thermo-kinetic quantities (e.g. temperature,
species mass fractions) of the flame along the sym-
metric line can be solved for functions of the z co-
ordinate.

e Thermal radiation is neglected in flame modeling.
However, it should be noted that the consideration
of thermal radiation may increase additional ther-
mal load inside the solid, which is a subject of fu-
ture research.

e All thermo-physical properties are isotropic and
temperature-dependent: they involve density pg,
isobaric specific heat capacity c) ¢, dynamic vis-
cosity 7, heat conductivity k, and molecular dif-
fusion coefficients D; , of species i. Here the sub-
script , represents the quantities for flame in gas
phase.

Although the flow field is two-dimensional, accord-
ing to Refs.[16, 17], all the governing equations can be
re-formulated as a set of partial differential equations
depending only on z-coordinate (c.f. Fig.1) by introduc-
ing two independent parameters: the tangential pressure
gradient J and the tangential velocity gradient G:

Gar) = # )
_ _16pg
A @

where v, is the flow velocity in radial direction (c.f.
Fig.1), and py is the pressure of the gas mixture. Conse-

quently, the following set of equations is obtained [16]:
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In these equations, n; denotes the number of species in-
volved in the chemical reactions. T, is the temperature
of the gas mixture. v, is the flow velocity in axial di-
rection. For species i, it has the mass fraction w;, molar
mass M;, molar enthalpies h;, molar rates of formation
due to chemical reaction «w; (see Refs.[18] for details).
The energy transport flux j, ¢ is determined as

. 0T, S .
Jg.g = _kgﬂ_z +ngcpili,gv ®
i=1

and molecular diffusion fluxes j; ¢ are calculated as

T
p Wi 0xi _Di’g % (10)

Ji,g :_pg i,gx_i 61 Tg BZ .

Here x; is the mole fraction of i—th species. DLD repre-
sents the mass diffusion coefficient, and Dl.T is the ther-
mal diffusion coefficient for the Soret effect. Both Dng

and DE are calculated according to Ref.[19].

Note that here the Dufour effect (energy transport
due to species concentration gradient) and the pres-
sure diffusion (diffusion caused by pressure gradient)
are not considered in the numerical simulation, because
their effects are negligibly small in combustion systems
[20, 21].

2.2. Governing equations in the solid phase of a plane
wall (z < 0)

Metallic components loaded under the generally

temperature-dependent yield or damage stress behave
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thermoelastically. This thermoelastic behavior can be
described with a linear thermoelastic theory for small
deformations. The material coefficients are the elas-
tic stiffness and the thermal expansion coefficients
[22, 23, 24]. Alternatively, compliance and thermal
stresses can be used. The stiffnesses and compliances
are fourth-order tensors with generally twenty-one con-
stants, and the thermal expansion coefficients and tem-
perature stresses are second-order tensors with six con-
stants [24, 25]. In the isotropic case, the numbers re-
duce from twenty-one to two and from six to one. In
general, these coefficients can be strongly temperature
dependent. Consideration of mechanically and ther-
mally induced stresses is important because both can
be of the same magnitude and therefore must be taken
into account when dimensioning engineering compo-
nents. If the yield stress is reached, inelastic defor-
mations may occur and thermoelastic modeling must
be used by thermoelastoplastic modeling, e.g. with a
temperature-dependent variant of the von Mises plastic-
ity model [26].

In this work, we restrict ourselves to the most sim-
ple case for the plane wall in solid phase, in which the
following assumptions and simplifications are made:

e The strain is small such that the theory of geo-
metrically and physically linear thermoelasticity is
valid, and the thermoelastic behavior is assumed to
be isotropic.

e The elastic parameters are temperature dependent.
These properties involve mass density pg, iso-
choric specific heat capacity ¢, s, heat conductivity
ks, coefficient of thermal expansion @y, Young’s
modulus Ej, shearing modulus Gy.

e The temperature inside the plane wall depends
only on z—coordinate.

e The displacement field is only dependent on the
z—coordinate and the displacement in x— and y—
directions disappear (u, = uy = 0). This means
that in this coordinate system only the normal
stresses exist (0xy = 0x; = 0y, = 0), and the cor-
responding thermo-mechanical stress in the plane
wall is reduced to

oxx O 0
o= 0 oy 0] (11)
N 0 0 o

Based on these simplifications and assumptions, the
equation for heat conduction in spatial one-dimensional

coordinate reads [24, 27]

or, _ 0 ( 5’Ts)
PsCy.s =

bR Ll
ot 0z 0z z \ ot

T, (34 2p5) o (ai) .
Note that the second term on the right-hand side of the
Eq.12 describes the Gough-Joule effect, which is im-
portant e.g. for the transient process with large defor-
mations inducing structural heating [28]. This effect be-
comes less important if no sudden temperature change
occurs and can be neglected only if the steady state of
the system is of interest.

