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Chunkan Yu,∗,† Thomas Böhlke,‡ Agustin Valera-Medina,¶ Bin Yang,§ and

Ulrich Maas†

†Institute of Technical Thermodynamics, Karlsruhe Institute of Technology,

Engelbert-Arnold-Str. 4, 76131, Karlsruhe, Germany

‡Institute of Engineering Mechanics, Karlsruhe Institute of Technology, Kaiserstrasse 10,

76131, Karlsruhe, Germany

¶College of Physical Sciences and Engineering, Cardiff University, Cardiff CF24 3AA,

United Kingdom

§Center for Combustion Energy, Tsinghua University, Beijing 100084, China

E-mail: chunkan.yu@kit.edu

Phone: +49 721 608 43996. Fax: +49 721 608 43931

Abstract

While thermo-mechanical analysis in solid and combustion processes in the gas

phase are intensively studied separately, their interaction is less investigated. On one

hand, the combustion system can be affected by the solid due to for example the heat

conduction. On the other hand, the high temperature flame can induce the thermal

load in the solid, which significantly affect the mechanical stress field in the material.

This work focuses on the coupling between solid and flame, and the combustion-induced
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mechanical stress in the material. The influence of the solid on the flame structures

and properties and also the influence of the flame on the thermo-mechanical behavior

in the solid are investigated. A stagnation flow NH3-H2-air flame to a plane wall is con-

sidered as representative model, which is simple but also realistic in many engineering

condition. As a result, it is shown that the flame can affect the thermal stresses in the

plane wall significantly, depending on the flow imposed strain rates, system pressure

and hydrogen content in the mixture. Furthermore, it is also shown that the solid

would also flow plastically under certain conditions such as high pressures.

Introduction

Combustion engineering applications such as gas turbines, combustion chambers and fur-

naces are widely used for power supply, where high temperatures experienced by combustion

systems (in blades, vanes, diffusers, injectors, etc.) require the implementation of novel

materials or thermal coating barriers. As pointed in Ref.,1 there are several important

requirements in the design of combustion devices:

• The fuel must be completed burnt to get a higher thermal efficiency. However, heat is

released due to chemical reactions during the combustion process and the temperature

can be far more than several thousands kelvin.

• The material must have sufficient high mechanical strength to achieve a desired life-

time. The flame temperatures inside the combustion chambers are usually high (typ-

ically higher than 1500 K), such that the consequent temperature difference in the

structure may induce thermal stresses, leading to thermal damage and shorter mate-

rial lifetimes.2,3

Therefore, the design engineer of combustion applications must consider the efficient con-

sumption/combustion of fuel and meanwhile the resulting mechanical loads such as thermal

stresses which may destroy the structure. Of course there are various other requirements
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such as the H2 embrittlement in the material (and nitration when using ammonia gas)4 in

the design, and one can refer to for example Refs.1,5,6

Studies on the mechanics and combustion processes are usually performed independently,

and a coupling of both processes are less considered even for simple configuration.

In many combustion studies, the variation of solid properties such as surface temperature

and heat conductivity is less considered in the numerical simulation of reacting systems. For

example, in Ref.7 Wu & Law studied the stagnation flows with combustion close to a plane

wall. In order to minimize the influence of wall and its surface, they modify the system

configuration by replacing the wall with cold nitrogen in order to suppress the effect of the

solid. In Ref.,8–10 the solid surface temperatures are set to be the boundary condition with

fixed values in the numerical simulation of reacting system, and are taken from experimental

measurements. However, the solid may have noticeable effect on the combustion properties.

It is reported in Ref.11 the importance of inclusion of the heat transfer for an impinging

laminar flame jet to a flat wall, and in Refs.12,13 that the variation of heat conductivity of

the solid changes the flame structures and the combustion efficiency.

Although various studies have been made on the numerical investigation of thermal

stresses in engineering applications, there is limited literature considering the detailed chem-

ical reactions in the numerical simulation of the thermal analysis. In Ref.2 the effect of ther-

mal stress on creep lifetime for a gas turbine combustion is reported by using the ANSYS

software and considering the chemical kinetics. However, in their simulation, an one-step

reaction model14 is applied, which significantly simplifies the combustion process.

Besides the limitation of the investigation on the flame-solid interaction, most high tem-

perature resistant materials have been developed for natural gas based combustion fields,

there is still a large knowledge gap to address the complex phenomena and practical impacts

of using ammonia (NH3) as fuel vector in these systems, since the ammonia is a potential

zero carbon fuel providing the energy storage medium for renewable sources, and the low

ignitability of ammonia can be improved by adding hydrogen as co-fuel.15,16 Initial attempts
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recorded by the US Army revealed that Inconels X, 600 and 713C suffered little deterioration

when they ran an ammonia program for fuel substitution after second world war.15 Similarly,

recent developments conducted by Japanese groups at AIST, Fukushima, show how the use

of zeolite/yttrium based coatings can also reduce degradation.17 Other studies performed

by Chaturvedi et al.18 showed some of the complexities of employing a blend of ammo-

