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- His Holiness Dalai Lama, 14th Dalai Lama of Tibetan Buddhism.



Abstract

The goal of the present thesis was to investigate a selective and isothermal,

chemically inert hydrogen-permeable or porous wall boundary condition to

laminar flame simulations to understand the flow physics of near-wall flames.

It provides better physical insight into a flame quenching process near a

hydrogen-permeable wall, its relation to wall heat fluxes and incomplete

combustion leading to pollutant formation. The simulation results are cru-

cial to obtain prediction capabilities for eventual future utilization as novel

fuel diffuser in a conventional combustor fuel nozzle. The comparison of

the impermeable wall results with permeable wall results gives a good in-

dicator towards building fuel diffuser and identifying a margin of operating

conditions for improving hardware lifetime.

First, transient processes of laminar flame-wall interaction and quench-

ing near a porous, permeable wall were investigated for the temperature of

750 K. These results were compared against a reference case of a non-porous

or solid wall. The results obtained for lean, stoichiometric and rich initial

mixture conditions in premixed flame show that flame wall characteristics

(wall heat flux and quenching distance) are affected by the flux of hydrogen

gas through a porous wall. The presence of a feedback mechanism was ob-

served between hydrogen flux at wall and flame, which influences boundary

layer flashback speeds in 2-d side wall quenching (SWQ) cases. The strong

feedback effect was observed at lean-fuel conditions.

Then, a laminar 1-d head-on quenching (HOQ) of hydrogen-air mixture

for the permeable wall was extended to study the effects of varying wall mass

flux, stoichiometry, inert dilution and unburned-gas and wall temperatures.

In all cases, the maximum reaction heat release rate occurred at the wall.

For rich and stoichiometric mixtures, a moderate reduction of the quenching

(i.e.maximum) wall heat flux to permeable wall in comparison to reference

impermeable wall, whereas for a lean mixture, the increase of quenching wall

heat flux was considerable. The lean permeable wall cases have similarities

to much richer impermeable wall cases. Both a lower wall temperature and

dilution reduce the burned-mixture temperature and, consequently, the wall



heat flux.

Furthermore, the flame wall interaction study with a hydrogen-permeable

wall was extended to methane-air premixed flames. Permeable wall (PW)

configurations were investigated for two temperatures at 600 and 750 K,

of the wall and unburnt gas, and varying initial equivalence ratios. The

solid wall results agreed with previous FWI studies. The mutual effects of

convection heat transfer, flame behaviour and local fuel-air ratio, with re-

duced temperature and heat release rates, explain the flame quench before

reaching the wall for PW cases. These effects were not observed for FWI

of premixed hydrogen-air mixtures. The quenching definition of maximum

heat flux was inappropriate to these cases. The OH radicals concentration

was taken as a criterion for quenching definition and flame position.

Finally, the interaction of premixed hydrogen-air flame was extended

to study local entropy generation and entropy fluxes towards a solid and

hydrogen-permeable wall. Major findings were that conduction entropy

generation remains dominant close to quenching, and that fuel permeation

through the wall tends to reduce entropy generation per unit of converted

fuel, particularly for initially lean mixtures.
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λ thermal conductivity J/(s·m·K)
µ viscosity Pa·s
φ equivalence ratio −
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Dmix
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Q

′′
hydrogen membrane permeance kmol/(m·s·Pa0.5)

qα heat flux in xα direction J/(s·m2)
R specific gas constant for the mixture J/(kg·K)
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S0
L laminar flame speed m/s
t time s
T , T0 temperature, ambient temperature K
U primitive variables solution vector −
uα velocity component in xα direction m/s
Wi molar mass of species i kg/kmol
x, xα spatial coordinate m
x∗, y∗ non-dimensional axial and transverse direction −
y spatial coordinate m
Yi mass fraction of species i −
Superscripts
f hydrogen pressure on feed side
p hydrogen pressure on permeate side
Subscripts
α, β directional indices
b property of the burnt mixture
u property of the unburnt mixture
w wall quantity
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Chapter 1

Introduction

1.1 Background and motivation

Human civilization has witnessed significant progress and development by

the discovery of fire [1]. The controlled fire application as energy source

made remarkable progress in human society in terms of historical pieces of

evidence suggests that ancestors improved their food habits that eventually

improved brain size and thinking abilities [2, 3]. Traditionally, fire has been

used in various forms for heating, illumination and advanced craftsmanship,

such as the development of metals [4, 5]. But as evolution progressed with

time, the fire seemed to be an inadequate energy source, and alternative

energy sources derived from fossil fuels were sought to meet growing en-

ergy demand. Nowadays, global energy figures indicate major concerns of

by-products of combustion, leading to pollution, which has long-term en-

vironmental impact [6]. However, the availability of fossil fuels remains by

a far major source of energy [7]. An increasing world population and fast

pace development of third world countries led to a steep rise of the energy

demand [8, 9]. The increase in energy demand began to grow further with

the industrial revolution from the 18th century [10]. Until the end of the

19th century, energy demand was met by conventional fuels such as wood,

charcoal and coal.
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The discovery of oil and natural gas resources, significantly changed the

dynamics of energy demand in the modern world [11]. The International

Energy Agency (IEA) estimated that global energy consumption (including

fossil fuels, renewable, nuclear and bio fuels) grew by 2.3% worldwide in

2018, which is near twice the average growth rate since 2010. The global

energy consumption is largely driven by a robust economy and also higher

heating and cooling needs in some parts of the world. The latter lead to

an increase of the CO2 emissions to 33.1 giga-tonnes from 2010 to 2018,

which is equal to 1.7% [8]. The coal-fired power generation remains to be

the single largest emitter, accounting for 30% of all energy-related carbon

dioxide emissions. This results to an increase of emissions due to the release

of local and global pollutants [12]. The rising energy demand trend in

World Energy Outlook (WEO) suggest a 37% increase in coming 2040 as

compared to 2014 [8]. WEO indicated that developed countries are stable in

energy demand. In contrast, developing countries with a huge population,

such as China and India, show unexpected higher energy demand in coming

years [8]. Also, calculation suggests that fossil fuel reserves of oil and gas

can last till 2042 and coal reserves are available up to 2112, according to

Shafiee and Topal [13]. In the coming 20 years, current technology may not

be relevant as oil and gas as a primary energy source may get exhausted.

Alternative renewable energies are looked upon to reduce the dependency

on fossil fuels. However, in the recent years they still did not provide an

attractive option to replace fossil fuels. It is predicted that dominant energy

sources will still be based on oil, gas, coal and low-carbon sources, with little

change in their share of total consumption [14]. The effective campaign to

reduce dependency on fossil fuels and greenhouse gas emissions has not been

stringent across the world. The 1997 Kyoto protocol and its signatories have

not fulfilled the commitments towards reducing greenhouse emissions [15].

Although various efforts have made to reduce fossil fuels dependence by

25% to current available technologies available, it may not be enough to

reduce the global greenhouse effects. If emissions continue to increase at

the current rate, the atmosphere will warm up by 1.5 degrees Celsius above

pre-industrial levels by 2040 [16]. The consequences are coastlines flooding

2



and exacerbation of droughts and poverty.

It is becoming an alarming issue to attenuate temperature increase to below

2 degrees Celsius and less than 1000 giga-tonnes of CO2 emissions to avoid

climatic changes and natural calamities. From 2014, various organizations

such as Advisory Council for Aviation Research and Innovation in Europe

(ACARE) set in with stricter norms on emissions to mitigate 20% of CO2

and NOx by 80% per passenger [17].

In the present-day situation, available energy fuel sources produce green-

house gas emissions. There have been significant efforts put into large scale

implementation of carbon capture and storage (CCS) technologies to re-

duce fossil-based CO2 emissions. CCS is considered a crucial strategy for

meeting CO2 reduction targets for fossil fuels [18, 19, 20]. Most studies

concluded that the costs of pre-combustion CO2 capture from syngas in an

integrated gasification combined cycle (IGCC) plant were much lower than

post-combustion removal from pulverized coal (PC) or natural gas combined

cycle (NGCC) plants [21, 22, 23]. One of the common strategies employed

in stationary gas turbine power generation is to opt for pre-treatment of

natural gas fuel, as it contains mainly methane gas. The methane gas is

reformed to a syngas containing H2 and CO [24]. The hydrogen content

can be increased by the water-gas shift reaction with low CO gas content.

However, the downside of considering the pre-combustion CCS technologies

as an option, is that it adds costs to process, which comes from the procure-

ment of reforming and H2 separation units [25]. Current technology con-

cepts available use the auto-thermal reforming (ATR) with water-gas shift

reaction reactors to produce hydrogen-rich syngas from natural gas, and

CO2 produced is separated further by adsorption [26]. There is one poten-

tially more efficient alternative introduced of hydrogen transport membrane

(HTM) [27]. In HTM, water shift reaction and hydrogen separation from

CO2 are combined in the same unit [28, 29]. The hydrogen gas produced

is further utilized as a fuel source mixed with compressed inert diluent, i.e.

nitrogen, for the burner. The addition of diluent reduces the reactivity of

hydrogen as it flows out of the fuel injection nozzles and mixes with the

3



compressed hot air. In the pre-mixed burner, the diluent provides flashback

safety for reactive H2 fuel.

Industrial gas turbines commonly utilize lean pre-mixed burners for NOx

control using low reactivity fuels, such as natural gas [30]. These conven-

tional gas-fuel injector nozzles usually operate in a transverse-jet configu-

ration, where fuel exiting the nozzle mixes with approaching oxidant at an

angle that is approximately normal to the oxidant flow [31]. However, al-

though transverse-jet nozzles typically achieve good flow penetration and

mixing of the fuel in the oxidant flow, they also result in a low-velocity

flow region on the leeward side of the jet. This is especially problematic in

the case of the highly-reactive hydrogen fuel due to the possibility of flame

attachment directly at the nozzle exit and lack of intrinsic flashback resis-

tance (the flame is flushed downstream once the instability that displaced

it upstream recedes).

Lean pre-mixed burners were originally designed for natural gas applica-

tions. Subjecting burners to a modification to accommodate more reactive

fuels, such as hydrogen, leads to significant design challenges for achieving

acceptable flame stability. The technical difficulties of burner handling re-

active fuel are to avoid the occurrence of (a) flame flashback, an undesired

event of upstream flame propagation in the premixed section of the burner

and along the wall surfaces of the nozzle due to aerodynamic effects [32],

and (b) stable flame anchoring near-wall surface of injection nozzles due to

the presence of local fuel-rich conditions [33, 34].

In the present study, a novel burner concept development is envisaged as

shown in Fig. 1.1 for a stationary gas turbine that operates as a porous

diffuser coated with an H2 selective membrane that can operate in a lean

premixed mode. The porous fuel diffuser has the potential to replace con-

ventional gaseous fuel nozzles with holes for injection, thereby avoiding point

fuel sources of highly reactive H2 fuel. In the porous diffuser, an H2 flux

can be supplied based on the high pressure difference between feed and per-

meate side of the membrane leading to a uniform diffusion of the fuel. The

porous ceramic or steel can act as opportunely shaped diffusers. A recent

4



experimental study investigated the effects on premixed flame shape and

stabilization of a novel approach for spatially distributed reactive hydro-

gen fuel injection through a porous steel surface integrated into the burner

design [35]. However, great care must be taken in designing primary air

flow interacting with a permeable wall surface to quickly remove reactive

H2 from the near wall region to avoid flashback of the flame and flame an-

choring near the immediate vicinity of fuel injection. Other construction

details of the novel burner are left out in the scope of present work and are

not discussed.

Figure 1.1: Fuel injector sketch with in-situ separation of hydrogen gas from
syngas. Adapted from Article 1.

Figure 1.2: Head-on quenching configurations of (a) Impermeable wall (IW) and
(b) Permeable wall (PW) with hydrogen flux. Premixed fuel can be hydrogen or
methane gas.

5



Figure 1.3: Side-wall quenching configurations of (a) Impermeable wall (IW) and
(b) Permeable wall (PW) with hydrogen flux. Premixed fuel can be hydrogen or
methane gas.

1.2 Objectives and research questions

Combustion near a high-temperature membrane surface with the fuel sup-

ply has the important feature of lowering the partial pressure of species con-

sumed in the combustion process, leading to a larger driving force across the

membrane. The use of membranes opens for novel applications in porous

fuel nozzle design in gas turbine development such as nano or micro com-

bustion, where wall effects are significant.

The primary aim of the work is to improve the understanding of combustion

close to a porous wall. Novel designs demand particular attention to flame-

wall interaction processes to understand combustion inefficiencies such as

poor mixing, incomplete combustion and high wall heat flux. The main

focus of the investigations will be laminar flame-wall interactions (FWI) of

premixed flames with the PW in the head-on quenching (HOQ) configura-

tions (Fig. 1.2) for laminar premixed flames of hydrogen-air and methane-

air mixtures. This study will provide better estimates of wall heat flux

characteristics and H2 fluxes for operating conditions for varying fuel-air

conditions, wall temperatures and diluents effects. In FWI simulations, no

previous reports or literature were available on hydrogen-PW simulations.

The results will be compared against reference IW cases as both walls are

6



will be kept isothermal and chemically inert. Laminar side-wall quenching

(SWQ) as shown in Fig. 1.3 was performed to assess boundary layer flash-

back resulting from the feedback mechanism between membrane hydrogen

flux and the propagating flame for hydrogen-air mixture.

The following research questions were addressed in the articles:

• How does PW influence near-wall flame behaviour and flame quench-

ing characteristics compared to IW in hydrogen-air mixtures? How do

design parameter variations affect flames during the flame quenching

process in PW hydrogen-air flames?

It can be anticipated that hydrogen permeation through a PW will

influence the flame behaviour and change the characteristics compared

to IW. Article 1 will investigate some aspects of 1-d and 2-d cases,

while Article 2 will extend the 1-d study at different stoichiometries

with varying permeation pressure (wall mass flux), unburnt and wall

temperature, and dilution of the hydrogen-air mixture.

• How does hydrogen wall permeation into a methane-air mixture affect

the near-wall flame behaviour and head-on quenching characteristics?

In Article 3, hydrogen PW injection into methane-air will be investi-

gated and compared to the corresponding IW cases.

• How does fuel permeation through the wall influence entropy genera-

tion in the transient flame quenching process ?

The entropy generation expresses the thermodynamic losses in the

process and is important for energy conversion optimization. Article

4 will investigate the entropy generation for PW and IW cases from

Article 2.

7



1.3 The S3D code for computational fluid dynamics

In the present work, implementation of wall boundary condition with se-

lective hydrogen species permeability was performed in the S3D code. The

permeable-wall (PW) boundary condition implementation is based on Siev-

erts’ law of diffusion [27]. The numerical simulations were performed in S3D

using high-order finite-difference stencils and numerics [36].

S3D is a Fortran-based direct numerical simulation (DNS) code. It was de-

veloped under a research program of the United States Department of En-

ergy (DoE) at the Combustion Research Facility (Livermore, CA). The code

is programmed in Fortran F77/F90 code that uses message passing interface

(MPI) for inter-process communication in parallel execution. The code is

portable to different platforms /architectures including Linux clustres, IBM

SP, Windows PC, Cray DEC, SGI Origin and DEC Alpha clustres. This

code has been successfully used previously for a range of studies, including

non-premixed flames [31, 33, 34, 37], premixed flames [38, 39, 40, 41, 42]

and autoignition [43, 44].

Fig. 1.4 displays a flow diagram of S3D. The structural procedures are de-

scribed in this section [45, 46]. The implemented algorithm solves compress-

ible Navier-Stokes equations in the conservative form on a structured grid

mesh in 1, 2 or 3 spatial directions. The structured code runs in either an

execute-in-the-run mode (’0’) or a post-processing mode (’1’). However, the

post-processing mode can run only when time sampling data are available

from prior run-mode simulations.

The code integrates the governing equations in run mode forward in time.

All necessary operations are directed by routine solve driver code for a case-

specific initialization of the primitive variables. After the initialization of

the primitive variables, three components of transport equations convective,

diffusive and source terms update for each time step in the conservation

equations by high order time advancement solver of Runge-Kutta scheme

[47]. In post-processing mode, the code executes with the same processor

topology as in the run mode, but all required operations are directed by

8



the post-driver routine. The main kernels for solver accounts for 95% of the

computation.

The following is a list of main kernels given below:

• Chemistry module: This module computes source terms of species

transport equations that are chemical reaction rates. The ”getrates”

code, generated by the Chemkin compatible utility auto-getrates pack-

age, preprocesses the chemical kinetics data and computes reaction

rates. A separate module is built for routines to be packaged and

interfaced to the S3D code. This module abstracts the actual imple-

mentation of the reaction rates computation, and it also offers flexi-

bility to use different versions of the getrates subroutine targeted at

different platforms.

• Transport module: This module computes species molecular transport

properties. Transport properties include viscosity, thermal diffusivity

and species mass diffusivities. The chemical reactions and transport

coefficients are calculated from CHEMKIN and TRANSPORT pack-

ages respectively [48]. The scalar transport properties are approxi-

mated with a constant Lewis number for each species or referred to as

mixture averaged properties. Soret effect or thermo-diffusion and pres-

sure diffusion terms are included, but the Dufour effect is neglected.

• Thermodynamics module: Computes thermodynamic properties that

include species enthalpy and specific heats of the mixture. Thermo-

dynamic data are provided to Chemkin compatible format. The pre-

processing of data is performed through the chemkin interpreter. The

evaluation of properties using the chemkin routines, the code employs

a tabulation and lookup strategy.

• Derivatives module: This module computes spatial derivatives of the

primitive variables from conserved variables. It uses high-order finite-

difference operators of eighth order, A finite difference explicit scheme

is used with tenth-order explicit spatial filter ([49]) to remove spurious
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high-frequency noise and mitigate aliasing error. The code uses non-

blocking sends and receives to exchange the data at the processor

boundaries among different processors.