The displacement in z—direction (u;) can be calcu-
lated through the equation of motion with the absence
of body forces as

0%u, 0 Ouy
N = 3. /ls 2 s) T q
Psai2 3z [( *20) 5
o T

-2 [(ms +205) aS(T’)dT’] .
0z T

13)

In these equations, Ay and pg denote Lame’s constants
which are related to Es and G by [24]

VsEs
o o VsBs 14
LS Ty (4
e (15)
MHs = S_2(1+VS)’

where vy refers to the Poisson’s ratio. Based on the dis-
placement u, the corresponding mechanical stresses in
the plane wall are formulated as

6uZ 4 ’ ’
Oxx = 0Oyy = As—— — (3/lx + 2/15') - QS(T )dT >
0

az
(16)

ou
07z = (s +2p5) (9;

T
- (345 +2,us)/ a,(T")dT’.
Ty

a7
Under multi-axial loading conditions, the von Mises
equivalent stress oy is an important and useful indica-
tor for plastic yielding [29, 30, 31]: if it is less than the
tensile yield strength, the material undergoes an elas-
tic deformation; if the yield strength is reached, then
the material could undergo a possible plastic deforma-
tion if the loading condition is satisfied. For the thermo-
mechanical stresses (c.f. Eq.11), the corresponding von
Mises equivalent stress oy can be calculated as [31]

2

o = \/(O'XX—O'yy)2+(0-xx_o-zz)2+(O-Y)’_O-ZZ)
vM 2
(18)
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Note that in the current thermoelastic modeling for
the plane wall, the oxide layer has not been included.
To account for the thermo-mechanical stress inside the
oxide layer, which is coupled with the plane wall, addi-
tional thermoelastic properties (e.g., Young’s modulus,
shear modulus, coefficient of thermal expansion) must
be taken determined and taken into account. This means
that in an isotropic case, three additional temperature-
dependent material constants need to be a-priori known,
which are not easy to determine. This will be included
in our future research.

2.3. Corrosion behaviors at the surface (z =0)

At the surface (z = 0) oxygen or steam can react with
the metallic wall forming an oxide scale that grows with
time [32]. It was found that a parabolic rate law can be
applied to describe the growth of the oxide layer, and the
corresponding growth rate of the corrosion layer can be
described by a parabolic oxidation constant k ,, which is
usually determined using values of specific mass change
as a function of time [33, 10, 11, 34]. And this parabolic
oxidation constant has been used for various environ-
mental cases such as oxygen environment or steam en-
vironment, whose review reports can be found in e.g.
[35, 36] for detailed review.

The parabolic oxidation constant depends mainly on
the temperature according to the Arrhenius relation

kp = kY exp (—%) (19)

indicating that the oxidation rate constant k, increases
exponentially with temperature. While the temperature
dependence of k, is straightforward, the dependence of
k, on the gaseous partial pressures is more complicated.
This is because the oxygen participating in the build-
ing of a corrosive layer can come from different sources
such as dissociation of the water molecules or other re-
active species such as OH and CO. And different species
or their corresponding partial pressures have different
effect on the k,, values:

e The dependence of oxygen partial pressure p(O-)
is determined by the defect structure and the disso-
ciated pressure of the oxide as

kp ~ p(O)7, (20)

where the value n is a function of the defect struc-
ture of the corresponding oxide [37]. While a
monotonic increase of k, with the temperature is
observed, the relation between k, and p(O,) is
more complicated. A non-monotonic change of &,

with p(Oy) is reported in various literature such as
[38, 39, 40].

e The same complicated dependence behavior is also
observed in steam environment with varying steam
partial pressure p(H,O). For example, a parabolic
dependence between k, and steam partial pressure
has been observed as k, ~ p(H20)2 in [41] for SiC
material. However, in [42, 43] non-monotonic ten-
dency of k, against steam partial pressure are re-
ported. Additionally, compared to the oxide layer
formation due to oxygen, the dissociation and ad-
sorption of HyO at the metallic surface are much
faster than those of the O, as reported in [44, 45].

It should be pointed out there that the mechanism
of growth of corrosion layers in complex environments
such as the exhaust gas of combustion process is not
properly understood, and the modeling of corrosive
growth including all relevant species is difficult [32].
Nevertheless there is still no universal method to deter-
mine the k, values depending on the partial pressures
of different species. Hence, in the present work, we
will focus on discussing about how the partial pressures
of O, and H,O change with the combustion systems,
which provides the suggestion about which partial pres-
sures or in which order of magnitude of partial pressures
are relevant to investigate the corrosion behavior during
the combustion process. An accurate prediction of k),
values for different combustion conditions is thus not
possible at this stage, which requires further experimen-
tal and numerical investigation.

2.4. Interface (z =0)

For the present work, some model simplification have
been made to reduce the complexity of the modeling.
Firstly, the solid surface is considered chemically inert,
so there is no surface reaction considered for the nu-
merical simulation. However, two major points must be
addressed for this point:

e metal walls with specific materials can be highly
reactive to ammonia decomposition, such as the
thermal decomposition of NH3 on quartz and stain-
less steel walls [46] or the NH3 decomposition on
Ni surface [47]. Considering ammonia decompo-
sition at the surface could improve the assessment
on the effect of wall materials on flame species pro-
files.

e As will shown later, there exist considerable
amounts of reactive radicals such as hydrogen and
oxygen radicals near and at the wall. Therefore, the



CO~NOOURAWNE

effect of radical quenching can also be considered
[48, 49, 50]. For example, the sticking coefficient
values against radicals such as OH, O and H at the
Inconel surface can be included in the model [50].