nium nitrate/urea heated to high temperatures. Though this blend is more representative

of fertiliser solution, these studies present ammonium nitrate/urea solution as a nitrogen-

based low carbon fuel alternative. Furthermore, thermal decomposition of ammonium nitrate

shares some NHx reaction chemistry routes and intermediate species with ammonia-based

combustion.18 Results show impacts on the material when expose to combustion of these

blends. One study of stainless steels and nickel-base alloys, tested at 793 K and 10 MPa

pressure for 100h, found that alloys containing >23% Cr were more resistant to corrosive

attack of intermediate compounds.19 Recent work4 characterised various nickel-base alloys

employed in the aerospace sector (eg. Inconel, Hastelloy and Nimonic) and the impacts they

suffer during combustion of ammonia/hydrogen blends. The work was conducted using a

swirling flame of low power (<10kW) over a 5 hrs duration period. Results denoted the

appearance of a thick layer over most materials, with hydrogen permeating this layer and

reaching the molecular structures of the base material. Further research is required, but the

work denotes the potential of hydrogen embrittlement from these types of ammonia-based

blends. Thus, it was evident through an extensive literature review that there are still many

unknown parameters on the impacts of structural components (and material integrity) when

ammonia combustion is employed.

This work focuses on the thermo-mechanical analysis for the solid coupled with the

ammonia-hydrogen-air flame simulation, and the detailed chemical mechanism and detailed

molecular transport model are used to model the real combustion process. The following

questions will be addressed:

• How will the flame affect the thermo-mechanical stress field in the solid? To what
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extent will they be affected with the variation of flame parameters such as strain rate

and pressure?

• In the combustion design, the addition of reactive species such as hydrogen as co-fuel

is an efficient approach to promote the ignitability of fuel and enhance the energy

efficiency.20–22 However, as shown in Ref.,22 the increasing enrichment of hydrogen

in gas mixture leads to higher temperatures. Hence, to what extent will the thermo-

mechanical stress field be changed in the solid with higher content of hydrogen?

• Under which conditions would the solid more likely to begin with plastic deformation?

This work is structured as follows. The configuration of studied stagnation flow flame

to a plane wall is firstly introduced, and the involved assumption and simplification in the

model are outlined. Then the governing equations for both flame (gas phase) and plane wall

(solid phase), and the coupling between both phases at the interface are presented. After-

wards, the numerical algorithm for the solution of governing equations is shortly discussed,

and the system model including computational domain, gas mixture composition, applied

chemical mechanism and the material selected for the plane wall are elaborated. Following

all the theory parts, the numerical results on the stagnation flow flame to a plane wall are

represented and discussed in details. Finally, the main conclusions will be summarized and

an outlook for future work is suggested.

Modeling of stagnation flow flame coupled with plane

wall and its governing equations

In the present work, we focus on stagnation flow 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 impinging normal to a plane surface is observed.
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Figure 1: Schematical illustration of the studied stagnation flow flame to a plane wall

This configuration is frequently considered in the combustion community, because the

corresponding experimental apparatus can be controlled easily and cost effectively.8 Fur-

thermore, it can be helpful to understand the flame-solid interaction in real engineering

application such as the interaction between flame and blade in the gas turbine machinery.

In the following, several assumptions and simplification are made for the flame (gas phase)

and the plane wall (solid phase):

• For flame in gas phase:

– The flow in the burner can be assumed to be an axisymmetric stagnation flow, so

that the flame can be approximated as one-dimensional with all thermo-kinetics

quantities (e.g. temperature, species mass fractions) considered only in the sym-

metry line as functions of the 𝑧 coordinate.

– thermal radiation is neglected in the flame modeling. (Nevertheless, it could

increase the thermal load of the solid, and modeling including thermal radiation

is subject of future research.)

– all thermo-physical properties are isotropic (uniformity in all orientations) but

inhomogeneous (non-uniformity in spatial coordinate): they involve density 𝜌𝑔,

isobaric specific heat capacity 𝑐𝑝,𝑔, dynamic viscosity 𝜂𝑔, heat conductivity 𝑘𝑔 and
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molecular diffusion coefficients 𝐷𝑖,𝑔 of species 𝑖. Here the subscript 𝑔 represents

the quantities for flame in gas phase.

• For plane wall in solid phase:

– The strain is small such that the theory of linear thermoelasticity is valid.

– The thermoelastic behavior is assumed to be isotropic.

– The elastic parameters are temperature dependent. These properties involve mass

density 𝜌𝑠, isochoric specific heat capacity 𝑐𝑣,𝑠, heat conductivity 𝑘𝑠, coefficient

of thermal expansion 𝛼𝑠 , Young’s modulus 𝐸𝑠, shearing modulus 𝐺𝑠.

– The displacement and temperature fields in the plane wall are assumed to be only

dependent on 𝑧−coordinate.

• At the interface of gas and solid phases:

– surface reactions are not considered. In other words, the solid surface is considered

as chemically inert. However, the effect of surface reactions on the flame structure

and solid could be possible interesting issue which can be investigated in the

future.23

– there is no species diffusing into the solid. In other words, the molecular transport

flux at the surface is zero.