• Other RHS module: Fig. 1.5 shows right-hand side (RHS) of the time

advance equation which involves all of the operations mentioned above

and the convection terms. These terms summed up, and operations

involved in this procedure are lumped into the RHS module for ac-

counting purposes.

• Time Integration module: It advances the solution in time using a

six-stage, fourth-order explicit Runge-Kutta scheme [47]. This mod-

ule also includes an error controller, which routinely checks through

proportional-integral-derivative (PID) to achieve optimal time steps

and time accuracy of the solution with desired error tolerances.

More details on chemical source terms and thermodynamics and equations

description can be found in [36] and Articles 2 and 3.

The present simulations were performed in the Vilje cluster. This clus-

ter belongs to the Norwegian e-infrastructure for Research and Education,

UNINETT Sigma2, which is funded by the Research Council of Norway,

NTNU and the Universities of Oslo, Bergen and Tromsø. It offers a dis-

tributed memory system that is well suited for large scale parallel MPI ap-

plications. It consists of 1440 nodes interconnected with a high-bandwidth

low-latency switch network (FDR Infiniband). Each node has two 8-core

Intel Sandy Bridge (2.6 Ghz) and 32 GB memory. The total number of

cores is 23040.

1.4 Research Strategy and report layout

The S3D DNS code is used to perform the transient simulations of lam-

inar flame propagation towards the wall. The reactive flow is simulated,

taking into account of thermo-physical properties. The detailed chemical
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Figure 1.4: S3D code: Main program flow diagram.

kinetics is enabled to capture radical recombination reactions character-

ized by low activation energies in near-wall region. It was observed that

modelling of quenching process with single-step chemistry approximation in

previous FWI studies led to considerable uncertainties in flame quenching

characteristics, which could adversely influence to other physical quantities

characterizing the flow [50, 51].

The flame interaction with ”cold” walls (< 400 K) results in water conden-

sation effects are observed by [52]. This condensation of water can act as

a possible reducing factor for wall heat flux. Also, wall temperatures above

400 K as ”hot” wall depend upon material type and can influence as a cat-

alyst through radical absorption, desorption and recombination, which can

play an important role in the flame-wall interaction processes. However, in

the present simulations, wall surfaces are assumed as an chemically inert

wall and an isothermal wall condition is maintained. Both water condensa-

tion and surface kinetics are absent at the wall in the present study. This

11



Figure 1.5: S3D RHS module : Flow diagram.

makes the conclusions of results produced independent of any particular

properties of the wall surface material.

In the permeable wall boundary, the permeability of reactive hydrogen gas

depends upon partial pressure difference between feed and permeate side

of the wall. High pressure at the feed side is maintained at a maximum of

10 atm as the largest value in present simulations, which ensures optimum

hydrogen flow rates across the wall.

The mathematical background description of governing equations, wall bound-

ary condition formulation and numerical methods are described in Chapter

2. Chapter 3 presents the summary and contribution as articles published,

and Chapter 4 is the conclusion of research work, and further work is de-

scribed. The appendix includes of the peer-reviewed published papers and

the chemical kinetics mechanism of hydrogen-air and methane-air.

12



Chapter 2

Models, boundary conditions and
numerical methods

For laminar FWI studies in S3D code, Navier-Stokes equations are solved

for subsonic, reacting compressible flow conditions.

2.1 Mathematical models

The governing equations, thermodynamic and transport properties are de-

scribed in each article and not repeated here.

Numerical integration of governing equations as a system of partial differ-

ential equations gives the solution vector of conserved variables. Further,

primitive variables solution vector is computed, U as :

U = (ρ, uα, p, T, Yi)
t α = 1, 2, 3 i = 1, 2, · · · , NS (2.1)
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2.2 Boundary conditions

The governing equations are a coupled system of non-linear partial differ-

ential equations. Their solution for a specific flow configuration is strongly

dependent upon the specification of boundary conditions at computational

domain boundaries and initial conditions for all flow variables in the entire

field.

2.2.1 Well-posed boundary conditions

In DNS, special care is required for the boundary conditions specification

to meet objectives: (1) to represent the flow physics of the near-wall re-

gion or nature of turbulent flow conditions, and (2) compatible with high-

order numerical schemes for spatial and temporal discretization [53]. For

well-posedness for solving fluid flow problem, boundary conditions are dis-

tinguished into physical boundary conditions and artificial boundary con-

ditions. The artificial boundary conditions are required to satisfy the well-

posedness condition. Such boundary conditions are often difficult to for-

mulate and act as complementary relations along with physical boundary

conditions.

Table 2.1 lists boundary conditions required for well-posedness to solve

Navier-Stokes equations and Euler (non-viscous) equations [54, 55, 56].

Table 2.1: Number of boundary conditions required well-posedness for the Euler
and Navier-Stokes equations.

Flow type Euler Navier-Stokes

Supersonic inflow Ndim + 2 + (NS - 1) Ndim + 2 + (NS - 1)
Sonic inflow Ndim + 1 + (NS - 1) Ndim + 2 + (NS - 1)
Subsonic inflow Ndim + 1 + (NS - 1) Ndim + 2 + (NS - 1)
Subsonic outflow 1 Ndim + 1 + (NS - 1)
Sonic outflow 0 Ndim + 1 + (NS - 1)
Supersonic outflow 0 Ndim + 1 + (NS - 1)
No flow 1 Ndim + 1 + (NS - 1)
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The physical boundaries are categorized into open and closed boundaries. In

open boundaries, inflow and outflow boundary conditions are widely used in

practical applications [57, 58, 59, 60]. The characteristic boundary condition

(NSCBC) method is used to describe non-reflective pressure waves in open

boundaries and represents an artificial cut through the flow field at both ends

of the domain. In closed boundaries, there is no flow across the boundary,

which represents wall condition in practical applications. The following

section discusses boundary conditions treatment for wall boundaries. The

radiative heat transfer is neglected in the wall boundary formulation.

2.2.2 Closed (wall) boundary conditions

In wall-bounded flows, wall boundaries play a dominant role in the FWI

process. The presence of a wall boundary influences the local chemistry in

the near-wall region, leading to a large wall heat release at quenching of the

flame. In the following, wall formulations of an impermeable wall (IW) and

a hydrogen permeable wall (PW) boundaries are discussed.

A number of Ndim +1 + (NS - 1) of physical boundary conditions are re-

quired to satisfy well-posedness for an inert, isothermal, no-slip wall bound-

ary. These conditions are applied to Navier-Stokes equations for a com-

pressible gas mixture. One may write these as :

uα = 0, Tw = Tu, Fi = 0 i = 1, 2, · · · , NS (2.2)

The species flux condition satisfies impermeability condition for IW, where

Fi = 0 for all species i. For PW, Fi = 0 except i = H2.

When applied to the momentum equation (with no body forces), the imme-

diate consequences are for the IW formulation :

∂uα
∂t

=
Duα
Dt

= 0,

(
∂p

∂x

)
w

=
∂ταβ
∂x

, (2.3)

Numerical inversion of the pressure gradient expression, will yield the pres-
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sure at the wall (pw). Similarly, the species mass fraction at the wall (Yi,w)

are extracted by inverting the wall species gradient term.

With known values of pw, Yi,w and Tw, the fluid density at wall node, ρw is

computed from the equation of state. In summary, this wall formulation is

applicable for solid or IW boundary conditions. This formulation has been

widely used in wall-bounded flow studies with the S3D code [31, 33, 34, 38,

39].

For the PW formulation, a selective H2 species flux condition is limited by

diffusion and is modelled by :

FH2
= WH2

Q
′′
(

(pfH2
)n − (ppH2

)n
)

(2.4)

The re-arranged Fick’s law expression gives the species mass fraction gradi-

ent at the wall and it is given as:(
∂Yi
∂x

)
w

=
Fi

ρwDmix
i,w

(2.5)

Note that all species except H2 follow the species impermeability condition

in Eq. 2.2.

Owing to species flux, the pressure at the wall is updated by re-arranging

the momentum equation leading to:

(
∂p

∂x

)
w

= −
NS∑
i=1

∂Fi
∂t
− ∂u1

∂x

NS∑
i=1

Fi +
∂ταβ
∂x

(2.6)

The first and second RHS terms represent the unsteady and steady contri-

butions to the wall-normal momentum of the PW hydrogen flux. Here, u1 is

the non-zero wall-normal velocity component due to hydrogen permeation.

The new values of Yi and pw are extracted by inverting (numerically) Eq. 2.5

and Eq. 2.6, respectively. Then, density at the wall, ρw can be computed

from the equation of state.
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2.3 Numerical methods

The high-order finite-difference schemes are employed in S3D code because

of their lower computing costs than those of high-order finite-volume meth-

ods [61, 62]. The high-order finite difference schemes including one-sided

stencils for wall boundaries, filtering and temporal discretization details are

discussed in [63] and are not repeated here.
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Chapter 3

Summary of articles

The main contribution to research work is compiled into four papers which

are submitted/published in peer-review journals.

3.1 Schematic outline

The author contributions are highlighted in Fig 3.1, and an overview of the

key points in each article is summarised. Article 1 is a starting point with

the implementation of PW boundary conditions in 1-d HOQ and 2-d SWQ

configurations for understanding near-wall physics. It also offers forking

paths (I and II) of FWI studies into Articles 2 and 3 for hydrogen-air and

methane-air mixtures, respectively. Article 4 extends the Article 2 study

with computations of entropy terms or irreversibilities during the transient

flame quenching process.
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Figure 3.1: Outline of the scientific articles
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3.1.1 Article 1

Title : Direct numerical simulation of laminar flame–wall interaction for a

novel H2 selective membrane injector configuration.

Co-Authors: Andrea Gruber and Jacqueline H. Chen

In this paper, transient simulations of laminar flame-wall interaction and

quenching near a porous, permeable membrane wall (PW) for 1-d HOQ

and 2-d SWQ configurations are presented. The comparison of these results

is conducted with the reference case of a non-porous impermeable wall con-

dition. The simulations were performed using S3D DNS (Direct Numerical

Simulation) code [36] with detailed chemkin kinetics of hydrogen-air com-

bustion [64]. The main aim of the study to future utilization of porous metal

surfaces (or porous fuel diffuser) as a fuel distributing source for H2 injec-

tion into the oxidant stream of a gas turbine burner. Also, understanding of

near-wall flow physics of PW for highly-reactive hydrogen-rich fuels in the

feed side. The PW wall boundary condition formulation is based on mod-

elling selective species (hydrogen in this case) transport through a porous

wall is discussed. The hydrogen flux of PW is driven by the partial pres-

sure difference between the feed and the permeate side of the membrane.

The numerical results are performed for 3 cases: lean, stoichiometric and

rich initial mixture conditions on the permeate side of the membrane. It

was observed that FWI characteristic parameters (wall heat flux, quenching

distance) are affected to a large extent by the presence of the membrane. It

is shown that quenching wall heat flux is increased by a factor of three for

the (initially) fuel-lean premixed flame 0.5 in the presence of PW compared

to the standard IW case. The high wall heat flux is due to the higher flame

temperature attained in the near-wall region immediately before quenching

and to the presence, in the initial mixture, of excess oxygen that continues

to burn in a secondary non-premixed flame after quenching of the primary

premixed flame. The hydrogen flux through the membrane is also strongly

affected by the presence of the flame during the transient flame-wall interac-

tion process, finally resulting in a strong feedback effect between membrane

and flame that greatly increases boundary layer flashback speeds at fuel-lean
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conditions. The paper suggests to having carefully designed fuel diffuser to

remove hydrogen rapidly near-wall region of the permeate side of PW and

mixing with oxidant more uniformly to achieve target fuel-air mixture. This

work provide a starting point for understanding the interaction of PW for

1-d HOQ for different design parameters, as discussed in article 2.

3.1.2 Article 2

Title : Premixed hydrogen-air flames interacting with a hydrogen porous

wall.

Co-Authors: Ivar S. Ertesv̊ag and Andrea Gruber

In this paper, a laminar 1-d hydrogen-air flame travelling and quenching

towards a chemically inert permeable wall (PW) was studied for designed

parameter variations (effects of varying wall mass flux, stoichiometry, inert

dilution, and unburned gas and wall temperatures). H2 as additional fuel

seeped through the permeable wall into premixed H2-air mixtures based on

partial pressure difference of feed and permeate side. All simulations were

performed with detailed hydrogen-air chemistry in S3D code [36, 64]. These

results are compared against the results of an impermeable wall (IW). All

cases, maximum reaction heat release rates at the wall was observed. For

rich and stoichiometric mixtures, PW with fuel influx gave a moderate re-

duction of the quenching (i.e.maximum) wall heat flux compared to IW. In

contrast, for a lean mixture, the increase is considerable. The fuel influx ef-

fect on the importance of individual elementary reactions and radicals and

intermediate species for rich and stoichiometric mixtures. The hydrogen

permeation in PW led to locally richer flame (i.e. partially premixed mix-

ture formation). It can be observed that more H radicals and less O radicals

are present close to the wall and exothermic reaction recombining H to H2

is considerably more important for PW. This consumption of H inhibits the

more exothermic reaction of OH and H to H2O. This overall influence early

wall effects with more distant from the wall than for IW. Both a lower initial

temperature and dilution with H2 (inert) or H2O (participating) reduce the
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burned-mixture temperature and, consequently, the wall heat flux. Also,

flame propagation and quenching are delayed.

3.1.3 Article 3

Title : Computational analysis of premixed methane-air flame interacting

with a solid wall or a hydrogen porous wall

Co-Authors: Ivar S. Ertesv̊ag and Andrea Gruber

The objective of the paper was an investigation of flame-wall interaction

process for premixed methane-air flames by direct numerical simulation us-

ing S3D code. Canonical configuration of 1-d HOQ with an isothermal,

chemically inert impermeable wall (IW) and a hydrogen-permeable wall

(PW) was taken with two temperatures of 600, and 750 K (of the wall and

unburnt gas kept at the same temperature) were selected for the present

study. Hydrogen released through the PW participated in the methane-air

combustion as a secondary fuel.

For lean and stoichiometric mixtures, the reduced chemical mechanism of

Smooke and Giovangigli (with slightly modified parameters) was used for

simulations [65]. The mechanism does not include C2-chemistry but pro-

duced satisfactory results. For rich methane-air mixtures, the DRM22 mech-

anism was used that includes C2-chemistry [66]. For the permeable wall,

the hydrogen gas flow significantly altered the flame-wall interactions with

quenching occurring at a considerable distance from the wall. It was appar-

ent that this was neither due to lack of oxidizer nor to heat loss to the wall

and flame quenching took place before the flame heated the wall. The early

quenching appeared to be a result of the mutual effects of the large local

concentration of H2, reduced flame temperature and increased convective

heat transfer away from the wall and flame. When the flame approached

the wall and the increasing H2 concentration, OH accumulation was reduced

before other species (but O2) were affected. After quenching, some modest

reaction heat release still took place near the wall, and this gave a peak wall
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heat flux a while after the quenching instance, although much less than for

the impermeable wall. The discussion of quenching definitions showed that

some are applicable to the PW case. The flame quenching instance was

based on the OH gradient in the present study [67]. Also, definitions based

on maximum reaction heat release and of the minimum flame thickness ap-

peared applicable. On the other hand, the definition based on maximum

wall heat flux failed to capture the cease of major reaction heat release.

3.1.4 Article 4

Title: Local entropy generation and entropy fluxes of a transient flame dur-

ing head-on quenching towards solid and hydrogen-permeable porous walls

Co-Author: Ivar S. Ertesv̊ag

This paper presents further investigations of article 1 and 2 on 1-d HOQ

premixed H2-air flame interacting with an impermeable wall (IW) or a per-

meable wall (PW) on the computation of local entropy generation and en-

tropy fluxes. The calculation of entropy components was performed through

solving post-processing subroutines in S3D code with the detailed chemical

mechanism of 19 elementary reactions to identify major reactions contribu-

tion to entropy during flame quenching process [68]. The aim of the present

study understands near-wall irreversibilities during the HOQ process.

Fuel permeation through the wall aid to increase both entropy generation

and fuel conversion. The fuel permeation fuel had a diversity of effects near-

wall region. First, it had a cooling effect on the near-wall region. Separately,

thermal dilution subsides the local temperature and contribute to increased

entropy generation. However, for initially lean and stoichiometric mixtures,

the additional fuel provided more reaction heat release, leading to a higher

temperature and reduced entropy generation per unit of converted fuel.

Permeation also increased the mass flux, and thereby the entropy flux, away

from the wall. The effects of mass diffusion on entropy generation were
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modest, and the altered mass diffusion made small changes from IW to PW.

The Soret diffusion (thermodiffusion) had a small contribution to the mass

diffusion entropy generation. During quenching, it became even smaller

for IW, while it had an increase for PW. The effects of pressure diffusion

were negligible. The effects of permeation were similar for all unburnt-

temperatures investigated (750 K, 500 K, 300 K). As expected from theory

and other studies, a lower temperature gave higher entropy generation.

In transient FWI entropy, the chemical reaction gave the major part of en-

tropy generation, with conduction as the second most important source in

accordance with previous literature. Mass diffusion was of modest impor-

tance, while viscous forces were negligible effects—the reduced entropy gen-

eration per unit of fuel converted to a lean mixture. The effect was stronger

for lower temperatures because then the conduction had a greater share of

the total entropy generation. At the higher unburnt-mixture temperature,

similar results were seen for rich mixtures, as well. For the lower tempera-

ture, permeation into a rich mixture increased the entropy generation per

unit of converted fuel.

The elementary reactions, R8 (OH + H + M –> H2O+M, net forward), R5

(H2 + M –> 2 H + M, net reverse) and R3 (OH + H2 –> H + H2O, net

forward) were most important for entropy generation towards quenching.