However, to assess the potential impact of surface re-
actions on flame properties, we consider simple surface
recombination/destruction of reactive molecules in Sec-
tion 4.6. The formation rate of species due to surface re-
actions is described by the surface destruction efficiency
and the surface collision number of the involved species,
following the implementation in [51].

Furthermore, the plane wall is assumed to be imper-
meable, so the molecular diffusion flux at the interface
is zero:

Jig(z=0%)=0. 21

Note that in the numerical simulation, the growth of
the corrosive layer will not be considered, since they
are usually very thin even after several thousand hours.
For example, the Ni-based alloy 625 forms a 2 um thick
Cr,03 scale after exposure to an Ar-50% H,O atmo-
sphere for 10000 h at 750°C [54]. The influence of the
oxide scales on the combustion system is assumed to
be minor. However, the species concentrations and the
temperature at the interface will be used for the deter-
mination of the corrosion parabolic rate constant k ,.

In addition, the energy transport flux at the interface
must be equal from both sides according to thermal
equilibrium, which is formulated as

a7, L 9%

ALl - 1 22
0z lz=0- 8 9z lz=0+ (22)

Finally, the pressure of the flame flow at the inter-
face is balanced with the stress of the solid, which is
expressed as

022(2=07) = —pg(z=0%). (23)

Here p, represents pressure from gas phase flame and
—Pg represents negative normal stress.

2.5. Numerical simulation

The numerical simulation is performed by using the
in-house INSFLA code [51], which is originally de-
signed for a pure combustion system and has been val-
idated against experimental measurements for various
laminar flame configurations such as premixed flame
with flame speed and flammability limit [55, 56], non-
premixed flame against extinction [57] and flame-wall
interaction including complex surface reactions [58].
The code has been extended to include the heat trans-
fer through the plane wall in solid phase (Eq.12) and
the solid displacement (Eq.13). Details about the nu-
merical implementation can be found in previous work
[59]. For the efficient computational simulation, an au-
tomatic adaptive meshing technique [51] has been ap-
plied to capture the domain with high scalar gradients,
where more grid points are required for accurate resolu-
tion.

3. Studied Model System

3.1. Computational domain

In the present work, the thickness of the plane wall
is kept at H =10 mm, which is within a typical thick-
ness of a rotor blade in the gas turbine application
[60, 61]. The computational domain for the flame side
is Q = 0.15m, which is sufficiently large for all strain
rates under all conditions considered in the flame simu-
lation and the flame is not affected by boundary. Note
that this large domain does not reduce the resolution of
the flame front due to the adaptive grid system [51].

3.2. Gas mixture and Chemical Mechanisms

In the present work, the ammonia-air systems under
hydrogen enrichment are considered. The level of Hy
addition in ammonia is described by the mole fraction
a of Hj in the fuel as

1 @ 79
aHa+(1-a)NHy + & (0.75 - Z) (02+3:N2). (24)

The Li-2019 detailed chemical mechanism [62],
which involves 34 species and 252 reactions for the
NH;3-Hj-air combustion system after removing all
unnecessary species (hydrocarbon species and inert
gases), is used for the numerical simulation. This full
chemical mechanism has been well validated against ex-
perimental measurements such as ignition delay times,
flame speed, and extinction strain rates of NHjz-air
and/or MH3-H;-air mixtures over a wide range of con-
ditions, as shown in Refs. [62, 55]. Since the extinction
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limit of the considered strained premixed flame stabi-
lized at a plane wall is the focus of the present work,
it is also necessary to validate the Li-2019 mechanism
for the extinction limit ar prediction of the laminar
strained premixed flame with recently published mea-
surements from [63], as shown in Fig.2. It is clearly
observed that the numerically predicted results using
this Li-2019 mechanism give good agreement with ex-
perimental measurements (uncertainty +5% reported in
[63]).

2000 r o 27%H, 1 9%N, / 64% NH,, -

1500 |

aE(l/s)

1000

500 : : : : ‘
05 06 07 08 09 1 1l

d

Figure 2: Measured extinction strain rates (symbols) [63] and numer-
ically predicted results using Li-2019 detailed chemical mechanism
[62]. Pressure: 1 bar; Unburnt gas temperature: 300 K.

3.3. Material selected for the plane wall

In the present work, Inconel 718 as a nickel-based
superalloy is applied for most investigations. Inconel
718 has a number of desirable properties such as
high strength, heat resistance, and corrosion resistance.
Hence it has a lot of applications in areas subjected
to extreme temperatures in aero engines, gas turbines,
and cryogenic tankage [64, 65, 66, 67]. Since it is a
highly weldable material, it is also largely used in ad-
ditive manufacturing. The properties of additively man-
ufactured Inconel 718 can have variations, depending
on the processes and post-heat treatments used. Elec-
tron Beam Melting (EBM) and Selective Laser Melting
(SLM) are examples of common processes that are used
for additive manufacturing of Inconel 718 [68].