Governing equations in the gas phase of a stagnation flow flame

The numerical computation of the stagnation flow flame follows the algorithm proposed in

Ref.24 Based on the boundary layer approximation (introduction of stream function), and

introducing two parameters, the tangential velocity gradient 𝐺 and the tangential pressure

gradient 𝐽,24 the governing equations can be reduced to a problem in one spatial coordinate,

which is suitable for the description of stationary and unsteady flames. The corresponding

mathematical equation system is expressed as
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𝜕𝑤𝑖
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𝜌𝑔
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𝜕𝑤𝑖

𝜕𝑧
, (5)

0 = 𝜌𝑔 −
𝑝𝑔𝑀̄

𝑅𝑇𝑔
. (6)

In these equations the gas mixture has the pressure 𝑝 and temperature 𝑇𝑔. 𝑣𝑧 is the

flow velocity in axial direction. For 𝑖−th species, it has the mass fraction 𝑤𝑖, molar mass 𝑀𝑖,

molar formation rate due to chemical reaction ¤𝜔𝑖 (see Refs.
25,26 for details), energy transport

flux 𝑗𝑞,𝑔 and molecular transport fluxes 𝑗𝑖,𝑔 in 𝑧 direction, and the reacting system involves

𝑛𝑠 number of reactive species. The tangential velocity gradient 𝐺 is solely dependent on

𝑧-axis and formulated as

𝐺 (𝑧, 𝑡) = 𝑣𝑥 (𝑧, 𝑡)
𝑥

, (7)

where 𝑣𝑥 is the flow velocity in radial direction (c.f. Fig.1). And the tangential pressure

gradient 𝐽 is written as

𝐽 = −1
𝑥

𝜕𝑝𝑔

𝜕𝑥
. (8)

As shown in Ref.,24 the 𝐽 is independent of 𝑧, and it is a constant quantity throughout the

whole flow field.

For this two-parameter formulation, the strain rate imposed in the flow (which is related
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to the outflow velocity) can be calculated as24

𝑎 =

√︄
− 𝐽

𝜌g,ub
, (9)

where 𝜌g,ub is the mixture density of unburnt gas.

The energy transport flux 𝑗𝑞,𝑔 consists of two terms in the present work: one is attributed

to the heat conduction 𝑗𝐹𝑞,𝑔 which is described by Fourier’s law; the other is attributed to

the molecular transport of different species 𝑗𝐷𝑞,𝑔. Thus the 𝑗𝑞,𝑔 can be expressed as

𝑗𝑞,𝑔 = 𝑗𝐹𝑞,𝑔 + 𝑗𝐷𝑞,𝑔 = −𝑘𝑔
𝜕𝑇𝑔

𝜕𝑧
+ 𝑇𝑔

𝑛𝑠∑︁
𝑖=1

𝑐𝑝𝑖 𝑗𝑖,𝑔 . (10)

For the reacting system in gas phase, the molecular transport model plays a significant

role.27–30 Considering a detailed molecular transport model including the differential diffu-

sion caused by different species, and the thermal diffusion (Soret effect: molecular diffusion

due to temperature gradient), the mixture-average formulation for the diffusion fluxes 𝑗𝑖,𝑔 is

written as

𝑗𝑖,𝑔 = 𝑗𝐷𝑖,𝑔 + 𝑗𝑇𝑖,𝑔 = −𝜌𝑔𝐷𝐷
𝑖,𝑔

𝑤𝑖

𝑥𝑖

𝜕𝑥𝑖

𝜕𝑧
−
𝐷𝑇

𝑖,𝑔

𝑇𝑔

𝜕𝑇𝑔

𝜕𝑧
, (11)

where 𝑥𝑖 is the mole fraction of 𝑖−th species. 𝐷𝐷
𝑖

represents the mixture-averaged diffusion

coefficient, and 𝐷𝑇
𝑖
the thermal diffusion coefficient for the Soret effect. Both 𝐷𝐷

𝑖,𝑔
and 𝐷𝑇

𝑖,𝑔

are calculated according to Ref.31 In this formulation, the diffusion coefficient for each species

is not equal to each other: 𝐷𝑖,𝑔 ≠ 𝐷 𝑗 ,𝑔 for 𝑖 ≠ 𝑗 .

Note that other transport processes such as Dufour effect (heat transport due to concen-

tration gradients) and pressure diffusion (molecular diffusion due to pressure gradient) are

not included in the present work, because they are usually negligibly small in the combustion

processes.31
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Governing equations in the solid phase of a plane wall

For the numerical simulation in the solid phase of a plane wall, the the equation for heat

conduction and equation of motion for solid are required. Before showing the general equa-

tions, it must be emphasized that all equations related to the solid mechanics here use index

notation, and 𝑖 = 1 means in 𝑥−direction, 𝑖 = 2 in 𝑦−direction and 𝑖 = 3 in 𝑧−direction, which

is consistent with the equations used in the flame simulation.