The R5r as recombination reaction had a notable relative increase towards

the flame quenching instance. High peaks of entropy generation rate of R8f

and R5r observed when the flame reached the wall and quenched.

3.2 2-D side-wall quenching (SWQ) configuration

In the study of the two-dimensional configuration reported in Article 1, the

laminar planar flame propagated in a channel against the approaching reac-

tants flow speed. In SWQ, the flame burned parallel to the wall. Note that

the flame propagated freely to either upstream or downstream, depending

on flame speed relative to the approaching flow in the present setup. The
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present study supplements Article 1 to discuss SWQ flame characteristics

for an initially lean-fuel case for IW and PW. The latter led to the formation

of secondary, non-premixed flame with fuel seeping through the membrane

and burning with the excess oxygen from the primary premixed flame. The

double-flame arrangement, consisting of a primary premixed flame and a

secondary non-premixed flame was only observed in fuel-lean conditions.

The stoichiometric and rich mixture conditions did not show the double-

flame arrangement, as most of available oxygen was consumed in its side-on

quenching sweep of the boundary layer. This caused the additional fuel

supplied by PW to accumulate near the wall.

Figure 3.2 shows the flame temperature for x∗ = 0.5 for lean-fuel conditions.

The non-dimensional distances to the wall are given by x∗ = x/Lx and

y∗ = y/Ly respectively. The spatial dimensions in the two-dimensional

domain were Lx = 0.02 m and Ly = 0.01 m for the main flow and wall-

normal direction, respectively. The non-dimensional or reduced temperature

is defined as T ∗ = (T - Tu)/(Tu - Tb), where Tb is the burned mixture

temperature. The reduced temperature of IW showed that the flame moved

towards the outlet because no fuel was injected into the near-wall region.

The flame was convected downstream towards the outlet of the domain and

blown-off by incoming fresh reactants. PW showed the opposite behaviour of

flame propagating upstream of the channel at inflow boundary and reached a

temperature higher than the burnt mixture temperature. Figure 3.3 shows

total heat release rates for x∗ = 0.5 at fuel-lean conditions. The peaked

magnitudes of the heat release rate at the wall were observed for IW as the

flame moved towards the outlet at a different time instants. PW showed a

different trend of heat release rate, with decreasing peaked magnitudes at

a distance from the wall compared to IW. Both walls in 2-d SWQ setup

showed low peak values of quenching heat release rate at the wall, resulting

in low quenching wall heat-flux values compared to 1-d HOQ (see Article

1).

It is commonly seen that experimental SWQ setup use planar laser-induced

fluorescence for tracking hydroxyl distributions (OH-PLIF) to identify the
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Figure 3.2: Reduced Temperature (T ∗) profiles of flame at x∗ = 0.5 for (a) Im-
permeable wall (IW) and (b) Permeable wall (PW) with hydrogen flux at lean-fuel
conditions (φ =0.5).
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Figure 3.3: Non-dimensional total heat release rate (HR) profiles of flame at x∗

= 0.5 for (a) Impermeable wall (IW) and (b) Permeable wall (PW) with hydrogen
flux at lean-fuel conditions (φ =0.5). The HR magnitude of initialized flame away
from wall is taken for normalization of HR profiles.

flame front location. Flame quenching is expressed as a wall-normal dis-

tance, y∗OH, see figure 3.4. It is defined as the flame location where the

normalized spatial OH gradient fells or reaches below half of its maximum

value. Here, the OH gradient is normalized by the maximum OH gradient

of the initialized flame at wall-normal distance. The adopted definition for

numerical simulations was taken from laser diagnostics [67, 69], where the

OH molecule is used to identify the flame front. The quenching Peclet num-

ber is given as Pe∗OH = y∗OH/δL where δL is characteristic flame thickness.

The definition of δL can be found in Articles 2 and 3. The flame speed, SL
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Figure 3.4: 2-d side-wall quenching (SWQ) setup at fuel-lean condition (φ =0.5).
The quenching distance is given as y∗OH, and the Peclet number (PeQ) is defined
based on OH concentration.
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Figure 3.5: Quenching Peclet number (Pe∗OH) at different time instants for (a)
Impermeable wall (IW) and (b) Permeable wall (PW) with hydrogen flux at lean-
fuel condition (φ =0.5).

is computed from IW after initialization of the flame at x∗ = 0.5.

Figure 3.5 shows the different temporal evolutions of the quenching Peclet

number (Pe∗OH) after initialization. IW showed that flame quenching occurs

much closer to the wall, as flame progress towards the outlet or downstream

of the domain and reaches stable Pe∗OH values around 3.2 with blow off or

negative flashback velocity at 1.2 m/s. On the other hand, PW showed

that flame progressed towards inflow boundary or upstream direction. The

flame quenching occurred away from the wall as observed in the varying

Pe∗OH trend as time progressed. The hydrogen mass flux was primarily
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determined by the difference of partial pressure of hydrogen at the wall and

permeate sides. The hydrogen flux by PW led to an increase of the local

equivalence ratio in the near-wall region. The premixed mixture changed

to a stratified fuel-air mixture and propagated towards the reactants inlet

at the left or upstream boundary. This led to a large flashback velocity of

5.44 m/s in the laminar channel flow configuration. The PW or novel fuel

diffuser at fuel-lean conditions needs a careful designed turbulent sweep flow

in the near-wall region that removes hydrogen fuel to avoid the large impact

of boundary layer flashback velocities.

3.3 Discussion

Figure 3.1 outlines the pathways of articles based on flame-wall interaction

(FWI) with hydrogen permeable wall boundary implemented in the S3D

DNS code. The mass flux of hydrogen across the wall was based on the wall

boundary formulation described in Sect. 2.2.2. PW mimics the membrane

behavior of the hydrogen flow across the wall and its consumption with low-

ering of its partial pressure in the combustion process. The PW provides an

outline of non-zero scalar, isothermal wall boundary condition that allows

a hydrogen gas flow in combustion simulation. The PW membrane related

constants were kept constant for all simulations. Articles 1 and 2 are per-

formed for hydrogen-air mixtures. Article 1 was a first attempt to model

hydrogen injection through the wall as a porous fuel diffuser to understand

near-wall flow physics during flame quenching process. The investigations

were carried out for laminar flames subjected to head-on and side-wall con-

figurations at different equivalence ratios. In Article 2, the investigations

of the 1-d HOQ configurations were extended with effects of variations in

varying wall mass flux i.e permeation pressure difference, stoichiometry, di-

lution, and unburnt gas and wall temperatures. All studies provided FWI

characteristics and influence of the hydrogen flow through the membrane on

local wall chemistry and heat transfer. The implications of modeling was

that initial lean-fuel mixture conditions with PW resulted in significant in-
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crease of wall heat flux and large heat release rate at the wall. On the other

hand, rich and stoichiometric conditions gave moderate reduction of wall

heat flux due to PW boundary. The quenching instant definition based on

heat release rate and wall heat flux was appropriate for premixed hydrogen

based flames. Article 3 extends the study performed for methane-air mix-

tures with a hydrogen permeable wall boundary. Hydrogen released through

PW as a secondary fuel participated and influenced on FWI characteristics.

Different FWI characteristics were observed in comparison to hydrogen-air

mixtures. The flame quenching instant based on OH gradient was more ap-

propriate than the definition based on maximum reaction heat release rate

and minimum flame thickness.

Article 4 is an extension of Articles 1 and 2 with the focus on local entropy

production or irreversibilities and entropy fluxes computations near the wall.

In transient FWI, chemical reactions and conduction remained important

sources of entropy production. The viscous effects remained negligible for

all computations.

The 2-d SWQ results of Article 1 are discussed here (Sect. 3.2) related to

the FWI characteristics. They showed different results of reduced temper-

ature profiles (see Fig. 3.2), non-dimensional heat release rate profiles (see

Fig. 3.3) and higher quenching Peclet (Pe∗OH) in the channel flow compared

to the 1-d HOQ configuration, both for IW and PW. In 1-d HOQ, the flame

quenching distance occurred close to the PW wall compared to IW at fuel-

lean conditions. In the SWQ setup, the flame quenching distance tends to

be farther away from the PW wall due to the impact of membrane hydrogen

flux compared to the convectional IW at fuel-lean conditions. The temporal

Pe∗OH trend seen in Fig. 3.5 clearly shows that IW led to stable Pe∗OH values

as the time progressed, indicating flame blow off. In contrast, the different

trend of Pe∗OH was observed for PW with the flashback velocity of 5.44 m/s

in the near-wall boundary. The Pe∗OH trend in PW was primarily dependent

on hydrogen consumption in the near-wall region and the mass flux through

the wall.

The novelty of the present thesis is towards the study porous fuel injection
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systems or burners with membranes that can provide reactive hydrogen fuel

flow across the wall based upon the gas diffusion characteristics of mem-

brane. This study can be interesting to further work on hydrogen-based fuel

design activities, both in the industry and research. Also, investigation of

transient entropy generation can be performed for PW and convectional im-

pervious wall (IW) boundary to understand irreversibilities during the flame

quenching process. The entropy study could assist in design improvements

related to near-wall losses or system performance as micro combustion.
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Chapter 4

Conclusions and further work

4.1 Summary

Numerical simulations of laminar flame-wall interaction for hydrogen-air

and methane-air flames were performed in the high-order numerical S3D

DNS code. There was successful implementation of selective species H2 wall

boundary condition for permeable wall (PW), which satisfied well-posedness

conditions. The motivation of the present work is the development of even-

tual future utilization of porous wall boundary surfaces or porous fuel dif-

fuser with a distributed fuel injection of reactive H2 gas and thereby re-

placement of traditional fuel nozzles.

The following conclusions can be drawn from the present thesis:

1. The PW or membrane boundary facilitates H2 fuel supply as addi-

tional fuel across the wall, based on the pressure difference between

feed and permeate side. It affects near-wall radical reactions charac-

terised by low-activation energies. H2 permeation influences the wall

heat release rate during the quenching process and exhibits different

FWI characteristics in comparison to the corresponding IW cases.

2. The hydrogen flux through the wall in PW is affected by the pres-
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ence of the propagating flame, that resulting in a strong feedback

mechanism between wall surface and flame. This mechanism greatly

increases boundary layer flashback velocities at lean fuel conditions

in laminar SWQ configurations (see Article 1). The lean 2-d SWQ

setup with PW showed reduced heat release rates and temperature

profiles compared to the 1-d HOQ setup at quenching as flame prop-

agated parallel to the wall. The temporal evolution of Pe∗OH showed

that flame quenching occurs farther away from the wall for PW in

comparison to 1-d HOQ at fuel-lean conditions (See Sect 3.2).

3. The presence of PW showed different FWI characteristics for varying

(initially) premixed flames in comparison to the corresponding IW

cases for HOQ. The findings (see Articles 1 and 2) showed that (ini-

tially) fuel-rich and stoichiometric flames result in reduced quenching

wall heat flux in comparison to the IW cases. Conversely, an (initially)

fuel-lean flame at φu = 0.5 showed an increased quenching wall heat

flux magnitude by a factor of three in comparison to the IW case.

4. The influence of the wall on the flame is felt much earlier for PW than

for the corresponding IW case. The fuel permeation gives a locally

richer mixture at the PW, giving more H radicals than O radicals

close to the wall, resulting in a notable increase of the recombination

reaction 2H→H2 (Reaction R5 reverse) towards flame quenching. A

lower initial temperature and diluents (N2 as inert and H2O as partici-

pating species) reduce the burned mixture temperature and eventually

reduce the wall heat flux. With diluents, flame propagation and the

quenching instance are delayed (see Article 2).

5. In premixed methane-air flame interaction with PW, flame quenching

occur earlier than in the IW case, and with a considerable flame wall

distance owing to mutual effects of the large concentration of H2, re-

duced flame temperature and increased convective heat transfer away

from the wall and flame. When the flame reaches close to the wall,

increased H2 concentration leads to a reduction of OH accumulation

before other species (but O2) are affected. The conventional flame-
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quenching definition, based on maximum wall heat flux as quenching

instance, is inappropriate to this study as it fail to capture the cease

of major heat release (see Article 3). An alternative flame-quenching

definition, based on spatial OH gradient [67] with the maximum OH

as flame location, shows the cease of major reactions at quenching.

This definition is also in agreement with the IW studies.

6. In the entropy analysis study on FWI for PW, permeating H2 fuel

across wall increase both entropy generation and fuel converted. The

effects of fuel permeation remain similar for unburnt temperatures at

300 K, 500 K and 750 K. A lower temperature gives higher entropy

generation because conduction has a major share of the total entropy

generation. At lean fuel conditions, fuel permeation reduces the en-

tropy generation per unit of fuel converted. The major elementary

reactions contributing to entropy generation are R8f, R5r and R3f (see

Article 4). Furthermore, as found in previous literature, the chemical

reaction component of entropy generation remain a significant con-

tributor, with conduction as the second most important source. Mass

diffusion is of modest importance, while viscous forces are negligible,

as sources of entropy.

4.2 Future work

FWI results of PW cases of both hydrogen and methane mixtures can rep-

resent an optimal starting point to address further with the inclusion of

complex flow problems that aid to understanding of the near-wall region.

These studies can also aid to model fuel diffuser or permeable wall surface

on energy conversion device to improve over fuel diffuser design for reac-

tive fuel H2 that would improve hardware life. The present studies were

based on the assumption that no wall surface catalytic reactions and same

temperatures at the wall and initial mixtures (Tw = Tu).

The following tasks are possible to explore as further research work:
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1. PW boundary modification to allow to have different wall temperature

such that Tw 6= Tu. These simulations will have thermal boundary

layer formation near the wall.

2. Modeling of water condensation effects at wall. As pointed out in [52]

that ”cold” walls (Tw < 400 K) could influence on high heat release

rate at the wall. The solving of PW cases with water condensation

effects aid to understanding of wall heat fluxes at quenching.

3. Extending to a higher dimension of 3-d case with PW must be verified

to an understanding of spatially varying near-wall FWI characteris-

tics in turbulent flame configuration. It is noted that direct numeri-

cal simulations of turbulent channel flow bounded by the permeable

wall showed significant reduction of skin-friction at the wall, affecting

overall flow structures [70]. The paper showed reports of reduction of

viscous sublayer thickness and weakened vortical structures near the

permeable wall. Such a study is therefore recommended to confirm the

wall boundary effects that include spatially varying wall heat fluxes

and vorticity structures.
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Shukla, A. Pirani, W. M. Okia, C. Péan, R. Pidcock, S. Connors,
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a b s t r a c t

Direct numerical simulations are performed to investigate the transient processes of

laminar flameewall interaction and quenching near a porous, permeable wall and

compared against a reference case of a non-porous impermeable wall. A boundary con-

dition formulation that models species (hydrogen in this case) transport through a

permeable wall, driven by the fuel species partial pressure difference between the feed and

the permeate side of a selective membrane, has been implemented in a high-order finite

difference direct numerical simulation code for reactive flows (S3D) by Chen et al. (2009) [1].

The present results are obtained for lean, stoichiometric and rich initial mixture conditions

on the permeate side of the permeable wall and indicate that the characteristic parameters

of the flameewall interaction (wall heat flux, quenching distance) are affected to a large

extent by the presence of the membrane hydrogen flux. Concurrently, the hydrogen flux

through the membrane is also strongly affected by the presence of the flame during the

transient flameewall interaction process, finally resulting in a strong feedback mechanism

between the membrane hydrogen flux and the flame that greatly increases boundary layer

flashback speeds at fuel lean conditions.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Large scale implementation of CO2 Capture and Storage (CCS)

technologies is largely unrealized presently due to its high

cost, e.g. two to four times the present European trading cost

on CO2 emissions [2]. Considering the pre-combustion CCS

option from stationary gas turbine power generation, a sig-

nificant part of the energy and efficiency penalty, i.e. the

added cost, is related to the reforming and separation of

hydrogen from fossil fuels [3]. Presently proposed technology

concepts use Auto-Thermal Reforming (ATR) or Steam

Methane Reforming (SMR) with Water Gas Shift (WGS) re-

actors to produce the H2-rich syngas from natural gas, while

CO2 is separated from the syngas by adsorption [4]. One

potentially more efficient alternative is to introduce a

hydrogen transport membrane (HTM) where the reforming,

the water gas shift and the hydrogen separation from the

carbon dioxide are combined in the same unit [5]. For sta-

tionary power generation from coal using Integrated

* Corresponding author. Tel.: þ47 73593699; fax: þ47 73592889.
E-mail address: andrea.gruber@sintef.no (A. Gruber).
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Gasification Combined Cycle (IGCC), HTMs may replace the

WGS and the CO2 separation unit [6,7]. Once the hydrogen fuel

has been obtained and it is ready for the gas turbine, an

additional efficiency penalty cost is due to the preparation

(separation and compression) of the inert diluent, i.e. nitro-

gen, that is needed to lower the reactivity of hydrogen as it

flows out of the injection nozzles and mixes with the rela-

tively hot compressor air. The diluent is required to contain

NOx formation in the case of a non-premixed burner or to

ensure intrinsic flashback safety in the case of a premixed

burner (see below).

Optimal fuel injection in lean pre-mixed (LPM) burners for

state-of-the-art gas turbines is achieved when the following

conditions are simultaneously satisfied:

1. The fuel species are uniformly mixed with the oxidant

species to the target equivalence ratio and no fuel-rich fluid

pockets are present.

2. Point 1 above is achieved very quickly and within a short

distance downstream of the fuel injector nozzle.

3. Little or no fuel is allowed (to remain) in the wall boundary

layer implying that the newly prepared burnable mixture

must be carried away from the burner walls.

4. The pressure loss related to fuel injection is minimized.

5. The fuel injection configuration does not create flow re-

gions, in the fuel nozzle near field, that are simultaneously

characterized by low fluid velocity and fuel-rich

stoichiometry.