In order to compare the influence of the wall material
on the combustion system and of the combustion system
on the plane wall, the Ti-6Al-4V as a titanium alloy will
also be selected for the wall material to emphasize this
issue. Note that although titanium alloy is used for vari-
ous applications in the aerospace industry due to its high

strength, high corrosion resistance, and fracture tough-
ness, it is only commonly used in “cold” regimes such
as low-pressure compressors in gas turbines, and can-
not be regarded as a high-temperature material because
of its low thermal capability up to 300°C primarily due
to its poor oxidation resistance [69]. The selection of
Ti-6Al-4V here is only deemed for comparison.

The material properties including heat conductivities,
thermal expansion coefficients, Poisson’s ratios, and
Young’s modulus, which are temperature dependent, are
listed in Appendix A with corresponding references.

4. Results and Discussion

4.1. Typical temperature and thermo-mechanical stress
profiles

Before we begin with the discussion, it is important
to give an impression about typical profiles of the tem-
perature (Fig.3), the von Mises stresses oy inside the
plane wall (Fig.4) and the species mass fractions in
the combustion system (Fig.5). For all the simulation
shown throughout the whole work, the wall temperature
at z = —10 mm is set to be a fixed temperature of 300
K which corresponds to the temperature of the unburnt
gas mixture: 7(z = —10mm) = T, = 300 K.

It can be observed from Fig.3 that the temperature in-
side the plane wall increases from the cold side (z = —10
mm) to the contact surface (z = 0 mm). It should be
mentioned that the temperature gradient inside the wall
is not constant because of the temperature-dependent
heat conductivity, ensuring a constant heat flux inside
the wall at steady state. Another straightforward con-
clusion is that at the contact surface, the temperature
gradient inside the wall is much smaller than the one
from the combustion system: %—TZ"' 66—2” , be-

z=0" z=0*
cause the heat conductivity of the solid is usually larger
than that of one of the gas mixtures for a wide tempera-
ture range: ks > kg.

Based on the temperature profile inside the plane
wall, the corresponding profile of the von Mises stresses
oym (c.f. Fig.4) shows that o) changes monotonically
inside the plane wall and reaches its maximum at the
contact surface (z = 0 mm) where the wall has its max-
imum temperature. Moreover, in this figure, the yield
strength oy based on the temperature profile inside the
plane wall is also presented (red solid line). The yield
strength is strongly temperature dependent, [70] and In-
conel 718 has a high yield strength till around 900 K
(around 600°C), which then decreases sharply to ap-
proximately 1225 K (around 950°C). In this shown ex-
ample, oy is well below the yield strength, indicat-
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plane wall flame (gas)
(solid)
2000 f ]
1500 | ]
3
&~
1000 | ]
500 ]
-10 -5 0 5
z (mm)

Figure 3: Typical temperature profiles of the flame (gas phase) and in-
side the plane wall (solid phase). Combustion system: stoichiometric
NH3-H,-mixture with 40% hydrogen addition under p = 1 bar and
Ty = 300 K. Flame strain rate: @ = 300 s~!. Material: Inconel 718.

ing an elastic formation. Later we will show that un-
der some conditions oy would be beyond the yield
strength, which causes more complicated material de-
formation behavior.
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Figure 4: Typical profile of the von Mises stresses o\ and the yield
strength oy inside the plane wall (solid phase). Combustion system:
stoichiometric NH3-Hj-mixture with 40% hydrogen addition under
p = 1 bar and Ty, = 300 K. Flame strain rate: a = 300 s~'. Material:
Inconel 718.

In Fig.5 typical profiles of mole fractions of several
major and minor species in the flame are presented. We
should emphasize that at the contact surface (z = 0 mm)
the mole fraction gradients of the species are not neces-
sarily zero due to the differential diffusion of different
species and additional thermal diffusion (c.f. Eq.21).
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Figure 5: Typical profiles of molle fractions of several species in
the flame (gas phase). Combustion system: stoichiometric NH3-Hj-
mixture with 40% hydrogen addition under p = 1 bar and T, = 300
K. Flame strain rate: @ = 300 s~!. Material: Inconel 718.

4.2. Influence of wall materials

In this section, two different wall materials, namely
Inconel 718 and Ti-6Al-4V, will be considered and their
interaction with the combustion system will be investi-
gated. As areference, the simulation results considering
the material with infinite heat conductivity (ky — ©0)
will also be presented, which corresponds to the case
of no temperature gradient inside the wall (T'(z = 0) =
T(-H)).

Figure 6 first shows the temperature profile in the
flame and inside the wall. It is observed that the usage
of material with lower heat conductivity (here Ti-6Al-
4V) results in a higher contact temperature 7, between
the flame and the wall, if the same strain rate imposed in
the flame is considered. The higher the heat conductiv-
ity of the material is, the lower the contact temperature
T. is. With increasing heat conductivity of the mate-
rial, the combustion system loses less heat and thus has
a higher peak flame temperature.