In general, the equation for heat conduction and equation of motion for a isotropic

thermo-elastic solid in spatial coordinate can be written in index notation as32

𝜌𝑠𝑐𝑣,𝑠
𝜕𝑇𝑠

𝜕𝑡
= −

𝜕 𝑗𝑞,𝑖

𝜕𝑥𝑖
− 𝑇𝑠 (3𝜆𝑠 + 2𝜇𝑠)𝛼𝑠

𝜕

𝜕𝑥𝑖

(
𝜕𝑢𝑖

𝜕𝑡

)
(12)

𝜌𝑠
𝜕2𝑢𝑖

𝜕𝑡2
= 𝜌𝑠 𝑓𝑖 +

𝜕𝜎𝑖 𝑗

𝜕𝑥 𝑗
, (13)

where 𝑇𝑠 is the solid temperature, 𝑢𝑖 the displacement in 𝑖−th direction, 𝑓𝑖 the body force,

and 𝜆𝑠 and 𝜇𝑠 denote Lame’s constants which are related to 𝐸𝑠 and 𝐺𝑠 by
32

𝜆𝑠 =
𝜈𝑠𝐸𝑠

(1 + 𝜈𝑠) (1 − 2𝜈𝑠)
,

𝜇𝑠 = 𝐺𝑠 =
𝐸𝑠

2(1 + 𝜈𝑠)
,

where 𝜈𝑠 refers to the Poisson’s ratio. The heat flux 𝑗𝑞,𝑖 in Eq.12 is determined by the Fourier

law as

𝑗𝑞,𝑖 = −𝑘𝑠
𝜕𝑇𝑠

𝜕𝑥𝑖
, (14)

and the mechanical stress 𝜎𝑖 𝑗 in Eq.13 can be calculated through the constitutive equation

for stress-strain relationships which reads32

𝜎𝑖 𝑗 = 2𝜇𝑠𝜖𝑖 𝑗 +
[
𝜆𝑠𝜖𝑘𝑘 − (3𝜆𝑠 + 2𝜇𝑠)

∫ 𝑇

𝑇0

𝛼𝑠 (𝑇 ′)d𝑇 ′
]
𝛿𝑖 𝑗 , (15)

where 𝛿𝑖 𝑗 is the Kronecker-delta and 𝜖𝑖 𝑗 is the strain calculated through the symmetric part
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of the displacement gradient as

𝜖𝑖 𝑗 =
1

2

(
𝜕𝑢𝑖

𝜕𝑥 𝑗
+
𝜕𝑢 𝑗

𝜕𝑥𝑖

)
. (16)

Based on the assumption that the displacement field is only dependent on the 𝑧−coordinate

and the displacement in 𝑥− and 𝑦−directions disappear (𝑢𝑥 = 𝑢𝑦 = 0), there exists no shear

stresses in the plane wall (𝜎𝑖 𝑗 = 0 for 𝑖 ≠ 𝑗). Thus the corresponding mechanical stress in

the plane wall is reduced to

𝜎 =

©­­­­­«
𝜆𝑠

𝜕𝑢𝑧
𝜕𝑧

0 0

0 𝜆𝑠
𝜕𝑢𝑧
𝜕𝑧

0

0 0 (𝜆𝑠 + 2𝜇𝑠) 𝜕𝑢𝑧𝜕𝑧

ª®®®®®¬
− (3𝜆𝑠 + 2𝜇𝑠)

∫ 𝑇

𝑇0

𝛼𝑠 (𝑇 ′)d𝑇 ′

©­­­­­«
1 0 0

0 1 0

0 0 1

ª®®®®®¬
. (17)

The displacement in 𝑧−direction (𝑢𝑧) can be calculated through the equation of motion

with the absence of body force as32,33

𝜌𝑠
𝜕2𝑢𝑧

𝜕𝑡2
=

𝜕

𝜕𝑧

[
(𝜆𝑠 + 2𝜇𝑠)

𝜕𝑢𝑧

𝜕𝑧

]
− 𝜕

𝜕𝑧

[
(3𝜆𝑠 + 2𝜇𝑠)

∫ 𝑇

𝑇0

𝛼𝑠 (𝑇 ′)d𝑇 ′
]
, (18)

and the temperature field in 𝑧−direction in the solid can be determined through32,34

𝜕

𝜕𝑡

(
𝜌𝑠𝑐𝑣,𝑠𝑇𝑠

)
=

𝜕

𝜕𝑧

(
𝑘𝑠
𝜕𝑇𝑠

𝜕𝑧

)
− 𝑇𝑠 (3𝜆𝑠 + 2𝜇𝑠)𝛼𝑠

𝜕

𝜕𝑧

(
𝜕𝑢𝑧

𝜕𝑡

)
. (19)

Note that the second term in the right hand side is the Gough–Joule effect which is usually

negligible small32.