Conventional gaseous fuel injectionnozzles, oftendesigned

for injection of natural gas, commonly operate in transverse

jets configurations (jet-in-cross-flow) in which the fuel stream

exits a circular nozzle and enters the approaching oxidant

stream at an angle that is approximately normal to its direc-

tion. This fuel injection strategy rarely has difficulties

complyingwithpoints1), 2), 3) and, to someextent, alsopoint4)

above, ensuring good fuel penetration into the oxidant stream

and fastmixing. However, it failswith respect to point 5) due to

the intrinsic characteristics of the transverse-jet flow field [8].

Many of the technical challenges that emerge when

attempting to utilize highly reactive fuels, such as hydrogen,

in LPM gas turbine burners originally designed to operate

using less reactive fuels, as natural gas, are often related to

� Avoiding flashback of the flame from its design stabiliza-

tion position into the premixer section of the burner either

along the wall boundary layer or through the duct center-

line due to aerodynamic effects [9].

� Avoiding stable flame anchoring, once flashback has

actually occurred, in the immediate vicinity of fuel injec-

tion nozzles due to the presence of concentrated point sources

of the highly reactive fuel and, locally, of fuel-rich condi-

tions, co-located with fluid velocity fields that facilitates

flame anchoring [10,11].

The long-term, ultimate goal of the present work is to aid

the development of a novel burner concept for stationary,

multi-fueled gas-turbine engines that operate in LPMmode. In

this new burner concept a porous fuel diffuser, possibly coated

with a H2-selective membrane, would replace traditional fuel

nozzle-holes as for the hydrogen injection, thereby avoiding

the presence of concentrated point sources of this highly

reactive fuel, while conventional nozzles would still be used,

within the same burner, for traditional or back-up fuels such

as natural gas or fuel oil. Describing the constructive details of

the actual diffuser is outside the scope of the present paper

but it can be mentioned here that a device made of porous

ceramic or steel is envisioned, either with or without the

presence of the selective membrane layer, depending on the

requirement (or lack thereof) for in-situ hydrogen separation.

This new burner concept, utilizing opportunely shaped porous

steel or ceramic diffusers as “distributed” injectors for the

highly reactive hydrogen fuel, would avoid the presence of

concentrated fuel point sources and thereby address the latter

of the two issues mentioned above. There may be other po-

tential efficiency gains from the point of view of the overall

process, most notably making the diluent (nitrogen)

unnecessary.

The major limitation of this unconventional fuel injection

configuration lies in the relatively low hydrogen fluxes pres-

ently allowed by H2-selective membranes and in the poten-

tially high pressure drop required. While advances in

membrane technology may improve the state-of-the-art in

the near future, a careful optimization of the flow fields on

both the feed and permeate side of the membrane/support

pair is needed to achieve high hydrogen fluxes. Maximization

of the hydrogen mass flow rate through the membrane

Fig. 1 e Sketch of the fuel injector with in-situ hydrogen separation (from syngas).
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injector device can be achieved by maintaining a large

hydrogen partial pressure difference across the membrane

and this is usually achieved by introducing a sweep gas that

lowers the partial pressure of hydrogen on the permeate side.

For the case of hydrogen injection in the premixer section of a

gas turbine burner, the sweep gas is the oxidant (primary air),

that is a reactant. Therefore, great care must be taken in

designing the primary air flow such that its interaction with

the permeable wall surface must quickly remove hydrogen

fuel from the near-wall region before combustion can occur

there. Moreover, it must effectively dilute it in order to rapidly

achieve the target (fuel lean) equivalence ratio, see Fig. 1.

In the present paper, as a first preliminary step in the

development of this new fuel injector, we investigate laminar

flameewall interaction and quenching for one dimensional

and twodimensional configurationswhere thepermeablewall

surface consists of a porous supportmaterial coatedwith aH2-

selective membrane. We compare these results with themore

conventional caseof flameewall interaction andquenching on

a non-porous impermeable wall. The aim of this study is to

provide detailed insight into the flame propagation and

quenching behavior in the immediate vicinity of a permeable

wall where, unlike the conventional wall-quenching situation,

the wall itself provides fuel to the combustion process. We

perform direct numerical simulations of head-on quenching

(HOQ) and side-on quenching (SOQ) configurations, as

described in [12], comparing the flame propagation and

quenching behavior at a traditional solidwall versus anotional

permeable (H2-selectivemembrane)wall for initially fuel-lean,

stoichiometric and fuel-rich equivalence ratios.

Previous work on flameewall interaction

A number of studies of flameewall interaction (FWI) configu-

rations exist in the literature [12e18] but none of these have

considered a wall permeable to a reactant species. In general,

the FWI process can be conveniently described by two

quenching parameters, the quenching Peclet number,

Peq ¼ xq/dq and the quenching wall heat flux Fw,q ¼ Fw,q/Pq.

Typically, in these non-dimensional quenching parameters,

the dimensional quenching distance xq and quenching wall

heat flux Fw,q are non-dimensionalized, respectively, by the

flame thickness at quenching dq, and by the flame power

Pq ¼ ruSlcp,mix(Tb � Tu), where r is the fluid density, T its

temperature, Sl, the laminar flame speed, cp,mix, the mixture

heat capacity at constant pressure and the subscripts u and b

indicate unburnt and burnt conditions. Peq is typically re-

ported to be in the range of 3.0 for methane (and similar hy-

drocarbons) while Fw,q w 0.3. For hydrogeneair flames these

figures vary considerably and Peq w 1.7 while Fw,q w 0.13

[18,19]. Most importantly, all of these studies concur that

radical recombination at the wall, characterized by low acti-

vation energy reactions, plays a very important role in the FWI

process [19] and that single-step chemistry, lacking detailed

information about radical recombination reactions, fails to

predict the FWI process correctly. Multi-dimensional direct

simulations of FWI configurations are computationally

expensive and therefore only a few of these investigations

have been reported in the literature. Moreover, because of

their high cost (and in spite of the conclusions reached in the

one dimensional studies mentioned above), most of the re-

ported multi-dimensional direct simulation of FWI configu-

rations have either been restricted to a thermal-diffusive limit

in which the effect of thermal expansion on the fluid flow is

assumed to be negligible, or to a simple one-step chemical

kinetics model and small physical domains. A pioneering

paper by [20] reports a two dimensional numerical simulation

of laminar flame flashback in a side-wall quenching (SWQ)

configuration and suggests that a pressure-based interaction

between the premixed flame and the boundary layer flow is

the reason behind a larger computed laminar flame speed in

the two dimensional configuration compared to the one

dimensional case. Subsequent studies by [21e23] on the

boundary layer flashback of laminar two dimensional flames

added more realistic features to the model, such as effects of

the fuel species Lewis number, but are still limited to one-step

chemical kinetics. A DNS of HOQ in a two dimensional,

pseudo-turbulent reactive boundary layer was conducted by

[24] while [25] studied three dimensional HOQ of a back-to-

back, premixed flame propagating in constant-density tur-

bulent channel flow. Again, this was performed in the

thermal-diffusive limit in which there is no coupling between

the flame and the flowfield. The SWQ configuration for a three

dimensional, v-shaped, premixed flame anchored in weakly

turbulent Couette flow was investigated by [26,27] and, while

these numerical experiments have provided very useful sta-

tistical information, they still lack the detailed chemical ki-

netics modelling to account for the important effects of

radical recombination reactions in the immediate vicinity of

the wall. Detailed chemical kinetics was included in [19] for

the case of a v-shaped, premixed flame anchored in a fully

developed turbulent channel flow revealing interesting

insight into the characteristics of the unsteady heat release at

the wall and wall heat flux spatial and temporal patterns.

While the number of FWI studies for hydrogen or hydrogen-

rich fuels is rather limited in the open literature, FWI config-

urations in which the wall surface is permeable and is sup-

plying fuel to the quenching zone are completely absent.

The remainder of this paper is organized as follows: the

governing equations and the problem formulation are pre-

sented in Section 2 together with the numerical method of the

DNS code, S3D, used to perform the present simulations. Re-

sults fromDNS are presented in Section 3. Finally, conclusions

and recommendations for further work are presented in

Section 4.

DNS code, mathematical formulation and case
configuration

The S3D code is a massively parallel three dimensional DNS

code developed at SANDIA National Laboratories [1] that uses

the Message Passing Interface (MPI) for interprocess commu-

nication in parallel execution. The code solves the Naviere-

Stokes equations for a compressible fluid in conservative form

on a structured, Cartesian mesh in one, two or three spatial

directions. The momentum and continuity equations are

solved along with the equations for species and energy

transport coupled with a detailed description of the chemical

kinetics. The equations solved and the constitutive
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relationships (the ideal equation of state, models for reaction

rates,molecular transport and thermodynamic properties) are

described in detailed in Chen et al. [1] and will not be pre-

sented here. S3D uses a high-order, non-dissipative numerical

scheme, which is an eighth-order central differencing scheme

in space (third-order at the boundaries) and a six-stage fourth-

order Runge-Kutta method in time. A tenth-order purely

dissipative spatial filter is employed in order to remove any

spurious high-frequency noise in the simulations [28,29]. The

CHEMKIN software distribution and relative libraries are

linked to the S3D code to enable detailed evaluation of ther-

modynamic properties, mixture-averaged transport proper-

ties and reaction rates. The homogeneous chemical reactions

in the gaseous phase are described by a detailed chemical

kinetics mechanism for hydrogen combustion in air [30] that

is reported in Table 1 while heterogeneous reactions that may

take place in the solid material are not considered here.

Thermal diffusion effects, i.e. the Soret effect, have been

included in the simulations. Characteristic boundary condi-

tions (NSCBC) are used to describe non-reflective (in terms of

pressure waves) open boundaries [31] and the boundary con-

ditions treatment for wall boundaries is described below. No

attempt is made to incorporate the effects of radiative heat

transfer into this discussion. The S3D code has been used for a

range of studies including premixed flames [19,32e35], non-

premixed flames [10,11,8,36], and autoignition [37,38].

Wall boundary conditions

Following [39e41] Table 2 lists the correct number of boundary

conditions which must be specified to ensure well-posedness

for the Euler and NaviereStokes equations of a reacting gas

mixture.

In this table, Ndim is the number of dimensions and Ng is

the total number of species Yi included in themodel. Note that

only (Ng � 1) species equations need be considered because

one species equation is redundant in the presence of the

continuity equation. Euler slip-walls placed within a

NaviereStokes solver are not considered in this paper.

Boundary conditions for the NaviereStokes equations applied

to a compressible gas mixture at an inert, isothermal, non-

porous (impermeable), no-slip wall involve

Ndim þ 1 þ (Ng � 1) equations. One may write these as:

u ¼ 0; Tw ¼ Tu;

�
vYi

vx

�
w

¼ 0; i ¼ 1;2;/;Ng (1)

where u is the velocity vector and the wall temperature, Tw, is

set to be equal to the unburnt reactants temperature, Tu. The

immediate consequences of the above equations are that:

vu
vt

¼ Du
Dt

¼ 0;

�
vp
vx

�
w

¼ vs
vx

; (2)

where p is the pressure, s is the stress tensor and x is the wall-

normal direction. Note that these equations are not inde-

pendent boundary conditions but mere consequences of Eq.

(1) when applied to the momentum equation (in the absence

of body forces). The expression for the pressure gradient at the

wall can be inverted (numerically) to extract the value of

pressure at the wall, pw. In the same manner, the imperme-

ability conditions in Eq. (1) give the species mass fractions at

the wall and these, together with the temperature, Tw, and

pressure, pw, can be used to compute the fluid density at the

wall node, rw, from the equation of state. The formulation

summarized here for the wall boundary conditions has been

widely used in the past to perform three dimensional DNS

Table 1 e The complete 9-species, 19-reactions hydrogeneair chemical kinetics mechanism from [30].

n Reaction B a Ea

1 O2 þ H 5 OH þ O 3.547 � 1015 �0.406 1.6599 � 104

2 H2 þ O 5 OH þ H 0.508 � 105 2.67 0.629 � 104

3 OH þ H2 5 H þ H2O 0.216 � 109 1.51 0.343 � 104

4 H2O þ O 5 2OH 2.97 � 106 2.02 1.34 � 104

5 H2 þ M 5 2H þ M 4.577 � 1019 �1.40 1.0438 � 105

6 2O þ M 5 O2 þ M 6.165 � 1015 �0.50 0.0

7 H þ O þ M 5 OH þ M 4.714 � 1018 �1.00 0.0

8 OH þ H þ M 5 H2O þ M 3.800 � 1022 �2.00 0.0

9 O2 þ H (þM) 5 HO2 (þM) 1.475 � 1012 0.60 0.0

10 H þ HO2 5 O2 þ H2 1.66 � 1013 0.00 0.823 � 103

11 H þ HO2 5 2OH 7.079 � 1013 0.00 2.95 � 102

12 O þ HO2 5 OH þ O2 0.325 � 1014 0.00 0.0

13 OH þ HO2 5 O2 þ H2O 2.890 � 1013 0.00 �4.970 � 102

14 2HO2 5 O2 þ H2O2 4.200 � 1014 0.00 1.1982 � 104

15 H2O2 (þM) 5 2OH (þM) 2.951 � 1014 0.00 4.843 � 104

16 H þ H2O2 5 OH þ H2O 0.241 � 1014 0.00 0.397 � 104

17 H þ H2O2 5 H2 þ HO2 0.482 � 1014 0.00 0.795 � 104

18 O þ H2O2 5 HO2 þ OH 9.550 � 106 2.00 3.970 � 103

19 OH þ H2O2 5 H2O þ HO2 5.800 � 1014 0.00 9.557 � 103

Table 2 e Number of boundary conditions required for
well-posedness for the Euler and NaviereStokes
equations.

Euler NaviereStokes

Supersonic inflow Ndim þ 2 þ (Ng � 1) Ndim þ 2 þ (Ng � 1)

Sonic inflow Ndim þ 1 þ (Ng � 1) Ndim þ 2 þ (Ng � 1)

Subsonic inflow Ndim þ 1 þ (Ng � 1) Ndim þ 2 þ (Ng � 1)

No flow 1 Ndim þ 1 þ (Ng � 1)

Subsonic outflow 1 Ndim þ 1 þ (Ng � 1)

Sonic outflow 0 Ndim þ 1 þ (Ng � 1)

Supersonic outflow 0 Ndim þ 1 þ (Ng � 1)
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with the S3D code for the case of wall-bounded domains

[19,32,8,10,11].

In the present work, 1-D and 2-D direct numerical simu-

lations are also performed to investigate premixed laminar

hydrogeneair flame propagation and quenching on porous

(permeable) walls that are coated with a H2-selective mem-

brane. These permeable walls are still assumed to be

isothermal and characterized by the temperature of the un-

burnt reactants but they allow a flux of hydrogenmolecules to

pass through them and the boundary conditions formulation

described above is changed accordingly. The hydrogen flux

through the membrane, indicated here as FH2 (kg m�2 s�1), is

modelled by the following expression:

FH2
¼ WH2

Q
Dm

��
pf
H2

�n
�
�
pp
H2

�n�
(3)

where Q/Dm is the membrane permeance and is set to

7.0$10e�6(kmol m�2 s�1 Pa�0.5) in all simulations, WH2
is the

molecular weight of hydrogen, and pf ;p
H2
ðPaÞ is the hydrogen

partial pressure where the superscripts f and p indicate the

feed and permeate sides respectively (see e.g. [42]). The

permeance and pressure exponent used here are typical for

Pd-based membranes of 2e3 mm thickness [43,44]. The

hydrogen flow rate is controlled by its partial pressure dif-

ference across the membrane and the hydrogen partial

pressure on the feed side is assumed to have a constant

value of pf
H2

¼ 106ðPaÞ in all simulations. Therefore, the

hydrogen flow rate from the feed to the permeate side will

vary with the mole fraction of hydrogen in the immediate

vicinity of the wall on the permeate side. The mass fraction

gradient at the wall is given by the re-arranged Fick’s law in

the present formulation:

�
vYi

vx

�
w

¼ � Fi

rwDmix;w
; (4)

where Fi is the wall flux of species i, Dmix;w is the mixture-

averaged mass diffusivity and rw is the density of the near-

wall fluid. Note that the only flux, Fi, that has a nonzero

value is the one for the hydrogen species as given by Eq. (3)

and that the impermeability conditions in Eq. (1) still apply

for all other species. The species mass fractions at the wall

node (on the permeate side) may then be extracted by

inverting the numerical stencil for themass fraction gradients

asmentioned above. The updated value for the pressure at the

wall, pw, is obtained by re-arranging the momentum equation

that now includes some additional terms due to the species

flux:

�
vp
vx

�
w

¼ �
XNg

i¼1

vFi

vt
� vu1

vx

XNg

i¼1

Fi þ vs
vx

; (5)

where u1 is the wall-normal velocity component (estimated as

u1wFH2
=rH2

), and the sums are taken over all gases Ng

participating (again, in this particular case only hydrogen).

The first and second terms on the right hand side of Eq. (5)

represent the unsteady and the steady contributions to the

wall-normal momentum of the membrane hydrogen flux.

Finally, once the new values of Yi and pw are known, the value

of the density at the wall, rw, can be updated using the

equation of state.

One dimensional flameewall interaction setup

In this configuration a planar laminar flame propagates to-

ward the wall at a normal angle with the solid surface (HOQ

configuration) as shown in Fig. 2(a). The simulated one

dimensional domains are all characterized by the same

spatial dimension extending for Lx ¼ 0.02(m) in the wall-

normal direction and are discretized on a mesh consisting of

4096 nodes with a spatial resolution of Dx ¼ 4.9(mm). Although

a sensitivity study conducted for the fuel-rich case has shown

that a resolution of Dx ¼ 9.8(mm) would have been sufficient to

fully resolve the flame (no noticeable differences were

observed in the results when only 2048 nodes were used), we

have chosen to perform all 1-D calculations using 4096 nodes

in view of future work on similar flames at pressurized con-

ditions. CHEMKIN PREMIX solutions for a freely propagating

H2eair flame are used to initialize the initial field by placing

the flame in the middle of the DNS one dimensional domain.