Based on this observation of the temperature profiles,
it is expected that the extinction strain rates (ESR) in-
crease if the heat conductivity of the wall materials also
increases. Figure 7 shows the numerically calculated
ESR by using Inconel 718, Ti-6Al-4V, and the reference
material (kg — o0), namely the ESR against fuel/air
equivalence ratios (@) for the NH3-H, mixture with
40% H, enrichment (upper) and the ESR against hy-
drogen enrichment (@) for stoichiometric mixture con-
dition.
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Figure 6: Influence of the wall materials on the temperature profile for
strain rate a =300 s~!. Combustion system: stoichiometric NH3-H,
mixture with 40% H; enrichment under p = 1 bar and Ty, = 300 K.

From Fig. 7 it is furthermore observed that due to the
larger heat conductivity of Inconel 718, the correspond-
ing flame results in stronger stability against extinction.
Although the material made from Inconel 718 is loaded
with lower temperature, due to its high Young’s mod-
ulus and thermal expansion coefficient, it has a much
higher maximum of von Mises stresses o-ym max inside
the wall for all strain rate cases, as shown in Fig.8. It is
observed that the maximum of the oy max, correspond-
ing to the flame at its extinction limit, of the Inconel
718 could be around two times higher than that of Ti-
6A1-4V.

In the following discussion, we will focus on Inconel
718 as the wall material.

4.3. Influence of mixture composition

In this section, the fuel mixture composition will be
varied, and the influence on both the flame stability and
the mechanical stresses inside the wall will be investi-
gated.

Figure 9 shows the dependence of the extinction
strain rates (ESR) on the hydrogen addition @ and
fuel/air equivalence ratios @ for unburnt gas mixture
with Typ = 300 K under p = 1 bar and Inconel 718
is used. The
ESR increases with increasing hydrogen content, and
for a certain @ the ESR has its maximum at the lean
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Figure 7: Upper: ESR against fuel/air equivalence ratios (®) for the
NH;3-H; mixture with 40% H enrichment; Lower: ESR against hy-
drogen enrichment () for stoichiometric mixture conditions under
p = 1 bar and Ty, = 300 K.

side. With respect to combustion, these results suggest
that the flame reaches higher stability against extinc-
tion for our considered system if one applies a lean gas
mixture with higher hydrogen addition. In the follow-
ing two sub-sections, the corresponding combustion-
induced thermo-mechanical stresses will be discussed.

4.3.1. H; addition

We begin with the temperature profile in the flame
(gas phase) and inside the plane wall (solid phase) for
a NH3-Hj-air gas mixture with fuel/air equivalence ra-
tio @ = 0.8 and different levels of hydrogen addition,
as shown in Fig.10. The most important observation
addressed here is that for the combustion systems im-
posed with the same strain rate, although greater pro-
portions of hydrogen content « result in higher maxi-
mum flame temperature Ty, the contact temperature
T and the temperature distribution inside the plane wall
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Figure 8: Maximum of von Mises stresses 0-ym max inside the wall
against the flame strain rates for the material use of Inconel 718 and
Ti-6Al-4V. Combustion system: stoichiometric NH3-H, mixture with
40% H; enrichment under p = 1 bar and 7}, = 300 K.

are almost the same. This observation also holds for
flames imposed with other strain rates, which is shown
in Fig.11(lower) for the 7, against strain rate for gas
mixture with different levels of hydrogen addition.

The similarity in contact temperature for different hy-
drogen contents in the fuel can be attributed to the fact
that the heat conductivity of solid material is several or-
ders of magnitude higher than the heat conductivity of
gas. Thus, even though the flame temperature increases
with increasing hydrogen content « (as confirmed by
several other works [71, 72, 73]), the temperature gradi-
ent inside the solid is not sensitive to the flame temper-
ature due to its high heat conductivity.

The investigation till now in this sub-section pro-
vides the information that if the strain rates are kept un-
changed, more hydrogen can be added into the gas mix-
ture to improve the combustion efficiency (e.g. higher
flame temperature) without causing higher temperature
distribution inside the wall and thus larger thermo-
mechanical stresses. However, this does not suggest the
use of gas mixture with higher hydrogen content for all
cases. In Fig.12 the maximum of von Mises stresses
OvMmax inside the wall is plotted against strain rates
(till their extinction strain rates) for different hydrogen
contents . We observe that with increasing hydrogen
content, although the extinction limit is improved as
expected, the possible thermo-mechanical stresses in-
crease also significantly. For example, the NH3-H, with
20% H, flame has a maximum of oymmax Of around
520 MPa, while NH3-H; with 40% H, flame has a max-
imum of o"ym max Of around 700 MPa. This suggests that
the thermo-mechanical stresses become serious as well
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Figure 9: Extinction strain rate ag over fuel/air equivalence ratios @
for different levels of hydrogen addition. Combustion system: Ty, =
300 K, p = 1 bar; Material: Inconel 718.

with increasing hydrogen content.