After obtaining the mechanical stress 𝜎 (see Eq.17), the von Mises equivalent stress 𝜎vM

is determined by the Frobenius norm of the traceless part of the stress tensor as35

𝜎2
vM =

3

2
𝑠𝑖 𝑗 𝑠𝑖 𝑗 , (20)
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where 𝑠𝑖 𝑗 is the stress deviator determined by

𝑠𝑖 𝑗 = 𝜎𝑖 𝑗 −
𝜎𝑘𝑘

3
𝛿𝑖 𝑗 . (21)

For isotropic and incompressible plastic materials, the von Mises stress 𝜎vM represents

an indicator for plastic yielding:36–38 if it is less than the (tensile) yield stress, the loading

is elastic; if the yield stress is reached then the material plastifies if the loading condition is

satisfied.

Boundary Conditions

Figure 2 shows the whole computational domain, where 𝐼𝑠 = {𝑧 | −𝐻 ≤ 𝑧 ≤ 0−} is the domain

for plane wall (solid phase) and 𝐼𝑠 = {𝑧 |0+ ≤ 𝑧 ≤ Ω} for stagnation flow flame (gas phase).The

interface of the solid and gas phases is at 𝑧 = 0, corresponding to the stagnation plane for

flow.

Figure 2: Schematic illustration of computational domain

In order to solve the governing equations introduced in the last section, boundary condi-

tions are necessary at the left boundary (𝑧 = −𝐻), at the right boundary (𝑧 = Ω) and at the

interface between flame and solid (𝑧 = 0).

At the left boundary (𝑧 = −𝐻), the temperature of the solid is set to be a fixed value as

𝑇𝑠 (𝑧 = −𝐻) = 300K, and the displacement here disappears 𝑢𝑧 (𝑧 = −𝐻) = 0.
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At the right boundary (𝑧 = Ω), the Dirichlet boundary condition is used for the flame

simulation for species mass fractions 𝑤𝑖,ub (𝑖 = 1, 2, · · · , 𝑛𝑠), temperature 𝑇ub = 300K and

tangential pressure gradient 𝐽. The value of 𝐽 is given via Eq.(9) for different strain rates.

At the interface between flame and solid (𝑧 = 0), it is the position of stagnation point

(c.f. Fig.1), where 𝑧 = 0− is from the solid side and 𝑧 = 0+ from the flame side. Because this

position corresponds to a stagnation point, the flow velocity here is 𝑣𝑧 = 0. Furthermore,

since the plane wall is assumed to be impermeable, the species mass fractions must satisfy

the condition that the molecular transport flux at this position must be zero

𝑗𝑖,𝑔 (𝑧 = 0+) = 𝑗𝐷𝑖,𝑔 (𝑧 = 0+) + 𝑗𝑇𝑖,𝑔 (𝑧 = 0+) = 0. (22)

It should be especially emphasized here that, according to Eq.(11), the gradient of species

mass fraction is not necessarily zero due to the differential diffusion of different species and

additional term describing the thermal diffusion (Soret effect).

Furthermore, both sides share the same contact temperature 𝑇𝑐 at the interface as

𝑇𝑠 (𝑧 = 0−) = 𝑇𝑔 (𝑧 = 0+) = 𝑇𝑐, (23)

and the energy transport flux at both sides of the interface must be the same

𝑗𝑞,𝑠 (𝑧 = 0−) = 𝑗𝑞,𝑔 (𝑧 = 0+). (24)

Recall that in the gas phase, the energy transport flux 𝑗𝑞,𝑔 includes the energy transport

caused by molecular diffusion 𝑗𝐷𝑞,𝑔 (c.f. Eq.10). However, at the interface the molecular

transport flux 𝑗𝑖,𝑔 (𝑧 = 0+) = 0 (c.f. Eq.22) and thus 𝑗𝐷𝑞,𝑔 (𝑧 = 0+) = 0, the condition for the

heat flux Eq.24 can be reduced to

𝑘𝑠
𝜕𝑇𝑠

𝜕𝑧

���
𝑧=0−

= 𝑘𝑔
𝜕𝑇𝑔

𝜕𝑧

���
𝑧=0+

. (25)
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Finally, the pressure of the flame flow at the stagnation point is balanced with the stress

of the solid, which is expressed as

𝜎𝑧𝑧 (𝑧 = 0−) = 𝑝𝑔 (𝑧 = 0+). (26)

Numerical solution

Figure 3 summarizes the numerical coupling of both flame (gas phase) and plane wall (solid

phase). The numerical simulation is performed using our in-house INSFLA code,39 and

has been validated for flame-wall interaction including complex surface reactions23. The

INSFLA code has now been extended to solve the solid phase equations simultaneously.

In the code, the finite difference method (FDM) is used for the spatial discretization, and

the resulting Differential-algebraic Equation (DAE) system is solved using the extrapolation

code LIMEX.40 LIMEX can numerically compute DAEs with high stiffness. This is neces-

sary because the chemical kinetics involve many elementary reactions with reaction rates of

significantly different order of magnitude, leading to a high stiffness of the equation system.41

For the simulation of flame part, since the flame thickness is usually of order millimeter,

much smaller than the computational domain (0 ≤ 𝑦 ≤ Ω), algorithm for an automatic

adaptive mesh grid for the flame simulation is implemented. This meshing algorithm ensures

sufficient grid points in regime where high scalar gradients occur. For the simulation in the

plane wall, the mesh grid is uniform distributed.