The initial flow field is quiescent. The initial temperature and

mixture conditions for the unburnt reactants are Tu ¼ 750(K)

and characterized by fuel-lean, stoichiometric or fuel-rich

equivalence ratios, 4 ¼ 0.5, 1.0, 1.5, respectively. An open,

acoustically non-reflecting boundary is placed on the right

end of the domain at x ¼ 0.02(m) while an acoustically

perfectly reflecting wall boundary, that can either allow a

hydrogen flux or not, is placed on the left end of it.

Two dimensional flameewall interaction setup

In the two dimensional configuration considered here an

initially planar, laminar flame propagates in a notional

Fig. 2 e Sketch of the 1-D (top) and 2-D (bottom)

configurations for the DNS.
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constant-width channel against the laminar flow of the

approaching reactants as illustrated in Fig. 2(b). Note that the

flame is free to propagate, either upstream or downstream

(depending on the value of its own speed relative to the

approaching flow), in a direction that is parallel to the walls

(SWQ configuration). The two dimensional domains consid-

ered here are all characterized by the same spatial dimensions

and extend for Lx ¼ 0.02(m) in the main flow direction and

Ly ¼ 0.01(m) in the wall-normal direction. The domain is dis-

cretized on a mesh consisting of 2048 � 1024 nodes resulting

in a spatial resolution of Dx ¼ 9.8(mm) that is sufficient to

resolve the flame structure with more than 10 grid points for

all the conditions investigated. As in the one dimensional

cases, CHEMKIN PREMIX solutions for a freely propagating

H2eair flame are used to construct the initial field by placing a

planar flame mid-way between the fresh reactants inlet on

the left-hand side of the channel and the burnt products outlet

on the right-hand side as shown in Fig. 2(b). The initial

streamwise velocity field is set to an analytic parabolic profile

with a centerline velocity Uc ¼ 25(m/s) while the wall-normal

velocity is set to zero everywhere. Again, the reactants’ tem-

perature and composition are assumed to be Tu ¼ 750(K) and

characterized by fuel-lean, stoichiometric or fuel-rich equiv-

alence ratios, 4 ¼ 0.5, 1.0, 1.5, respectively. Open, acoustically

non-reflecting inlet and outlet boundaries are placed on the

left and right end of the domain, respectively. Perfectly

reflecting (acoustically) wall boundaries, that can either allow

a hydrogen flux or not, are placed on the upper and lower

boundaries of the domain.

Results and discussion

In the present section results from DNS of one-dimensional

and two-dimensional laminar FWI configurations are pre-

sented. The laminar one dimensional FWI configuration is

reported here as a reference case for comparisonwith existing

literature about head-on quenching of premixed laminar

flames impinging on solid walls; the laminar two-dimensional

FWI configuration represents a first attempt to investigate the

flashback velocities that can be achieved in side-on quenching

of a laminar premixed flame propagating in a duct whose

walls are providing fuel to the near-wall fluid. Even if laminar

channel flow, in the absence of turbulent convection and

mixing, represents a limitingworst-case scenariowith respect

to efficient fuel-oxidant mixture preparation, such flashback

speed estimates are nevertheless very valuable in the design

of gas turbine burners.

The instantaneous convective wall heat flux, Fw, is defined

as

Fw ¼ -l

�
vT
vx

�
w

(6)

where x is the wall-normal direction, T is the gas mixture

temperature and l is the local thermal conductivity of the

gaseous mixture. Quenching is defined as taking place at a

time tq when the wall heat flux reaches its maximum value

[16]. When quenching occurs, the flame is at a location xq and

its thickness is reduced to a minimum, dq. The quenching

Peclet number is given as the ratio of quenching distance to

the quenching flame thickness Peq ¼ xq/dq. In the discussion

that follows, in order to facilitate comparison between the

different cases, the quenching wall heat flux is normalized by

a reference value, arbitrarily chosen to be the quenching wall

heat flux in the case of an impermeable wall and 4 ¼ 1.0, that

is equal to Fref ¼ 4.172(MW/m2), accordingly qw* ¼ Fw,q/Fref.

Moreover, the hydrogen flux FH2
is normalized by the nominal

flux value that would be achieved for a hydrogen partial

pressure on the permeate side equal to zero

Fmax
H2

¼ 0:014ðkg$m�2$s�1Þ. The flame heat release rate is sub-

ject to a sharp increase during the flameewall interaction due

to radical recombination reactions occurring in the fluid

adjacent to the wall [19], and in the figures below it is

normalized by its freely propagating value.

Fig. 3 e Time evolution of the normalized wall heat flux (a) and of the normalized hydrogen mass flux through the

membrane (b).
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The non-dimensional distance to the wall is given by

x* ¼ x/Lx. The non-dimensional time is normalized following

two different approaches. In the first approach the quantity

t* ¼ t/tl is defined, where tl is the characteristic flame time

given as tl ¼ dl/Sl, where Sl is the freely propagating laminar

flame speed and dl is the undisturbed, freely propagating,

laminar flame thickness given by dl ¼ ðTb � TuÞ=ðjvT=vxjÞmax.

The quantity t* is used to compare the time history of the

mass and heat fluxes through the wall for all the simulated

cases. For a more meaningful comparison of the time evo-

lution for the spatial profiles of temperature, species, reac-

tion rates etc., the non-dimensional time, t
0 ¼ t/tq, is used

instead of t*. Accordingly, by definition, quenching takes

places always at t
0 ¼ 1.0 in the plots shown below. The non-

dimensional temperature is given as T* ¼ (T � Tu)/(Tb � Tu) in

the figures below.

Fig. 4 e Fuel lean case (4 [ 0.5): time evolution of the wall-normal profiles of normalized temperature, normalized heat

release rate and equivalence ratio for head-on quenching on a solid, impermeable wall (left) and on amembrane wall (right).
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One dimensional flameewall interaction

Fig. 3 shows the time history of the normalized wall heat flux

(for both the solid and permeable wall cases) and the

hydrogen mass flux through the H2-selective membrane

(permeable wall cases only), illustrating the temporal evolu-

tion of a typical quenching process for the different mixture

stoichiometries simulated. Likewise, Figs. 4e6 present the

wall-normal spatial profiles of temperature, heat release rate

and equivalence ratio shown at six different times before,

during and after quenching, illustrating the impact of the

membrane hydrogen flux on the quenching process (on the

right) compared to the impermeable wall case (on the left).

In the standard solid impermeable wall cases, the flames

starts propagating freely in the undisturbed fluid away from

the wall, and when the flameewall distance becomes

smaller than approximately ten times the flame thickness

(for x* � 0.5 in the figures), the flames are affected by the

Fig. 5 e Stoichiometric case (4[ 1.0): time evolution of the wall-normal profiles of normalized temperature, normalized heat

release rate and equivalence ratio for head-on quenching on a solid, impermeable wall (left) and on amembrane wall (right).
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presence of the wall, slow down, and become increasingly

thinner until quenching occurs at a flameewall distance of

approximately two flame thicknesses (for a typical hydrogen

flame). The quenching process involves a considerable in-

crease in the overall flame heat release rate as zero-

activation-energy, exothermic, radical recombination re-

actions occur on the ‘cold’ wall surfaces and deplete the

reaction zone of the necessary radical species as discussed

previously in [19].

In the case of the initially fuel-lean mixture (4 ¼ 0.5), the

wall heat flux at quenching is increased significantly by the

presence of the membrane hydrogen flux (approximately by a

factor of three), compared to the homologous solid imper-

meable wall case. In fact, not only does the flame temperature

increase as the flame approaches the wall in an increasingly

fuel-rich stratified mixture, see Fig. 4(b), but additionally,

following the consumption of the fuel that is immediately in

contact with the wall, the hydrogen flux through the

Fig. 6 e Fuel rich case (4 [ 1.5):time evolution of the wall-normal profiles of normalized temperature, normalized heat

release rate and equivalence ratio for head-on quenching on a solid, impermeable wall (left) and on amembrane wall (right).
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membrane spikes due to the sudden reduction in the

hydrogen partial pressure on the permeate side, see Fig. 3(b).

Hence, the additional membrane hydrogen flux provides

abundant fuel for continued combustion in the immediate

vicinity of the wall (as a secondary non-premixed flame) with

the excess oxygen from the initial (primary) premixed flame.

This process ultimately results in a six-fold increase of the

quenching heat release rate at the wall compared to the

reference impermeable wall case, see Fig. 4(c) and (d). In the

case of the initially stoichiometric (4 ¼ 1.0) and fuel-rich

(4 ¼ 1.5) flames a radically different trend is observed. Here

the presence of themembrane hydrogen flux actually reduces

the wall heat flux as the additional fuel does not contribute to

an increase in flame temperature but, on the contrary, causes

its decrease. There is also no oxygen left to facilitate com-

bustion in a secondary non-premixed flame very close to the

wall.

Two dimensional flameewall interaction

While the one-dimensional direct simulations provide

detailed insight into the flameewall interaction and quench-

ing process, the two-dimensional cases illustrated in Figs. 7

and 8 highlight the impact of the membrane hydrogen flux

on the flashback velocities that can be achieved in a duct

compared to the conventional case with impermeable solid

walls. As mentioned in Section 1, in a scenario involving the

use of H2-selective membranes as fuel injectors, fast removal

of highly reactive hydrogen from the near-wall region of the

membrane injector and its effective mixing with the oxidant

stream to quickly achieve the target equivalence ratio are both

major constraints of modern burner design. As an initial step,

we investigate flashback in a simple laminar channel flow

configuration in order to avoid the complications due to

boundary layer turbulence and its impact on flame propaga-

tion and flashback velocities [32].

The impact of the membrane hydrogen flux on the flash-

back behavior is large for the laminar channel flow case. In

Figs. 7 and 8 the black lines demarcate the temperature con-

tour of T(K) ¼ 1500 at eleven equally spaced time instants

between t ¼ 0.0(ms) and t ¼ 1.0(ms) and allow tracking of the

temporally evolving flame front position. In Fig. 7(a) at fuel-

lean conditions for the impermeable solid wall configura-

tion, i.e. when no fuel is injected into the near-wall region of

the boundary layer, the premixed flame does not propagate

upstream in the channel. On the contrary, it is convected

downstream towards the right outflow boundary of the

computational domain, being blown-off by the approaching

reactants flow characterized by a high centerline velocity of

Fig. 7 e Time evolution of the flame position between

t [ 0.0(ms) and t [ 1.0(ms) for the impermeable solid wall

case (a) and for the H2-selective membrane wall case (b) at

fuel-lean conditions (4 [ 0.5).

Fig. 8 e Time evolution of the flame position between

t [ 0.0(ms) and t [ 1.0(ms) for the impermeable solid wall

cases at stoichiometric (a) and fuel-rich conditions (b),

respectively 4 [ 1.0 and 4 [ 1.5.
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25(m/s). As soon as themembrane hydrogen flux increases the

local equivalence ratio in the near-wall region, the same

premixed (but now stratified!) flame propagates quickly up-

stream towards the reactants inlet on the left boundary of the

domain, as shown in Fig. 7(b). Table 3 indicates the flashback

velocities, relative to a fixed” ‘laboratory”’ reference frame,

extracted from the numerical simulations by tracking the

position of the most upstream portion of the flame front as a

function of time. The flashback speed increases from

Sf w �1.2(m/s), indicative of no flashback but rather flame

blow-off, to Sf w 5.44(m/s) for the stratified flame, a value that

is nearly as high as the flashback velocities observed at the

richer equivalence ratios and for impermeable walls.

Also, clearly visible in Fig. 9 for the 4 ¼ 0.5 case is a sec-

ondaryweaker non-premixed flame branch that combusts the

fuel provided through the membrane with the excess oxygen

from the primary premixed flame. This double-flame

arrangement, consisting of a primary premixed flame and of

a secondary non-premixed flame, is only observed in the fuel-

lean configuration due to the excess oxygen available. Note

also the formation of a back-flow pocket immediately up-

stream of the flame in the near-wall region. This is a hallmark

(present under certain conditions) of premixed flames prop-

agating upstream in laminar or turbulent channel flows

leading to accelerated propagation near the wall [45,32]. For

the 4 ¼ 1.0 and 4 ¼ 1.5 cases shown in Fig. 8 the primary

premixed flame consumes all available oxygen in its side-on

quenching sweep of the boundary layer and eventual addi-

tional fuel provided by the membrane remains unburnt and

accumulates immediately above the wall.

Conclusions

The present paper investigates flameewall interaction and

quenching of hydrogeneair premixed flames in the case of a

permeable wall that is able to supply H2 fuel to the near-wall

region of the flow through a H2-selective membrane and

compares the results against the standard impermeable wall

case. The ultimate aim of this research is the eventual future

utilization of porousmetal surfaces as a distributed source for

injection of highly-reactive hydrogen-rich fuels (thereby

replacing traditional fuel nozzles) into the oxidant stream of a

gas turbine burner. The present findings show that quenching

wall heat flux is increased by a factor of three for the (initially)

fuel-lean premixed flame at 4 ¼ 0.5 in the presence of a

membrane hydrogen flux compared to the standard imper-

meable wall case. This is due to the higher flame temperature

attained in the near-wall region immediately before quench-

ing and to the presence, in the initial mixture, of excess oxy-

gen that continues to burn in a secondary non-premixed

flame after quenching of the primary premixed flame.

Conversely, the quenching wall heat flux is reduced,

compared to the standard impermeable wall cases, for the

(initially) stoichiometric and fuel-rich flames in the presence

of the membrane. The latter also has a large impact on

boundary layer flashback in laminar channel flow configura-

tions, causing the opposite behavior, flashback versus blow-

off, for the 4 ¼ 0.5 case. Accordingly, it can be concluded

that the successful implementation of the novel hydrogen

injection strategy suggested here will have to rely on a care-

fully designed turbulent sweep flow that rapidly removes

hydrogen from the near-wall region on the permeate side of

the membrane and efficiently mixes it with the combustion

air to achieve the target equivalence ratio.
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a b s t r a c t

A laminar one-dimensional hydrogen-air flame travelling and quenching towards a

chemically inert permeable wall (PW) is studied. Hydrogen flows through the wall into the

premixed H2-air. The S3D numerical code with detailed chemistry is used. PW results are

compared against results of an impermeable wall (IW), including effects of varying wall

mass flux, stoichiometry, inert dilution and unburned-gas and wall temperatures. The

maximum reaction heat release rate occurs at the wall in all cases. For rich and stoichio-

metric mixtures, PW with fuel influx gave a moderate reduction of the quenching (i.e.

maximum) wall heat flux compared to IW, whereas for a lean mixture, the increase is

considerable. Effects of the fuel influx on the importance of individual elementary re-

actions and radicals and intermediate species are investigated. The lean PW cases have

similarities to much richer IW cases. Both a lower wall temperature and dilution reduce the

burned-mixture temperature and, consequently, the wall heat flux.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Thermal degradation of hardware parts that are subjected to

large wall heat fluxes during flame-wall interactions (FWI) is a

critical issue in many energy conversion devices, such as in-

ternal combustion engines, gas turbine combustors and fur-

naces. The premixed FWI can be described as coupled thermo-

chemical processes involving high temperature, propagating

premixed flames impinging on colder walls, where flame

quenching occurs at a normal distance from the wall known

as quenching distance [1e9]. Dreizler and B€ohm [10] reviewed

numerical and experimental FWI studies. They discussed the

role of laser diagnostics development and validation of

collected data through numerical simulations.

Flame quenching occurs with a large heat release near the

wall, and the resulting wall heat flux reaches its maximum

value. Accurate determination of the quenching distance and

the corresponding wall heat flux is significant, as strong

thermal gradients occur near the wall, affecting hardware

durability, pollutants formation and engine performance. The

different stages of FWI mechanisms are understood through

high-fidelity numerics in simple laminar premixed flame

configurations in one-dimensional (1-D) head-on quenching

and 2-D side-wall quenching configurations.
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Studies of transient quenching processes of flames have

employed single-step and multi-steps chemical mechanisms.

For low wall temperatures (around 300 K), the wall heat fluxes

predicted by single-step chemical mechanisms have been

seen to compare reasonably well to experimental observa-

tions. However, for higher wall temperatures these simple

mechanisms have appeared to fail [4,11,12]. At high wall

temperatures (above 400 K), it has been shown [6] that

chemical processes play a significant role near the wall,

involving exothermic radical recombination reactions. The

detailed multi-step mechanisms employed in numerical

codes have predicted well for wall heat fluxes and provided

better understanding of radical recombination reactions

involving radicals near the wall. Gruber et al. [3] showed that

the role of exothermic radical recombination reactions was

significant and contributed to 70% of the overall heat release

at the wall for a laminar premixed hydrogen-air flame.

Dabireau et al. [5] demonstrated that in a premixed H2 �O2

flame, the recombination reactions and reactions of inter-

mediate species ðHO2;H2O2Þ together contributed 30% of the

predicted wall heat flux.

Experimental study of FWI processes with quenching dis-

tances less than 1 mm near a wall is difficult due to strong

thermal gradients [12,13]. Therefore, we tend to rely on nu-

merical simulations. FWI processes of impermeable wall

configurations are described by a normalized wall heat flux

and the quenching Peclet number, defined as the position of

maximum fuel consumption rate and normalized by the flame

thickness. For hydrocarbon fuels, it has been observed that

the wall heat flux is inversely proportional to the flame

quenching distance with an assumption that no thermal

boundary layer exists between the wall and the near-wall

unburnt mixture [9,12,14,15]. Studies of hydrogen flames

showed that their FWI behaviour differs from that of hydro-

carbon flames forwall temperaturemaintained at 750 K,when

quenching of the flame occurred much closer to the wall

[5,7,16]. Owston et al. [7] extended the physical problem of [5]

to a range between 298 and 1200 K and concluded that radical

recombination reactions play a significant role in the evalua-

tion of wall heat flux at higher wall temperatures.