4.3.2. Fuel/air equivalence ratio ®

From Fig.9 it is observed that the extinction strain
rates (ESR) change non-monotonically with fuel/air
equivalence ratio @. In Fig. 13 the maximum of temper-
ature T, of the flame (upper) and the maximum of von
Mises stresses oyM.max against strain rates a and fuel/air
equivalence ratios @ are presented for 40%-H, addition
in fuel,

Consistent with the extinction limit, the flame reaches
its highest flame temperature at fuel/air equivalence ra-
tio of around 0.9 for 40%-H, addition, and the corre-
sponding combustion-induced maximum of the thermo-
mechanical stress (at the extinction limit) also reaches
its maxima (c.f. Fig.13). This suggests that the location
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Figure 10: Influence of the hydrogen addition @ on the temperature
profile for strain rate @ =100 s~'. Combustion system: NH3-H, mix-
ture with fuel/air equivalence ratio @ = 0.8. Combustion system:
Tup =300 K, p = 1 bar; Material: Inconel 718.

of peak flame temperature and peak thermo-mechanical
stress are correlated very well with the location of peak
extinction limit.

4.4. Influence of combustion pressure

As already shown in many other literatures such as
[75, 76, 77], the combustion pressure has a signifi-
cant effect on the flame structure and chemical reac-
tion, and the flame extinction limit increases with in-
creasing pressure. However, as shown in [59], the in-
crease of pressure also results in an increase of thermo-
mechanical stresses in the solid. Therefore, in this sec-
tion, this observation will be re-visited and the cor-
responding corrosive behavior at the surface will be
discussed due to increased thermal load under high-
pressure conditions.

In Fig.14 the temperature profiles inside the plane
wall and of the flame are shown for different pres-
sures while keeping all other parameters the same. It
is straightforward that with the increase of pressure, the
flame becomes narrower and moves closer toward the
plane wall (due to slower flame speed). This results in a
significant increase in the contact temperature between
the flame and the wall surface.

Figure 15 shows at first the effect of pressure on the
extinction limits for gas mixture with different hydro-
gen additions. The tendency shows clearly that the
flame becomes more stable against extinction with in-
creasing pressure and hydrogen additions for the con-
sidered pressure regime, indicating the advantage of us-
ing a high-pressure combustion for the power supply.
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Figure 11: Upper: the ESR against fuel/air equivalence ratios (@)
for the NH3-Hy mixture with 40% H; enrichment; Lower: the ESR
against hydrogen enrichment («) for stoichiometric mixture condi-
tion. Combustion system: Ty, = 300 K, p = 1 bar;

Note that this conclusion will not be altered if the wall
is made of other different materials.

However, with the increase of combustion pressure,
the contact temperature between the wall and the flame
increases as well (c.f. Fig.14). A noticeable high tem-
perature inside the plane wall leads to the fact that the
thermo-mechanical stress inside the wall increases sig-
nificantly as well, as shown in Fig.16. In this figure, the
yield strength (red line) is determined according to the
temperature profile, which can be obtained from [70].
The von Mises stresses oy (black lines) can result in
two different behaviors:

e black solid line: this is the regime where oy <
oy, indicating that the plane wall behaves thermo-
elastic, and the deformation and induced thermo-
mechanical stress disappear after removing the
combustion system.
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Figure 12: Dependence of maximum of von Mises stresses 0"yM,max
inside the wall on strain rate @ and hydrogen content @. Combustion
system: fuel/air equivalence ratios ® = 0.8, Ty, = 300 K, p = 1 bar;
Material: Inconel 718. White regime: flame extinction regime.

o black dashed line: this is the regime where o\ >
oy. The plane wall would undergo a possible plas-
tic deformation if the loading condition is satisfied,
and possible residual stresses exist after removing
the flame. In other words, the applied theory of lin-
ear thermoelasticity is not valid in this regime and
the models including plastic or viscoplastic defor-
mations must be considered.

Since the von Mises stress oy inside the wall
reaches its possible maximum oymmax at the contact
surface and at the extinction limit, we compare this with
the corresponding yield strength oy over the consid-
ered pressure ranges in Fig.17. We observe that for a
pure ammonia system (¢ = 0) the oymmax 1S below
the oy for the whole considered pressure. With the in-
crease of hydrogen addition in the gas mixture, the wall
is more likely to undergo possible plastic deformation
under elevated pressure if the loading condition is satis-
fied (dashed lines).

4.5. Influence of combustion system on the corrosive
behavior

As mentioned above, the parabolic oxidation rate
constant k,, (c.f. Sec.2.3), which describes the growth
rate of the corrosive layer, depends on the temperature
and on the partial pressure of different species. While
the values of k,, for Inconel 718 at different tempera-
tures can be found in literature [35], limited oxidation
studies were performed for this Ni-based alloy under at-
mospheric or elevated pressures with different H,O con-
tents. Moreover, while the parabolic oxidation constant
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Figure 13: Upper: Dependence of maximum of temperature Tyax of
the flame on strain rate a and fuel/air equivalence ratios ®; Lower:
Dependence of maximum of von Mises stresses oyMmax inside the
wall on strain rate a and fuel/air equivalence ratios ®. Combustion
system: hydrogen content a = 0.4, Ty, = 300 K, p = 1 bar; Material:
Inconel 718. White regime: flame extinction regime.

k, decreased significantly with decreasing O2 partial
pressure generally [78], the studies showing the depen-
dence of parabolic oxidation constant on the water par-
tial pressure revealed contradictory results. Young [32]
claimes that the oxidation kinetics accelerates with in-
creasing H20, while Simon et al. [79] observed that
the k, values of a binary alloy Ni-25Cr (the chemical
composition is similar to that of Inconel 718) decreases
with enhancing H,O content at a constant p(O;) [79].
Therefore, in this section we focus on the relation be-
tween water partial pressure p(H,O) or oxygen partial
pressure p(0O,) at the stagnation point z = 0 and con-
tact temperature 7., which is shown in Fig.18 where the
combustion pressure is set to be p = 1 bar.