In the INSFLA the unsteady governing equations for both gas and solid phases are solved

simultaneously, coupled with the interface condition. They are the governing equations for

the flame simulation Eq.(6), the equation of motion Eq.(18) and of temperature Eq.(19).

Based on the information of the displacement 𝑢𝑧 and temperature 𝑇𝑠 of plane wall, the

stresses 𝜎 can be calculated via Eq.(17).
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Figure 3: Schematic illustration of coupling of flame and wall simulation

Studied model system

Computational Domain

In the present work, the thickness of the plane wall is kept as 20 mm. The computational

domain for the flame side is Ω = 0.15m, which is sufficient large for all cases considered in

the flame simulation.

Gas mixture and Chemical Mechanisms

The hydrogen-enriched ammonia combustion system is considered in the present work. In

the recent combustion technique using ammonia, the addition of hydrogen can be up to 40%

by volume, and a significant improvement of burning intensity can be observed.16 In this

work, we focus on the ammonia/hydrogen combustion system under stoichiometric mixture

condition, and the level of H2 addition in the ammonia is described by the mole fraction 𝛼H2

of H2 in the fuel as

𝛼H2H2 + (1 − 𝛼H2)NH3 +
(
0.75 −

𝛼H2

4

)
(O2 +

79

21
N2). (27)

To perform the numerical simulation, the Li-2019 detailed chemical mechanism is used

for the numerical simulation42. This mechanism has 34 species and 252 reactions for the
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NH3-H2-air combustion system after removing all unnecessary species including hydrocarbon

and inertgas such as AR and HE.

Material selected for the plane wall

In the present work, Ti-6Al-4V as titanium alloy is selected for the solid material, from which

the plane wall is made. The Ti-6Al-4V titanium alloy is well-known for its high strength

and good corrosion resistance, so that it is widely used in e.g. gas turbine and aerospace

industry.43,44

In Fig.4 different thermo-physical properties of the material are outlined according to

Tanigawa et.al.,45 which are all functions of temperature as

• heat conductivity 𝑘𝑠 in W/(m · K):

𝑘𝑠 (𝑇) = 1.1 + 0.017 · 𝑇
K
. (28)

• coefficient of thermal expansion 𝛼𝑠 in 1/K:

𝛼𝑠 (𝑇) =


7.43 × 10−6 + 5.56 × 10−9 · 𝑇

K − 2.9 × 10−12 ·
(
𝑇
K

)2
, 300K ≤ 𝑇 ≤ 1100K

10.291 × 10−6, 1100K ≤ 𝑇 ≤ 1300K

.

(29)

• Poisson’s ratio 𝜈𝑠:

𝜈𝑠 (𝑇) = 0.2888 + 32.0 × 10−6 · 𝑇
K
. (30)

• Young’s modulus 𝐸𝑠 in GPa:

𝐸𝑠 (𝑇) = 122.7 − 0.0565 · 𝑇
K
. (31)
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• Heat capacity 𝑐𝑣,𝑠 in kJ/(kgK):

𝑐𝑣,𝑠 (𝑇) = 3.5 × 102 + 8.78 × 10−1
𝑇

K
− 9.74 × 10−4

(
𝑇

K

)2
+ 4.43 × 10−7

(
𝑇

K

)3
. (32)
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Figure 4: Properties of thermo-physical properties of Ti-6Al-4V

Although the temperature-dependent yield stress up to 1600K can not be found for Ti-

6Al-4V to authors’ knowledge, Li et.al.46 provides an analytical solution to calculate the yield

stress and is validated through different metallic materials. Therefore, the same analytical

solution is also used to approximate the temperature-dependent yield stress for Ti-6Al-4V

as

𝜎𝑌 (𝑇) =

(1 + 𝜈𝑠 (𝑇0))𝐸𝑠 (𝑇)
(1 + 𝜈𝑠 (𝑇))𝐸𝑠 (𝑇0)

©­«1 −
∫ 𝑇

𝑇0
𝑐𝑣,𝑠 (𝑇)d𝑇∫ 𝑇𝑚

𝑇0
𝑐𝑣,𝑠 (𝑇)d𝑇

ª®¬

0.5

𝜎𝑌 (𝑇0), (33)

where 𝑇0 is any reference temperature and 𝑇𝑚 the melting temperature. For Ti-6Al-4V,
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according to the ASM Inc.,47 the melting temperature is 𝑇𝑚 = 1877 K, and the yield stress

at reference temperature (𝑇0 = 298 K) is 𝜎𝑌 (𝑇0) = 880 MPa.
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Figure 5: Temperature dependent compressive yield stress of Ti-6Al-4V according to Eq.33

Results and Discussion

In this section, diverse results concerning the flame-solid interaction will be discussed. Var-

ious model parameters will be varied. These are the strain rate imposed in the flame 𝑎, the

system pressure 𝑝 and the H2 content in the gas mixture 𝛼H2 . For all the following results

discussion, the thickness of the wall is kept 20 mm, and we are only interested in the steady

state, under which the maximum thermo-mechanical stresses are expected. Furthermore,

we will focus on the von Mises stress 𝜎vM, which is an important indicator for the yield

criterion.