The paper by Gruber et al. [17] (with two of the present

authors) appears to be the first on numerical investigations on

a fuel flux through a permeable wall into a flame. This

potentially new design approach for combustion devices as a

porous fuel diffuser possibly coated with H2 selective perme-

able wall can replace conventional fuel nozzles and provide

in-situ Co2 e separation from the hydrogen fuel that is injec-

ted on the permeate side for mixing with the oxidant and

combustion further downstream [18]. The hydrogen gas wall-

permeation rate can influence the wall heat flux and avoid a

flame coming very close to the wall. Hence, thermal degra-

dation of hardware parts can potentially be reduced in com-

parison to an impermeable wall. Gruber et al. [17] discussed

the transient nature of laminar FWI processes in 1-D and 2-D

configurations and indicated a strong feedback mechanism

between the permeating hydrogen flux and the flame on the

permeate side.

A planar flame front propagates through a premixed fuel/

air mixture towards a solid wall facing the flame. When

reaching the wall, the flame quenches. The process can be

analyzed as a 1-dimensional case, and is illustrated sche-

matically in Fig. 1 for an impermeable wall (IW) and a fuel-

permeable wall (PW) configuration. Both walls have chemi-

cal inert properties, that is, no adsorption or catalytic effects.

In the PW case, the flame is partly premixed, as pure fuel (here

H2) flows into the domain and mixes with premixed fuel-air

mixture on the permeate side.

Some aspects of the problem were considered by Gruber

et al. [17] as part of a larger study. Numerical simulations with

a detailed chemical mechanism and diffusion mechanisms

were conducted for laminar hydrogen-air flames at atmo-

spheric pressure on a planar and permeable (hydrogen se-

lective) wall at constant wall temperature of 750 K and

different H2/air mixtures. It was found that for IW, the wall

heat flux ð�FwÞ was slightly reduced and the quenching

delayed in time as the undisturbed-mixture equivalence ratio

ðfuÞwas increased from 0.5 (fuel lean) to 1.5 (fuel rich). The net

reaction heat release had itsmaximumpoint at the wall and it

was larger for a stoichiometric mixture than for rich or lean

mixtures. The temperature of the reactedmixture close to the

wall around quenching approached, but was less than, the

burned temperature of the freely propagating flame. The local

equivalence ratio decreased towards the burned-mixture

value as the flame front reached the wall and quenched. The

PW cases of 17 were all conducted with a single permeate feed

pressure (10 bar).

In the present paper, the physical problem is extended to

operate the porous fuel diffuser configuration with different

feed pressures at the porous wall. The resulting variation in

hydrogen flow through the membrane influences the local

chemistry near the wall and the heat transfer. We will also

investigate FWI characteristics of the PW configuration,

Fig. 1 e Head-on quenching configurations of (a) Impermeable wall (IW) and (b) Permeable wall (PW) with hydrogen flux in

accordance with Eq. 5.
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influence of hydrogenmass flux on heat release rates near the

wall and of varying feed pressure and equivalence ratio.

Contributions of the individual elementary reactions will be

studiedmore in detail. Furthermore, effects of dilutionwithN2

(inert) and H2O(participating) will be studied.

These studies can aid in better understanding of flame

chemistry near the permeable wall. They can also provide

novel concepts for hardware components referred to as

impermeable walls with some degree of permeability of fuel

such that large wall thermal fluxes are avoided. Some

permeation of fuel through a basically impermeable wall can

alter the local chemistry for a given stoichiometry during

operation.

The following section will describe the choice of models

and the numerical setup, including hydrogen flow across the

wall through a membrane, numerical methods used for DNS

studies, computational setup for performing 1-D transient

runs, permeable wall boundary condition formulation and

definitions related to FWI as well as some of the basic char-

acteristics of the laminar, undisturbed flame in so far as it is

important for the understanding of the flame-wall interaction

results in the present paper. Sections 3 and 4 show results and

following discussion. Finally, conclusions are presented.

Numerical setup and choice of models

Governing equations

The following equations represent governing reacting flows

and are written in conservative form as [19].

vr

vt
¼ v

vxa

ð�ruaÞ; (1)

v

vt
ðruaÞ ¼ v

vxb

ð�rua$ubÞ þ v

vxb

ðtbaÞ � vp
vxa

; (2)

v

vt
ðre0Þ ¼ v

vxb

½ � ðre0 þ pÞub� þ v

vxb

ðtba$uaÞ � vFb

vxb

; (3)

vðrYkÞ
vt

¼ v

vxb

ð�rYkubÞ þ v

vxb

ð � rYkVbkÞ þ _uk (4)

Mass flux through permeable wall

The hydrogen permeation through permeable wall (also

referred as membrane wall) is based on Sieverts' law of

hydrogen diffusion in thin Pd-Ag based membranes. The

hydrogen flux formulation is based on palladium or palladium

alloy membranes that proceeds via a solution-diffusion

mechanism and generally expressed for species H2 as

[17,20,21].

FH2 ;w ¼ Q ''$WH2

��
pf
H2

�n
�
�
pp
H2

�n�
; (5)

where Qn and n are themembrane permanence factor and the

pressure exponent, respectively, of Pd-based membranes. For

typical 2e3 mm Pd-based membrane thickness, these values

were set to Q '' ¼ 7:0$10�6 kmol=ðm2sPa0:5Þ and n ¼ 0:5 [17,20].

Chemical mechanism

The hydrogen-oxygen chemistry was described by the

mechanism of Li et al. [22], with 8 species (H2, O2, H2O, OH, H,

O, HO2 and H2O2) and 19 steps, supplemented with N2 as an

inert gas. This approach enabled identifying the most impor-

tant species, radicals and reaction rates during the flame

quenching process. Table 1 lists the 19 two-way elementary

reactions, which will be denoted as R1 to R19 with the

enumeration in accordance with [22] (also in Ref. [17]) and f

and r denoting forward and reverse reactions.

Numerical method

The 3-D code S3D, developed at Sandia National Laboratories,

was modified for the one-dimensional configuration to

perform FWI simulations. The compressible Navier-Stokes

equations were solved in conservative form on a structured

mesh. The code used the Message Passing Interface (MPI) for

inter-process communication in parallel execution [23] and

can easily be ported in different architectures [24] for different

high end performance studies [3,24e29].

The solver had a non-dissipative numerical scheme with

an eight-order explicit central differential scheme in space

(third order, one-sided stencils at the domain boundaries) and

a fourth-order explicit Runge-Kutta method in time [30]. High-

frequency spurious fluctuations and aliasing errors in solu-

tions were removed using a tenth-order purely dissipative

spatial filter.

The constitutive relationships, such as ideal gas equation

of state, models for reaction rates, molecular transport and

thermodynamic properties details, were described in Ref. [19].

The code could handle multi-step chemistry. The thermody-

namic properties and mixture-averaged transport properties

were evaluated through linking of Chemkin and Transport

software libraries [31,32] to the S3D solver.

Table 1 e Elementary reactions in the H2 �O2 chemical
mechanism, Li et al. [22].

No. Reactions

R1 O2 þH#OHþO

R2 H2 þO#OHþH

R3 OHþH2#HþH2O

R4 H2Oþ O#2OH

R5 H2 þM#2HþM

R6 2OþM#O2 þM

R7 Hþ OþM#OH þM

R8 OHþHþM#H2OþM

R9 O2 þHþM#HO2 þM

R10 HþHO2#O2 þH2

R11 HþHO2#2OH

R12 OþHO2#OHþO2

R13 OHþHO2#O2 þH2O

R14 2HO2#O2 þH2O2

R15 H2O2 þM#2OHþM

R16 HþH2O2#OHþH2O

R17 HþH2O2#H2 þHO2

R18 OþH2O2#HO2 þOH

R19 OHþH2O2#H2OþHO2

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 3 8 2 2e3 8 3 63824



Boundary conditions

The permeable wall boundary formulation was based on no-

slip, isothermal and species zero-gradient conditions, except

for H2. The hydrogen mass fraction gradient at the wall was

set by the expression for permeability, FH2 ;w (Eq. (5)). The well-

posed solution [33e35] for the permeable wall can be

expressed as

ua ¼ 0; (6)

Tw ¼ Tu; (7)

�
vYH2

vxa

�
w

¼ FH2 ;w

rwDmix;w
(8)

and

�
vYk

vxa

�
w

¼ 0 for ksH2 (9)

In the wall-normal direction, the non-zero velocity

component was estimated as u1 ¼ FH2 ;w=rH2
. The wall pressure

gradient was expressed by inserting the species mass fluxes

Fk ¼ rkua into the momentum equation (Eq. (2)), with the

assumption of wall-normal gradients of these fluxes set to

zero. The pressure gradient at the wall was then obtained as

�
vP
vxb

�
w

¼ �
 XNg

k¼1

vFk;w

vt

!
�
 
vub

vxb

$
XNg

k¼1

Fk

!
w

þ
�
vtab

vxb

�
w

(10)

Here, only hydrogen contributed to the sum taken over all

gases. The first and second terms on the right hand side of Eq.

(10) represent the unsteady and steady terms as consequences

to wall-normal momentum of the permeable wall due to

hydrogen flux. At the wall, the mass fractions of species ðYk;wÞ
and the pressure ðPwÞ were extracted by inverting the nu-

merical stencil. The density at the wall, rw, could then be

updated using these values and the wall temperature in the

ideal-gas equation of state.

The impermeable wall boundary condition was similar to

the above, with the simplification that nomass penetrated the

wall. That is, Eq. (9) was used for H2 as well, and the RHS of Eq.

(10) was reduced to the viscous term.

For the outflow boundary at the right-hand side of the

domain, the Navies-Stokes characteristic boundary condi-

tions (NSCBC) [36,37] were used for both IW and PW cases.

Definitions, non-dimensional quantities

The incident wall heat flux was calculated as Fw ¼ lðvT=vxÞw.
The maximum value that occurred at quenching was denoted

as Fw;Q . The quenching instance was taken as the time when

the wall heat flux had its maximum value [6]. During the

quenching process, we tracked the flame position through the

locations of the maximum reaction heat release rate ðyumax Þ
and themaximum fuel consumption rate ðyuF;max Þ in the flame.

The corresponding wall-to-flame distances were normalized

by the characteristic flame thickness dL ¼ lu=ðruCp;uS0LÞ [5] to

yield the respective Peclet numbers, Pe ¼ yumax=dL and

PeF ¼ yuF;max=dL.

The flame speed S0L, the flame thickness dL and the laminar

flame power q0l ¼ ruCp;uS0LðTb � TuÞ were calculated for the

flame propagating through the undisturbed gas mixture

before reaching the wall. The burnt temperature Tb was

evaluated as the equilibrium adiabatic flame temperature of

this freely propagating flame. The thermal flame thickness

was defined as d0L ¼ ðTb � TuÞ=ðvT=vxÞmax [14] and the non-

dimensional flame thickness as d�L ¼ d0L=dL.

Non-dimensional variables were introduced, such as the

heat release rate _u� ¼ _udL=q0l and fuel consumption rate

� _u�
F ¼ R L0 ð� _uFÞdx=ðruS0LYF;uÞ. The non-dimensional wall heat

flux was given as F�
w ¼ Fw=q0l .

All time instants were normalized by the laminar flame

timescale as t� ¼ t$S0L=dL. In the cases of PW, the normalized

mass flux was defined as F�H2 ;w
¼ FH2 ;w=FH2max, where FH2max

was the maximumwall mass flux evaluated (Eq. (5)) for a zero

hydrogen partial pressure on the permeate side.

The timescale of flame-wall interaction for head-on

quenching, tFWI, was defined [13] as the time required for Fw

to reach the maximum wall flux from one-half of this

maximum. It was normalized as t�FWI ¼ tFWI$S0L=dL.

Specifications of the present investigations

The initial flow field of each H2-air flame was placed in the

center of the one-dimensional domain. The quiescent initial

field solutions were computed based on Chemkin Premix [32].

A progress variable function was used in the initialization to

map all points in the one-dimensional domain taken from

Chemkin Premix.

The computational domain had a length of L ¼ 0:02 m and

was characterized by a uniform mesh in the wall-normal di-

rection. The number of nodes, N ¼ 4096, was chosen from a

grid sensitivity study for PW cases (see Sect. 3.1). The time step

was fixed at 1:0$10�9s for all simulations.

The speciesmass balance, Eq. (4), was solved for all species

but N2, which was determined from continuity of mass. The

species reaction rates and all thermal properties were calcu-

lated at every step of the iteration.

The Soret effect (thermo-diffusion) and pressure diffusion

were taken into account, whereas the Dufour effect was not

implemented in S3D [19]. Radiation heat transfer and body-

force effects (gravity) were neglected.

Air was assumed as a mixture of 79% N2 and 21% O2, molar

based. The pressure of the gas mixture was maintained at

1 atm. The temperature of the unburned gas and the wall was

specified at Tu ¼ Tw ¼ 750 K, except when the effects of this

temperature was studied (then, 300 K and 500 K). The initial

velocities were set to zero for all cases.

Four PW cases of constant pfH2
¼ 10.0, 5.0, 2.0 and 1.0 atm

and the IW case were investigated for each of four fuel-air

conditions, fu ¼ 0.5, 0.8, 1.0 and 1.5. These equivalence ra-

tios pertained to the undisturbed mixture, unaffected by the

fuel influx from the wall. Accordingly, for PW the permeation

commenced at t ¼ 0. Due to lack of experimental results on

PW configurations, the results were compared against the

impermeable wall configuration for validation purposes. This

can also give comparison to previous flame quenching results

for hydrogen flames [5,7].
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In the previous study 17 was seen that for PW, the local

equivalence ratio at the wall was in the range 3e5. Therefore,

an IW case was run here with fu ¼ 4:0 ðTu ¼ Tw ¼ 750 KÞ for

comparison with the leaner PW. Furthermore, cases with

dilution by N2 and H2O were investigated, and also cases with

lower unburnt-gas and wall temperature, as specified in Sec-

tions 3.4 and 3.5 below.

Results

Initial investigations for validation

In order to ensure quasi-steady conditions, the flame profile

was initiated sufficiently far from the wall (i.e. x ¼ L=2) before

the flame propagated towards the wall. The initialization

method described in Sect. 2.7 yielded marginally incorrect

initial fields during flame set-up. Initial spurious oscillation

was observed in the transient term at t� ¼ 58:5. This indicated

discontinuities, however, which could be ignored as the

behaviour was short and far from the flame quenching time.

The propagating flame readjustedwithin the unburntmixture

and reached a nearly constant flame speed until it sensed the

presence of the wall or enriched hydrogen fuel concentration

due to permeation. Therefore, the period before t� ¼ 60 was

ignored in the analyses of the results.

The quenching times were quite similar for both cases,

t�Q ¼ 501:8 for IW and t�Q ¼ 503:97 for PW. The actual values

depend on the initial location of the flame and are not directly

comparable to other studies. A difference was seen as for PW,

thewall influence commencedmuch earlier, at approximately

0.80 times t�Q compared to 0.98 for IW. The first influence was

weak, but an increased depletion (outflow) ofmasswas clearly

seen in the results, although the permeation added mass to

the system.

The total depletion of mass of the system for the time in-

terval from t� ¼ 60 to 1640 was 1:48$10�3 kg=m2 (22% of the

original mass) and 1:69$10�3 kg=m2 (25%), respectively, for IW

and PW.

A sensitivity study was performed to find the sufficient

resolution required to capture the wall thermal flux and the

flame thickness during quenching. Table 2 presents this ex-

amination performed for PW cases at stoichiometric condi-

tions with a varying number of grid points (N) for a feed

pressure of pfH2
¼ 10 atm. It shows that for N ¼ 4096, the

quenching thermal flame thickness was then captured by a

number of gridpoints, M ¼ 24. Table 3 presents computations

for varying fu at N ¼ 4096. The results showed that this res-

olution captured the quenching flame thickness by 22e27

nodes for the PW cases and by 12e20 nodes for the IW cases. It

was assumed that a resolution of 10 is sufficient [3]. Accord-

ingly, N ¼ 4096 was used for all cases.

Flame wall interaction (FWI) characteristics

Graphs showing the time evolution of wall-normal profiles of

the normalized temperature, the normalized reaction heat

release rate and the local equivalence ratio was shown by

Gruber et al. [17] for undisturbed equivalence ratios fu of 0.5,

1.0 and 1.5, a wall temperature of 750 K and a feed pressure of

pfH2
¼ 10 bar. These graphs are not repeated here.

Figs. 2 and 3 display FWI characteristics (d�L,� _u�
F, _u

�, Pe, PeF)
plotted against non-dimensional time (t�) for the case of

fu ¼ 1:0, Tu ¼ Tw ¼ 750 K, pfH2
¼ 10 atm and N ¼ 4096. These

figures present the premixed head-on-quenching process split

into three stages [5]: Stage I is the undisturbed propagation. In

Stage II, the wall influences the flame, while in Stage III, the

overall reaction rate and wall heat flux decreases after

quenching. Due to the hydrogen inflow, the ranges of these

stages differs for PW compared to IW. In the undisturbed flow,

the mass consumption rate and heat release rate were � _u�
F ¼

0:3015 and _u� ¼ 0:0414. For IW, the former just declined to-

wards zero after quenching, while the heat release rate came

to a peak value of _u� ¼ 0:4085 at t� ¼ 503:0 and then declined.

For PW, both rates peaked: � _u�
F ¼ 0:3538 at t� ¼ 478:0 and _u� ¼

0:3434 at t� ¼ 503:3. The maximum heat release rate reached

the wall ðPe ¼ 0Þ at t� ¼ 496:5 for IW and at t� ¼ 497:8 for PW.