From this figure, it is interesting to see that the wa-
ter partial pressure is less dependent on the hydrogen
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Figure 14: Influence of pressure on the temperature profile for strain
rate a = 300 s~!. Combustion system: hydrogen addition a = 0.4,
fuel/air equivalence ratios ® = 1.1, Ty, = 300 K; Material: Inconel
718.

addition in gas mixture but is a strong function of the
equivalence ratio. The reason can be considered as fol-
lows:

e with the increase in hydrogen content in the gas
mixture, we obtain the mole fraction of hydrogen
in the fuel mixture according to Eq.24 as:

-

3
x(H-element) = 7 150"
- 15a

(25)
This suggests a mild increase in the hydrogen el-
ement within the hydrogen addition range of 0%
to 40%, with the increase ranging from 0.1765 to
0.2364. Therefore, despite different hydrogen ad-
ditions, the total amount of hydrogen element does
not change significantly. Consequently, the H,O
concentration and, consequently, the water partial
pressure do not change significantly with different
hydrogen content.

e However, if the fuel/air equivalence ratio changes,
the hydrogen element in the total mixture (fuel
+ air) changes significantly. Consequently, the
amount of hydrogen required to produce H,O can
vary considerably.

Note that the dependence of H>O concentration in the
product on fuel/air equivalence ratios, rather than on
the hydrogen addition in fuel, has also been confirmed
through experimental measurements [80].

Related to the corrosion behaviors, two main conclu-
sions can be drawn:
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Figure 15: Influence of pressure on the extinction limits for different
hydrogen addition. Combustion system: fuel/air equivalence ratios
& = 1.1, Typ = 300 K; Material: Inconel 718.

o As discussed above, the contact temperature 7, be-
tween the plane wall and the flame increases with
increasing flame strain rate. Therefore, if the flame
is imposed with higher strain rate, the 7, also be-
comes larger, which would accelerate the corrosive
layer growth (c.f. Eq.19). However, the increase of
T results in an increase of water vapor partial pres-
sure p(H,0) and oxygen partial pressure p(O,) as
well for a certain gas mixture. The dependence
of corrosive parabolic rate constant on both par-
tial pressures for the Inconel 718 is still unknown,
which requires more study in the future.

e Since water vapor is the main product in the ex-
haust gas while the oxygen is consumed to a large
amount during the combustion reaction, leading
to the fact that p(O;) <« p(H,0) (in this exam-
ple around three order of magnitude lower). As
reported in [78], the parabolic oxidation constant
decreases significantly to a very low level if the
oxygen partial pressure p(O;) is below 0.1 MPa.
Hence, it is believed that under the combustion
condition, the water vapor plays more important
role on the formation of oxide layer than the oxy-
gen.

o Keeping the fuel/air equivalence ratios, the relation
between p(H,0) and T, remains similar for gas
mixtures with different hydrogen contents, sug-
gesting a similar corrosive parabolic rate constant
kp.

e Since the p(H»O) depends significantly on the
fuel/air equivalence ratio @, the impact of ® on
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Figure 16: Comparison of oy and oy for flame with strain rate a =
300 s~! for two different pressures. Combustion system: hydrogen
addition @ = 0.4, fuel/air equivalence ratios ® = 1.1, T, = 300 K;
Material: Inconel 718.

the consequent change of corrosive parabolic rate
constant k, is expected to be noticeable as:well,
requiring more investigation.

4.6. Influence of surface reaction

All the results presented above involve numerical
simulations without considering surface reactions at the
wall surface. In this section, we will briefly examine
the potential impact of surface reactions on the com-
bustion system. We adopt the simple surface reaction
model described in [51], which includes five recombina-
tion/destruction reactions of reactive molecules on the
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Figure 17: The possible maximum of the von Mises stress oy inside
the wall (at the contact surface and at the extinction limit) for gas
mixtures with three different hydrogen additions. Combustion system:
fuel/air equivalence ratios ® = 1.1, Ty, = 300 K; Material: Inconel
718.

surface, as follows:

1 3
HO, 2, 5H0+ 50,
n o1
0%, -0
B 2
wawall 1

B —-H
52

ar 1 1
oH X, SH0+ 20,

: 1
H,0O, ﬂ) H,O0 + 502

Note that here the NH3; decomposition reactions at the
surface are not included for simplification. The aim at
this stage is only to gain some information to what ex-
tent the surface reactions are important. After including
these simple surface reactions in the numerical simula-
tion, spatial profiles of temperature and mole fractions
of different species are compared in Fig.19, where the
NH3-H; mixture with 40% H, enrichment is used and
strain rate @ = 200s~! is imposed in the flame.