Influence of flow strain rate 𝑎

Figure 6 represents first the influence of flow strain rate on the flame structure and on the

von Mises stress in the solid 𝜎vM. Several observation can be made: First, consistent with

the results already reported in combustion studies in e.g. Refs.,48–50 the maximum of the

flame temperature decreases monotonically with increasing strain rates. This is because
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• with increasing strain rates the time-scales for the energy and molecular transport

become shorter, so that the ”degree of complete reaction” decreases;

• as strain rate increases, the flame is also imposed with a higher flow velocity, and the

flame front (regime with maximum temperature) moves closer to the plane wall.50,51

This leads to a larger heat flux 𝑗𝑞,s in the interface and also through the plane wall,

which is shown in Fig.6(b). The increase of heat flux through the plane wall increases

the heat loss of the flame system at the same time.

Second, as the flame front moves closer to the plane wall, one obtains a higher contact

temperature 𝑇𝑐 between solid and flame and consequently a higher 𝜎vM as shown in Fig.7(a).

This means that for flame imposed with higher strain rate, although the maximum flame

temperature decreases, the plane wall is subject to higher temperatures and higher stress.

As the strain rate is closely related to the turbulence intensity, namely flow with a higher

turbulence is also imposed with a higher strain rate, the results shown here suggest that a

strong turbulence could also aggravate the stresses loaded in the solid, since flames move

more closer to the solid wall.

Influence of pressure 𝑝

In many engineering applications such as gas turbines or combustion engines, the whole

combustion systems are operated under high pressures. Therefore, the combustion-induced

mechanical stresses under high pressures are of great interest.

Figure 8 compares the maximum of the von Mises stress 𝜎vM in the plane wall against

strain rates 𝑎 under different pressures. The curves end up with extinction strain rate (ESR,

𝑎𝐸), above which no stable flames can be obtained. Regarding the pressure effect, we obtain

two main issues.

First, if the flame flow is imposed under the same strain rate, the higher the pressure

is, the greater 𝜎vM,max the wall is loaded. In order to explain this issue, Fig.9 shows the
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Figure 6: Influence of strain rate on the flame temperature profile and heat loss in the plane
wall. Gas mixture: stoichiometric condition with NH3:H2=0.6:0.4. 𝑝 = 1 bar.

temperature profile (a) and max. von Mises stress 𝜎vM,max in the plane wall (b), if the flames

are operated under different pressures but imposed with the same strain rates. From the

temperature profiles of flames, it is observed that, as also reported from numerical simulation

and experiment measurements in other literature,52–54 the reaction zones of the flames (high

temperature zones) become narrower with increasing pressures, which is attributed to de-

crease of mass diffusivities.52,54 This leads to larger temperature gradients inside flames and,

consequently, also larger heat flux flowing to the wall, if the pressures become higher. There-

fore, the temperatures inside the wall become higher and the corresponding loaded max. von

Mises stress 𝜎vM,max becomes larger. This phenomenon tells us that the mechanical stresses
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Figure 7: Influence of strain rate on the solid stresses from the flame. Gas mixture: stoi-
chiometric condition with NH3:H2=0.6:0.4. 𝑝 = 1 bar.

become more critical at high pressures.

Second, if one focuses on the extinction limit (the most right point of each curve), we

observe that the increase of pressure would enhance the stoichiometric NH3-H2-air flame

against extinction, which is also observed experimentally.14,55 In order to examine the pres-

sure effect on the flame and wall properties under the extinction limit condition, Fig.10 shows

the counterplot of extinction strain rate 𝑎𝐸 and the corresponding contact temperature be-

tween flame and wall 𝑇𝐸
𝑐 and the max. von Mises stress 𝜎𝐸

vM,max over pressure and hydrogen

content. It is clearly seen that under the extinction limit condition the 𝑇𝐸
𝑐 increases also with

increasing pressure, leading to a monotonic increase of the mechanical stress loaded in the

wall. For practice, the increase of pressure can extend the flame stability against extinction,

but at the same time increase significantly the mechanical stress in the material.

Influence of H2 content

It is already well-accepted that the addition of hydrogen in the ammonia mixture can over-

come the shortcomings of the pure ammonia combustion system which has slow flame prop-

agation, low flamability and long auto-ignition which inhibit large-scale usage. Therefore,

the effect of addition of hydrogen on the induced mechanical stresses is investigated, and
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Figure 8: Dependence of maximum of the von Mises stress 𝜎vM,max against the strain rate
for different pressures. Gas mixture: stoichiometric condition with two different hydrogen
enrichment.

the maximum of the von Mises stress 𝜎vM,max against the strain rate for different hydrogen

contents in the ammonia is shown in Fig.11.