The flame thickness came to a minimum of d�L ¼ 3:775 for IW

at t� ¼ 501:8, that is, after quenching. For PW, it first had a

minor increase and then fell to its minimum value just before

quenching; d�L ¼ 5:874 at t� ¼ 503:8.

During the flame quenching process, the transient wall

heat flux peaked due to a large overall heat release rate at the

wall for both IW and PW. The heat release rates of the indi-

vidual elementary reactions are shown in Fig. 4 and compared

to the overall heat release. The heat release rates shown here

and in Fig. 2 were calculated for the location of maximum net

heat release rate. The cases of Figs. 4 and 5were the same as in

Figs. 2 and 3.

The transient wall H2 mass flux of the PW configuration

will be shown below. At stoichiometric conditions it spiked to

a non-dimensional value of 0.81 at quenching from the value

0.79 just before.

Fig. 5 displays transient mass fraction of all species (except

N2) at the wall (i.e. x ¼ 0) for both IW and PW configurations.

Effects of varying feed pressure and equivalence ratio on PW
configurations

In the following simulations the feed pressure ðpfH2
Þ was var-

ied, while the undisturbed gas mixture on the permeate side

had stoichiometric conditions.

Fig. 6 shows the transient wall heat fluxes and wall H2

mass fluxes of four PWcases and the corresponding IW case at

stoichiometric conditions. It was seen that increasing the feed

pressure at thewall reduced thewall heat flux and delayed the

quenching. Increasing feed pressure at the wall provided a

higher hydrogen flux, influencing exothermic recombination

reactions, mainly R8f, R9f and R11f, to reduce significantly the

Table 2 e Flame properties with varying grid points (N),
obtained for PW cases at fu ¼ 1:0 and pf

H2
¼ 10 atm.

N d�L d�L;Q Fw;Q M

[�] [�] [�] [MW/m2] [�]

1024 26.60 8.56 2.752 9

2048 26.01 7.23 3.130 15

4096 25.90 5.87 3.295 24

8192 25.88 5.86 3.300 48
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overall heat release rate. Increasing the H2 wall flux promoted

Reaction R5r such that exothermic recombination reactions

at the wall were reduced in magnitude. The lower feed pres-

sures (pfH2
at 1.0 and 2.0 atm) gave quenching earlier than IW

and at larger wall heat fluxes. The increased normalized

hydrogen fluxes had lesser peaks at quenching for higher feed

pressures.

For the rich and lean mixtures, FWI characteristics

behaved qualitatively similar to the stoichiometric mixture

described by Figs. 2e6. Among the few deviations were the

wall heat transfer (reported in Fig. 3 of Gruber et al. [17]); that

is, higher values with lower equivalence ratio for PW and vice

versa for IW. Another observation here was that for the stoi-

chiometric case (cf. Fig. 6a) and (more notable for) the rich

case, increased feed pressure (increased wall influx) gave a

delayed and reduced peakwall heat flux. For the lean case, the

tendency was not as clear. Furthermore, for the rich flame PeF
went to zero just before quenching and remained so for a

while, whereas it for the stoichiometric and lean cases rose to

a high value (cf. Fig. 3b). For the lean PW case, contrary to the

stoichiometric case, PeF declined quite fast after the spike.

Fig. 7 shows the normalized values for the wall H2 mass

flux, wall-to-flame distance (i.e., Peclet number) and the wall

heat flux at quenching for varied feed pressure and equiva-

lence ratio. The results obtained for the investigated cases are

shown as points in the graphs. The lines between the points

do not show more results but were supplemented to ease

reading.

Since the local partial H2 pressure just inside the wall ðppH2
Þ

is directly related to pfH2
and FH2 ;w through Eq. (5), Figs. 6b and

7a also indicate on that quantity.

It should be noted that the denominator of the dimen-

sionless flux shown in Fig. 7a increaseswith the feed pressure,

while it is independent of the equivalence ratio. This means

that the absolute values increase more with feed pressure

than those shown. The denominator of the Peclet number

(laminar flame thickness) increases with increasing deviation

from stoichiometry, while the denominator of the dimen-

sionless heat flux (flame power) decreases. Both these de-

nominators are independent of the feedpressure.Accordingly,

the dimensional counterparts of Fig. 7b and c showed curves

that weremore assembled for PW. In particular, the lean cases

were close to the stoichiometric cases. In other words, the

dimensional wall heat flux at quenching (i.e. the maximum

wall heat flux) was minorly affected by the initial equivalence

ratio ðfuÞ of themixture. Increasing the feed pressure from1 to

10 atm reduced the wall heat flux by about one-fourth, while

the corresponding wall fuel flux increased 4e5 times. In

comparison, the rich ðfu ¼ 1:5Þ IW case had a dimensional

maximum wall heat flux about twice those of the stoichio-

metric IW case and all the PW cases, while the leaner IW case

ðfu ¼ 0:5Þ gave a value one-fourth of the stoichiometric.

Non-dimensional FWI timescales are shown in Fig. 8 for IW

and for PW at varying feed pressures. For PW they increased

monotonically for increasing fu, while decreasing for IW. At

rich conditions, the timescale increased with more perme-

ation. For lean conditions, there was first a reduction to a feed

pressure to 2 atm, and then an increase with further increase

of permeation.

Table 3 e Flame properties obtained for varying fu with given N ¼ 4096 and pf
H2

¼ 10 atm.

Wall type fu S0L dL q0l Tb d�L d�L;Q Fw;Q M

[�] [m/s] [10�6m] [MW/m2] [K] [�] [�] [MW/m2] [�]

IW 0.5 6.40 26.11 4.12 2017.5 19.78 3.84 1.092 20

IW 1.0 10.8 19.73 10.05 2597.3 25.90 2.93 4.230 12

IW 1.5 12.5 19.88 11.22 2539.4 24.90 3.39 7.698 14

PW 0.5 6.40 26.11 4.12 2017.5 19.78 4.11 3.462 22

PW 1.0 10.8 19.73 10.05 2597.3 25.90 5.87 3.295 24

PW 1.5 12.5 19.88 11.22 2539.4 24.06 6.41 2.957 27

Fig. 2 e Non-dimensional characteristic parameters versus

non-dimensional time of premix FWI cases: Impermeable

(top) and Permeable (bottom) wall boundaries. The

unstretched laminar flame thickness and quenching

values are included.
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Fig. 9 displays the development of the dimensional heat

release rates of PW configurations during quenching. All cases

shown were for a feed pressure of 10 atm. For a short while

before quenching, a two-peak behaviour of the total heat

releasewasobserved for thestoichiometric (Fig. 9aed)and lean

(Fig. 9e) cases, although not clearly in the rich case (Fig. 9f). To

make the development visible in the graphs, the vertical axes

were chosen such that the peaks exceeded the graphs. There-

fore, the value of the peak was written into each graph. The

maximumvalue of the overall heat release rate (which defined

the quenching instance) was found at the wall ðx ¼ 0Þ in all

cases.

Dilution with nitrogen and water vapour

In the following section, we investigate the influence of dilu-

tion by N2 and H2O of the stoichiometric premixed flame for

both impermeable and permeable wall configuration. The PW

cases were conducted at pfH2
¼ 10 atm.

Table 4 specifies the cases where the stoichiometric

hydrogen-air mixture presented above (here denoted as Case

D0) was compared to cases where more nitrogen (Cases D1

and D2) or more water vapour (Cases D3 and D4) were added.

For all these cases the stoichiometric H2eO2 ratio, the un-

burned and wall temperatures Tu ¼ Tw ¼ 750 K and (for PW)

Fig. 4 e Normalized heat release rates for overall (total) and elementary reactions are shown for IW and PW configurations.

The overall heat release rate of the freely propagating flame is used for normalization.

Fig. 3 e Peclet numbers versus non-dimensional time for Impermeable (a) and Permeable (b) wall configurations. The

quenching values are included.
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the feed pressure pfH2
at 10 atm were maintained. Each case

was run for both IW and PW.

The resultingnon-dimensionalwall heat fluxes are shown in

Fig.10.Whenviewing thesequantities, it isworthnotingthat the

flame properties, Table 4, also changed. For both wall configu-

rations, the (dimensional) wall heat fluxes decreased for

increasingN2dilutiondueto the lowertotal reactionheatrelease

rate, _u. Reductionby30%and54.2% in _uwereobserved forCases

D1andD2, respectively, incomparison toCaseD0.Whenadding

H2O, the heat release rate was reduced by 8% and 57%, respec-

tively, for Cases D3 and D4 compared to Case D0. In these sim-

ulations, any reaction with N2 was neglected, while H2O

participated in the reactions according to the chemical mecha-

nism. Dilution with N2 and H2O delayed the flame quenching.

Effects of varying wall and unburnt mixture temperature

Simulations with reduced wall and unburnt mixture temper-

ature are presented in this section. The isothermal boundary

condition Tw ¼ Tu (Eq. (7)) was maintained. Cases with tem-

peratures of 300 K and 500 K, and equivalence ratios of 0.5, 1.0

and 1.5, were computed for comparison with the 750 K cases

studied in Sect. 3.2. Here, pfH2
was 10 atm for PW.

Non-dimensional values of wall heat and mass fluxes are

shown in Fig. 11 for the IW and PW configurations at stoi-

chiometric conditions. The quenching wall heat fluxes

decreased with decreasing temperature at the wall. As for

dilution, Sect. 3.4, it is worth noting the stronger reduction of

the dimensional quantities compared to the non-

dimensional. For PW at the lower temperature (300 K), the

quenching wall heat flux was marginally higher (0.05%)

compared to IW, whereas at the higher temperatures it was

lower than for IW.

Results for rich and lean mixtures are shown in Fig. 12. As

seen above for 750 K, the quenching wall heat fluxes of lean

PW cases were significantly higher than for IW and lower for a

rich mixture. In all cases, the quenching was delayed, and the

wall heat flux reduced, with lower temperature.

Fig. 5 e Transient profiles of species mass fractions at the wall (x ¼ 0), stoichiometric conditions.
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Discussion

Thermal radiation

Following previous work [5,7,8], thermal radiation was

neglected as it was not implemented in the code used. This

was based on an assumption that the influence was small and

negligible due to the optically thin hydrogen flame.

As a simplified evaluation of the assumption, we did a

postprocessing calculation to estimate the radiation emission,

using the “optically thin flame model” [38,39]. The emitted ra-

diation at the highest temperature was 6 orders of magnitude

less than the reaction heat release. That is, for the undisturbed

propagating flame. Close to the wall, the reaction heat release

increased by more than one order of magnitude. For the time

instances at quenching and one FWI time (cf. Fig. 8) before

quenching, the reaction heat releasewithin the flamewas 5e7

orders of magnitude larger than the radiation emission. We

also estimated the radiationheat transfer fromtheflame to the

wall and found that it was 5e8 orders of magnitude less than

the evaluated heat transfer to the wall (conduction, convec-

tion). Furthermore, at an emissivity approximately 0.1, the

radiation fromthewallwouldbalance the radiation to thewall.

Accordingly, it could be concluded that neglecting radia-

tion heat transfer was justified for this configuration.

Stages of head-on quenching

Results for the impermeable wall (IW) can be compared

to earlier flame-wall interaction (FWI) studies performed

Fig. 6 e Transient wall heat fluxes (a) and mass fluxes

(b) for different feed pressure ðpf
H2
Þ in FWI configurations

at stoichiometric conditions. The IW configuration is also

shown as a reference case for wall heat flux.

Fig. 7 e Normalized quenching mass flux, wall-flame

distance and wall heat flux for varying equivalence ratio

and PW feed pressures. Zero feed pressure represents the

IW case.

Fig. 8 e Normalized time of flame-wall interaction for

varying equivalence ratio of IW and PW at different feed

pressures.
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for comparable conditions of hydrogen flames [5,7,14]. The

main quantitative deviations can be explained by the differ-

ence between air and oxygen used as oxidizer. Some lesser

differences can be attributed to differences in models

(chemical mechanism, transport and thermodynamic prop-

erties) and numerical methods.

Following [5], head-on quenching can be described as a

sequence of three stages to explain FWI characteristics, as

indicated in Fig. 2. Thefirst stage is the freelypropagatingflame

underno influenceofwall effects suchaswall heatfluxand (for

PW) wall mass flux of fuel. The transient heat release occurred

within the travelling reaction zone, and themajor heat release

reactions were (in decreasing order) R3f, R8f, R9f, R11f and R7f,

together with one major endothermic reaction, R1f.

Stage II of the IW case started at t� ¼ 494:0 with corre-

sponding PezPeF ¼ 10:9. Shortly after, the heat release rate _u�
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Fig. 9 e Non-dimensional heat release rates (HR), _u�, of PW configuration, overall (total) HR and of selected individual

elementary reactions. The solid lines represent the quenching instance.
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began increasing and its peak reached the wall (Pe ¼ 0), Fig. 3.

The heat release peak reaching the wall is regarded [5] a char-

acteristic of a “hot wall”. This instance was at t�Q � t� ¼ 5:3,

which, independent of the initial time, can be compared to the

values 6 of [5] and 3.4 of [7], both for H2eO2 flames. The IW

results here were in agreement with the previous studies. To-

wards quenching, the overall heat release rate increased

tenfold due to the radical recombination reactions R8f and R9f

and the chain branching R11f at the wall. Said reactions

contributed 82% of the overall heat release rate at the wall.

In the PW case, the second stage started earlier than in the

IW case. The initial rise of� _u�
F was observed at t� ¼ 396:0, with

corresponding PezPeF ¼ 116. Fuel accumulated near the wall

while the flame propagated in the first stage. The flame

thickness d�L gradually decreased from t� ¼ 403:5, followed by

an increase due to the increased ratio of fuel to O2. Like IW, the

PW flame reached the wall (Pe ¼ 0) before quenching. It was

noted that d�L during flame quenching was approximately 1.5

times that of the IW case. Moreover, the wall heat flux was

reduced to 78% of the IW case.

Fig. 4c and d presents transient heat release rates of the PW

case. The maximum overall heat release rate during quench-

ing was reduced to 82% of the IW case. This reduction can be

explained by the increasingly off-stoichiometric fuel-air

mixture. Furthermore, the exothermic Reaction R5r was

considerably more important in PW than IW, while

consuming H radicals and thereby damping the (more

exothermic) H radical consuming Reaction R8f.

In the third stage the heat release and fuel consumption

rates of bothwall configurations decreased slowly to zerowith

incomplete combustion. For IW, the widening reaction zone

(increasing PeF) after flame quenching indicated that

remaining H2 diffused towards the pool of O and OH radicals

in the hot burned gas mixture to achieve post-flame

Table 4e Inert gas andwater addition to hydrogen-airmixturewithwallmaintained at 750 K. Case D0 is the undiluted case
described above.

Case ðN2=O2Þu ðH2O=O2Þu ðH2O=H2Þu S0L q0l Tb ðdL=S0LÞ
[�] [�] [�] [m/s] [MW/m2] [K] [10�6 s]

D0 3.762 0.0 0.0 10.8 10.05 2597.5 1.83

D1 4.0 0.0 0.0 10.4 9.20 2511.5 11.6

D2 4.762 0.0 0.0 9.05 7.43 2383.8 60.4

D3 3.762 0.238 0.12 10.4 9.24 2499.8 10.2

D4 3.762 0.5 3.417 8.75 7.36 2343.8 73.0

Fig. 10 e Transient wall heat fluxes for varying dilution by

N2 and H2O in IW and PW configurations. Here pf
H2

is

maintained at 10 atm for PW, and Tw ¼ Tu ¼ 750 K.

Fig. 11 e Variation of wall and unburnt temperature

ðTw ¼ TuÞ at stoichiometric conditions for IW and PW. Here,

pf
H2

¼ 10 atm for PW. The arrows point at the peak values.
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oxidization. For PW, the maintained fuel influx gave rapid

transport of H2 towards the hot burned gas.

All three stages remained similar over varying permeate

feed pressure of the PW and varying equivalence ratio.

Fig. 6b presents the transient non-dimensional wall mass

flux ðF�H2 ;w
Þ at stoichiometric conditions. It was observed that

initially, the fuel mass flux decreased in the free propagation

state. This can be explained from the accumulation of H2,

reducing the driving force. As the flame approached the wall,

from t� ¼ 419, the accumulated fuel was consumed gradually

through R5f (H2 dissociation into H) and decreasing the

permeate-side partial pressure of H2. At quenching, the wall

mass flux reached its maximum value.

Fig. 5 displays transient profiles of all species mass frac-

tions at the wall (x ¼ 0) for both IW and PW. For Stage I of IW,

the composition was unaltered because the wall temperature

of 750 K was insufficient to promote chain-branching re-

actions. The onset of changes occurred at t� ¼ 494:0 as the

near-wall mixture came under influence of the flame, and the

preheat zone of the flame began to loose heat to the colder

wall. H2 and O2 were consumed at the wall in Reactions R1f,

R2f, R3f and R9f with gradual accumulation of radicals. The

intermediate species H2O2 was produced through R15r. After

quenching, radicals were consumed due to recombination

reactions with zero activation energy; R8f and R9f, with in-

fluence of R11f (low activation energy, chain branching).

HO2 accumulated at the wall earlier than other species

because of the radical recombination Reaction R9f (zero acti-

vation energy), which occurred in the lower-temperature re-

gion near the wall in front of the flame. It gradually reached a

peak mass fraction value of 3:0,10�4 at t� ¼ 490:7. Just after

quenching, the H2O2 peak mass fraction value of 3:12,10�5

was observed at t�z502:7 due to the HO2 consuming Reaction

R14f. The H2O2 profile showed a behaviour similar to that of

the overall heat release, cf [5]. The H2O formation at thewall is

due to R8f, R16f and R13f involving H and OH radicals. After

t� ¼ 518, all species except H2O declined towards zero because

leftover radicals diffused from the colder wall to the hot

burned gas region with production of H2O.