From the temperature profile, it is observed that in-
cluding surface reactions in this case has a minor effect
on the temperature. The contact temperature decreases
by only around 20 K, which is expected to result in a
minor change in thermal-mechanical stress.

From the species profiles, it is observed that the con-
centration of H radical is affected to some extent by
the surface reactions in most regimes. The water mole
fraction, on the other hand, changes noticeably near the
surface regime when the surface reaction is considered.
Since the water partial pressure is an important indica-
tor for predicting the parabolic oxidation rate at the wall
surface, this result suggests that including the surface
reaction could provide a more accurate prediction for
the formation of the oxide layer.

As a part of ongoing research, a more detailed model
for surface reactions, including absorption and desorp-
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Figure 18: Dependence of water partial pressure p (H,O) (upper) and
oxygen partial pressure p (H,0O) (lower) on contact temperature 7.
for different fuel/air equivalence ratios ® and hydrogen contents a.
Combustion system: p = 1 bar. Material: Inconel 718. m: @ = 0.8;
¢ O=1.0;%: ®=1.2.

tion, will be considered to predict the radicals adhered
to the surface.

5. Conclusions

In the present work, the steady stagnation flow flame
to a plane wall is numerically investigated with a focus
on the flame extinction limit and its influence on the
wall materials. The thermo-mechanical stress and the
corrosive behavior inside and at the surface of the plane
wall are considered indicators, if the solid interacts with
the flame. The NH3-Hj-air gas mixture is selected as
a zero-carbon fuel that can be used for practical next-
generation systems for energy transportation, storage,
and power generation. The major conclusions from this
work are:
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o the extinction limits become larger, if the wall ma-
terial with higher heat conductivity is used.

e an increase in hydrogen addition in the NH3-H,
gas fuel improves the combustion efficiency such
as higher flame temperature and higher extinc-
tion limit. Furthermore, the thermo-mechanical
stresses stay at a similar level if the flame is im-
posed with the same strain rate. However, the solid
wall can be loaded with higher thermo-mechanical
stresses, if the combustion system is burnt with a
gas mixture with higher hydrogen addition.

o flame becomes more stable against extinction at
high pressures. Meanwhile, the material is more
likely to undergo a plastic deformation under high
combustion pressure with higher hydrogen addi-
tion, if the corresponding loading condition is sat-
isfied.

o the effect of combustion system on the corrosive
behavior in terms of corrosive parabolic rate con-
stant is not straightforward, since the partial pres-
sures of water vapor vary significantly and there
are limited results from the literature. However,
qualitatively speaking, the corrosive parabolic rate
constant remains similar for gas mixtures with dif-
ferent hydrogen contents at the same fuel/air equiv-
alence ratios.

As ongoing research, the plasticity will be modeled,
which renders the mechanical problem physically non-
linear. And the corrosive parabolic rate constants under
the conditions related to the combustion processes will
also be experimental investigated.
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Appendix A. Material Properties

Thermo-physical properties of Inconel-718 are out-
lined, which are all functions of temperature.
o heat conductivity k in W/(m - K):

T
k(T) =7.69 +0.0146 - X (A.1)
o thermal expansion coefficient @ in 1/K [81]:
T
a(T) =1.069 % 107> +1.233 x 107° - % (A2)

e Poisson’s ratio v [82]:
v(T) = 0.28. (A3)
e Young’s modulus £ in GPa [83]:

2
E(T) = 228.6-0.13- % 147 %107 (%)

T 3
- 8.834><10’8-(E) ) (A4)
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Thermo-physical properties of the Ti-6Al-4V mate-

rial are outlined according to Tanigawa et.al.

which are all functions of temperature:
o heat conductivity k in W/(m - K):

T
T)=1.1+0.017 - —.
k(T) +0.017 -

o thermal expansion coefficient « in 1/K:

a(T) =

e Poisson’s ratio v:

- _ _ 2
7.43%x107%+5.56x 107 - L -2.9x 10712 ()7,

(300K < T < 1100K)
10.291 x 1075,
(1100K < T < 1300K)

T
v(T) = 0.2888 +32.0 x 1076 - %

e Young’s modulus £ in GPa:

T
E(T) =122.7-0.0565 - &.

[841,

(A.5)

(A.6)

(A7)

(A.8)



QOUWO~NOUDMWNE

PR
I

12

Figures A.20 - A.23 represent the comparison of each
material properties between the Inconel 718 and the Ti-

6Al1-4V.
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Figure A.20: Temperature-dependent heat conductivity.
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Figure A.21: Temperature-dependent thermal expansion coefficient.
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Highlights of the paper

The steady laminar stagnation flow ammonia/hydrogen/air flame to a plane wall is numerical
investigated.

The effect of wall material on the flame stability against extinction is discussed.

The effect of combustion process on the thermo-mechanical stress in the wall material is
investigated.

The effect of combustion process on the corrosive behavior at the wall surface is studied.
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