It is clearly seen that for all considered pressures, the von Mises stress 𝜎vM,max varies

only negligible small with hydrogen content. In order to understand this phenomenon, the

temperature profiles in both wall and flame regimes are shown in Fig.12 where all four flames

are imposed under the same strain rate and the pressure. The temperature distribution that

is similar for all cases with different hydrogen content in the flame can be attributed to two

different facts. From one side, the more hydrogen content is added into the ammonia gas, the
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higher the corresponding flame temperature is; From the other side, the chemical reaction

rate becomes faster with increasing hydrogen content, leading to the flame front moving away

from the plane wall. Both facts compensate with each other, and results in a similarity of the

contact temperature between wall and gas and, consequently, the temperature distribution

and the mechanical stress.

The investigation here shows a very important observation. The addition of hydrogen

in the ammonia gas mixture can enhance the combustion efficiency (e.g. faster reaction

rate, higher flame temperature) without causing larger mechanical stresses, if the flames are

operated under the same flow conditions (e.g. the same strain rate). Moreover, the addition
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Figure 11: Dependence of maximum of the von Mises stress 𝜎vM,max against the strain rate
for different hydrogen contents in the gas mixture under different pressures. Gas mixture:
stoichiometric condition with two different hydrogen enrichment.

of hydrogen improves the flame stability against extinction from one hand, but increase the

mechanical stresses under the extinction limit conditions from the other hand.

Comparison between the von Mises stress and yield stress

Till now, the influence of different combustion parameters on the mechanical stress field in

the plane wall is investigated. As mentioned above, the von Mises stress is an indicator for

plastic yielding for isotropic and incompressible plastic materials, therefore it is interesting to

investigate whether the yield stress is reached under different conditions (in the thermolastic

simulations here, plastic deformation is neglected). It should be emphasized here that the
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yield stress determined according to the analytic solution (c.f. Eq.33 and Fig.5) is not

validated for Ti-6Al-4V through experiments because of the measurement difficulty at high

temperatures. Hence, the comparison between the von Mises stress 𝜎vM and yield stress 𝜎Y

is rather qualitative.

Figure 13 shows the comparison between 𝜎vM and 𝜎Y for combustion system with stoi-

chiometric mixtures of NH3:H2=0.6:0.4 at 𝑝 = 1 bar. The flames are imposed with different

strength of strain rates till their extinction limit 𝑎𝐸 . It is observed that at this condi-

tion, the 𝜎vM at all locations in the plane wall is smaller than the yield stress, indicating

that the loading is elastic and the deformed wall can return to its original shape when the

combustion-induced thermal stress is removed.
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Figure 13: Comparison between 𝜎vM and 𝜎Y for combustion system with stoichiometric
mixtures of NH3:H2=0.6:0.4 at 𝑝 = 1 bar.
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The situation becomes more complicated, if one considers the comparison for the same

combustion systems but at 𝑝 = 15 bar, which is shown in Fig.14. Since the temperature inside

the plane wall is much higher under high pressure combustion, the yield stress is reached in

certain regime (e.g. for −10mm ≤ 𝑧 ≤ 0 in Fig.14(b)). This gives us information that at this

regime, walls can undergo a plastic deformation if the loading condition is satisfied and if the

plastic flow would be modelled. Therefore the implemented equations (Eq.13 and Eq.15) in

the present simulation, which are based on the assumption of linear thermoelasticity, are no

longer valid. These results indicate that plastic or more accurate viscoplastic deformations

should be included in the model approach in the future.
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Figure 14: Comparison between 𝜎vM and 𝜎Y for combustion system with stoichiometric
mixtures of NH3:H2=0.6:0.4 at 𝑝 = 15 bar.

Conclusions and Outlooks

In this work, the flame-solid-interaction is investigated, and the steady stagnation flow flame

to a plane wall is selected as simple but representative configuration for the study. The

NH3-H2-air combustion system is considered here and the wall made from the titanium alloy

material (Ti-6Al-4V) are considered. It was mainly found that:

• An increase of flow strain rate leads to a decrease of flame peak temperature but, on

the other hand, an increase of thermo-mechanical load in the wall since the flame moves

closer to the wall, which is an opposite effect.
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• The system pressure improves the flame stability against extinction, however the cor-

responding induced mechanical stresses increase also significantly.

• The addition of H2 in the fuel improves the combustion efficiency (such as faster reac-

tion rate, higher flame temperature), and keeps the thermo-mechanical stresses at the

similar level.

• while at some conditions such as low pressures the von Mises stress is smaller than the

yield stress, at other conditions such as higher pressures the yield stress can be reached

and the material could undergo a possible plastic deformation if the corresponding

loading condition is satisfied.

This work suggests that the consideration of the flame-solid interaction is an important

topic for the thermo-mechanical analysis. In this work, only the steady state is considered.

However, the transient processes would be also of interest since the variation of thermo-

mechanical stresses would lead to additional mechanical issues such as fatigues. Furthermore,

since the yield stress can be reached at some conditions, the plasticity should be modeled in

the future, which renders the mechanical problem physically nonlinear.
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