In the PW case, the H2 and O2 mass fractions gradually

changed by permeation from the beginning. As the mixture at

the wall came under influence of the propagating flame, accu-

mulated H2 dissociated in Reaction R5f to H radicals. The HO2

accumulationshowedsimilarity to IWandgradually reachedan

early peak value of mass fraction 3:60,10�4 at t� ¼ 493:0, while

H2O2 reached its peak value of 1:08,10�5 just before quenching

(t� ¼ 501:6). Different from IW, these intermediates and O2

decreased much faster for PW as permeation of hydrogen in-

terferes with excess production of H and consumption of other

radicals near the wall during flame quenching. The consump-

tion of radicals H and OH resulting to zero wasmore rapid than

for IW due to Reactions R2f, R4f, R12f for H and R3f for OH radi-

cals. Furthermore, the behaviour of H2O2 was not similar to the

overall heat release. The peakofHO2 for PWwashigher than IW

due to consumption of H2O2 through radical recombination

reactions, R17f and R18f. A peakmass fraction value of 0.271 for

H2O was observed at t� ¼ 518:0 due to R3f with consumption of

OH radicals at thewall. After t� ¼ 518:0, H2Owas observed to be

reduced due to absence of OH radicals at the wall.

At the wall, HO2 was to a large extent produced through

reaction R9f (as observed by Ref. [5] for IW), which is

exothermic and have zero activation energy. This was also the

case for PW. H2O2 was consumed by R15f and R19f until the

flame reached thewall for IW. For PW, R15f remained themain

consumer, while R19f was of low importance close to the wall.

Influence of varying feed pressure ðpf
H2
Þ and equivalence

ratio ðfuÞ on wall heat flux

The primary effect of fuel permeation through the wall

(membrane) is to increase the local fuel-to-oxidizer ratio (local

equivalence ratio) on the permeate side. The increasing feed

pressure increases the fuel wall flux. Indeed, the associated

increase in the permeate fuel partial pressure, will tend to

reduce the mass flux according to Eq. (5). However, as seen in

Fig. 7a (and more so from the corresponding graph of the

dimensional quantity, not shown), thiswas aminor effect. The

realization of the increased local equivalence ratio showed a

modestdependencyon that of the initial, undisturbedmixture.

All the PW cases gave a locally very rich mixture close to the

wall (as seen ingraph fof Figs. 4e6of [17]). This canexplainwhy

the maximum wall heat flux of the PW cases had a weak

sensitivity to the initial equivalence ratio ðfuÞ compared to IW.

Moreover, at a location not far from the wall, the mixture

approached stoichiometric conditions. Hence, the fuel con-

version rates were still large close to the wall.

The very rich IW case ðfu ¼ 4:0Þ behaved in many aspects

similar to the lean PW case (fu ¼ 0:5, 10 atm feed pressure).

The (dimensional) wall heat flux at quenching for these two

cases were close to each other. Also the reactions of impor-

tance for heat release were also the same, except that

Fig. 12 e Transient wall heat fluxes for lean and rich

mixtures at different wall temperatures.
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Reactions R5f and R9f changed place as the 2nd and 3rd most

important (after R8f).

Heat release rate trend on varying equivalence ratio ðfuÞ in
PW configurations

In both the stoichiometric (Fig. 9a) and fuel-lean (Fig. 9e) cases,

a two-peak behaviour of the total heat release rate was

observed near the wall. The main contributor to the peak

moving towards the wall appeared to be Reaction R3f (Fig. 9b),

and to some extent R9f (Fig. 9d). The peak at the wall was

made by Reactions R8f, R5r (Fig. 9c), R9f and R11f until the

peaks merged. On the other hand, the fuel-rich case (Fig. 9f)

barely had a two-peak behaviour, as the moving peak reached

the wall in about the same instance as the wall-peak was

rising. For none of the cases, the described behaviour led to

any two-peak temperature profile.

Influence of dilution

Increased dilution reduced the temperature of the burnt gases

and, consequently, reduced the wall heat fluxes (Fig. 10). The

thermal gradient alone influenced the wall heat fluxes. Addi-

tional N2 (inert) did not influence major heat releasing re-

actions, however, it did reduce the total reaction heat release

rate due to its increased mole fraction. Similarly, a non-

dilutedH2eO2 premixed flame gave higherwall heat fluxes [7].

Close to the wall near quenching, dilution did not alter the

relative importance of reactions. However, in the freely

propagating flame, H2O dilution caused reaction R8f to

become more important for heat release than R3f.

Effects of changing wall temperature on wall heat flux

For both IW and PW configurations, the quenching wall heat

fluxes (Figs. 11 and 12) increased approximately linearly with

increasing wall temperature. In Fig. 11b is seen that at 300 K,

after quenching, the PWwall H2 flux dropped after quenching

and then, gradually increased. This increase was caused by

diffusion of H2 away from the wall and hence, increased the

pressure difference over the permeable wall (cf. Eq. (5)).

Apparently, this effect has lesser impact at higher

temperatures.

The radical recombination reactions R8f and R9f played the

most important roles for heat release rate at the wall for all

cases. Next to these, Reactions R11f and R13f were important

for IW at 750 K. At lower temperatures, R11f becamemuch less

important. For PW at 750 K, Reactions R5r and R11f were the

important reactions next to R8f and R9f. At 300 K, R5r had lost

its role and R13f became more important than R11f in the

near-wall heat release.

The accumulation of intermediate species (HO2 and H2O2)

was higher for both IW and PW at lower temperatures as

compared to 750 K.

Conclusions

The interactions of a 1-D head-on flame with an impermeable

wall (IW) and a permeable wall (PW) was investigated for

premixed hydrogeneairmixtures. Additional fuel was released

through the permeable wall.

For rich and stoichiometric mixtures, PW with fuel influx

gives a moderate reduction of the quenching (i.e. maximum)

wall heat flux compared to IW (22% reduction was seen for

stoichiometric), whereas for a lean mixture, there was a

considerable increase. The maximum reaction heat release

rate occurred at the wall in all cases studied. Influence of the

wall on flame is felt much earlier, that is, more distant from

the wall, for PW than for IW. Permeation of fuel through the

wall gives a locally richer flame at the wall for PW. With a

detailed chemical mechanism (Li et al. [22]) it can be seen

more H radicals and less O radicals are present close to

the wall for PW. The exothermic reaction recombining 2H

to H2 is considerably more important for PW. This consump-

tion of H inhibit the more exothermic reaction of OH and H to

H2O.

Both a lower initial temperature and dilutionwithN2 (inert)

or H2O (participating) reduce the burned-mixture temperature

and, consequently, the wall heat flux. Also the flame propa-

gation and quenching is delayed.
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Appendix A. Comparison with Chemkin
calculations

The flame properties above were obtained from a freely

propagating flame by S3D [19]. Since the Chemkin code is

widely used to produce such properties, a comparison was

made by using the Chemkin library [31,32]. The chemical

mechanism and specific heats were identical. For the varia-

tion of fu from 0.5 to 1.5, the Chemkin results gave a 4-2%

lower ðTb � TuÞ, a 9-5% higher S0L and a 7-4% lower dL compared

to S3D. There are some differences in the algorithms and

numerical setups used in these two options, which can

explain the deviations.

Fig. A13 shows the mass-fraction profiles for the stoichio-

metric flame for both codes. The abscissa x0 is the distance

from the point of the maximum temperature gradient, non-

dimensionalized by the thermal flame thickness d0L. The S3D

results were taken at a the instance of 0.65 times the

quenching time.
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Nomenclature

Abbreviations

IW Impermeable wall

PW Permeable wall

Greek symbols

d0L Flame thickness m

dL Characteristic flame thickness m

_u Overall reaction heat release rate W/m3

_uk Molar production rate of species k kg/(m3s)

L Thermal conductivity of the gaseous mixture

W/(mK)

F Heat flux W/m2

F Equivalence ratio

Р Density kg/m3

Τ Viscous stress tensor N/m2

Latin symbols

Pe Peclet number based on location of _umax

PeF Peclet number based on location of � _uF;max

Cp Specific heat at constant pressure J/(kgK)

D Mass diffusivity m2/s

e0 Specific total energy J/kg�1

Fk Mass flux of species k kg/(m2s)

L Length of domain m

m Parameter (exponent) for heat flux estimation

n Pressure exponent of membrane

Ng Number of species

Nr Number of reactions

p Pressure Pa

q0l Flame power W/m2

S0L Laminar flame speed m/s�1

T Temperature K

t Time s

u Velocity ms�1

Vk Mass diffusion velocity of species k ms�1

Wk Molecular weight of species k kg/kmol

x Spatial coordinate m

Xk Mole fraction of species k

y Wall-flame distance m

Yk Mass fraction of species k

Superscripts

o Free propagating state

f Feed side

p Permeate side

Subscripts

' Non-dimensional values

� Non-dimensional values

a,b Directional indices

b Burnt mixture

FWI Flame wall interaction

F Fuel

max Maximum value

mix Mixture average

Q Quenching

u Unburnt mixture

w Wall

k Species index
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A B S T R A C T

The process of flame-wall interaction for premixed methane-air flames is investigated by direct numerical si-
mulation. The flames propagate towards an isothermal, chemically inert surface, consisting of either a solid
impermeable wall (IW) material or a hydrogen-permeable wall (PW) material. With the PW, hydrogen seeps into
the domain and participate as a secondary, non-premixed fuel. The skeletal methane-air chemical reaction ki-
netics mechanisms of Smooke and Giovangigli and DRM22 are used with the S3D code to study the major
reactions controlling the flame-wall interactions (FWI). Initially, results of said mechanisms are compared to the
complete GRI 3.0 scheme. The configurations are investigated for two temperatures, 600 K and 750 K, of the wall
and the unburnt gas, and for initial equivalence ratios of 0.5, 1.0 and 1.5. Results for IW are similar to previous
FWI studies. The flame quenches at the wall, with maximum heat release and wall heat flux occurring close to
the quenching instance. For the PW cases, the flame quenches before reaching the wall. This is explained by the
mutual effects of convective heat transfer away from the wall and flame due to permeation, a high concentration
of hydrogen and high local fuel-to-oxidizer ratio, reduced temperature and reduced reaction heat release. The
quenching definition and flame position are based on OH radicals concentration. The observed maximum wall
heat flux is much lower than for IW, and occurs some time after quenching. A discussion about the quenching
process indicates that a definition based on maximum wall heat flux is inappropriate.

1. Introduction

Recent efforts towards low-emission and sustainable solutions for
power and transport, paired with increasingly high power densities,
necessarily imply that industrial combustion devices will be subject to
more restrictive emissions and efficiency standards and, simulta-
neously, to intense reaction taking place closer to the combustion
chamber walls. Large efficiency losses and pollutants formation in
combustion devices take place in flame-wall interactions (FWI) that
occur when the flame is quenched in the immediate vicinity of a solid
surface [1,2]. However, in spite of their practical relevance, detailed
physical insights about FWI processes have been difficult to extract
from laboratory experiments, due to important challenges in per-
forming accurate near-wall measurements. In this context, accurate
state-of-the-art direct numerical simulation (DNS) remains an im-
portant tool in fundamental investigations of FWI processes [3–5].

The premixed FWI process is described as a freely propagating flame
moving towards a (relatively) cold wall such that the flame quenches in
the near-wall region due to thermal loss from the reaction zone to the

wall. Accurate estimation of the quenching distance is important as it
determines the unburnt layer subject to strong near-wall thermal gra-
dients in energy conversion devices such as gas turbines and re-
ciprocating engines. The present trend in engine downsizing increases
the surface to volume ratio, with profound effects on near-wall com-
bustion and pollutants formation. Previous numerical and experimental
work on premixed FWI have investigated different parameters such as
wall temperature, equivalence ratio, constant volume/pressure cham-
bers and surface reactivity for hydrocarbon fuels [6–16] and for hy-
drogen [17–19,3,20]. In a comprehensive review, Dreizler and Böhm
[2] summarized recent advancement and gave a detailed discussion on
FWI, including methods for accurate quenching distance determination
based on laser diagnostics and direct numerical simulations.

Typical numerical investigations of FWI phenomena are performed
in canonical configuration setups of 1-dimensional head-on quenching
(HOQ) and 2-d side-wall quenching. Transient 1-d HOQ is considered as
an extreme case of FWI, with zero flame stretch and large thermal losses
to the wall. Quenching distance, wall thermal transfer and exhaust
composition are key parameters of 1-d FWI. These parameters depend
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on stoichiometry, wall and unburnt-gas temperatures and pressure. A
higher pressure leads to decrease of quenching distance, while the FWI
time remains unchanged [21]. In simulations using detailed chemical
mechanisms for 1-d HOQ of laminar flames at constant pressure and
stoichiometric conditions, increased wall temperature led to a sig-
nificant increase of the wall thermal flux for methane [15,10], n-hep-
tane [12] and iso-octane [7] mixtures with air.

State-of-the-art numerical simulations of FWI have typically em-
ployed detailed chemical mechanisms. Single-step and simplified che-
mical models showed good results of wall heat flux compared to ex-
perimental results for lower wall temperatures, around 300 K, for
different equivalence ratios [22,14,16]. However, they failed for higher
wall temperatures due to presence of low-activation radical re-
combination reactions near the wall [14]. When detailed chemical
mechanisms were included, good FWI results in comparison to experi-
mental data were achieved for wall temperatures above 400 K [10]. For
1-d HOQ configurations for both methane and hydrogen flames at
elevated wall temperatures, exothermic radical recombination reac-
tions and intermediate species contributed to large heat release at the

wall during quenching [10,3,17]. Recently, complex chemistry models
were used for acoustics due to flame annihilation in FWI. In the case of
noise generation in 1-d HOQ at a wall of temperature 300 K, simple
chemistry led to a faster extinction process and overestimating of
pressure peaks during quenching compared to the detailed chemistry
[23].

FWI involving hydrocarbon fuels for impermeable, inert-wall con-
figurations showed inverse proportional relationships of normalized
wall heat flux and flame quenching distance (i.e. quenching Peclet
number). Boust et al. [11] developed modelling relationships between
quenching distance and wall heat flux in 1-d HOQ for methane flames.
These relationships do not hold true for hydrogen flames, as higher wall
fluxes are observed with flame diffusing faster and reaching closer to
the wall [17].

Recently, renewed interest in hydrogen selective membranes, in the
context of carbon capture and storage (CCS) applications, has raised the
issue of flame-wall interactions in the presence of a porous, permeable
wall that can act as a source of hydrogen fuel. In two previous studies
the present authors presented numerical investigations on the effects of

Nomenclature

Abbreviations

IW Impermeable wall
PW Permeable wall

Greek symbols

L
0 Flame thickness, m
L Characteristic flame thickness, m

Overall reaction heat release rate, W/m3

k Molar production rate of species k, kg/(m3s)
Thermal conductivity of the gaseous mixture, W/(mK)
Heat flux, W/m2

Equivalence ratio, –
Density, kg/m3

Latin symbols

Pe Peclet number based on location of max, –
PeF Peclet number based on location of F,max, –
PeOH Peclet number based on location of maximum OH gra-

dient, –
Cp Specific heat at constant pressure, J/(kgK)
D Mass diffusivity, m2/s
Fk Mass flux of species k, kg/(m2s)
L Length of domain, m
M Number of nodes within flame thickness at quenching, –
n Pressure exponent of membrane, –

p Pressure, Pa
ql

0 Flame power, W/m2

SL
0 Laminar flame speed, m s−1

T Temperature, K
t Time, s
u Velocity, m s−1

Wk Molar mass of species k, kg/kmol
x Spatial coordinate, m
y Wall-flame distance, m
Yk Mass fraction of species k, –

Superscripts

f Feed side
p Permeate side

Subscripts

Non-dimensional values
* Non-dimensional values
b Burnt mixture
F Fuel
max Maximum value
mix Mixture average
Q Quenching
u Unburnt mixture
w Wall
k Species index

Fig. 1. Head-on quenching configurations of (a) Impermeable wall (IW) and (b) Permeable wall (PW) with hydrogen flux.
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an H2 flux through a permeable wall into an H2-air mixture and influ-
ence on the FWI heat fluxes: Gruber et al. [4] presented 1-d and 2-d FWI
results for a high pressure of 10 atm at the permeate side and showed
that a strong feedback mechanism exists between the permeating hy-
drogen flux and the flame. Salimath et al. [5] extended the study on the
1-d solid-wall and permeable-wall configurations and presented FWI
results for different feed pressures, dilution with N2 (inert) and H2O
(participating) and different wall temperatures. Furthermore, a recent
experimental study has investigated the effects on premixed flame
shape and stabilization of a novel approach for spatially distributed
hydrogen injection through a porous steel surface integrated in the
burner design [24].

Fig. 1 illustrates schematically the 1-d case of a planar flame front
propagating through initially premixed methane-air and impinging
upon a solid wall. This flame quenching process is shown for an im-
permeable wall (IW) or solid wall and a fuel-permeable wall (PW). In
the PW case, high pressure at the feed side supplies H2 as a secondary
fuel into the domain. Hence, the flame becomes partially premixed on
the permeate side.

The present study is an investigation of the configuration with
methane-air mixtures and a selective H2 porous wall at wall tempera-
tures of 600 and 750 K. The hydrogen flux through the membrane in-
fluences the near-wall chemistry and wall heat transfer. We will in-
vestigate detailed FWI characteristics and influence of hydrogen influx
on heat release rates near the wall for lean, stoichiometric and rich
methane-air mixtures. The contributions of individual elementary re-
actions will be studied more in detail. This study aims at gaining un-
derstanding of near-wall chemistry and influence of hydrogen perme-
ability in hardware components on quenching wall heat fluxes. The
permeating secondary fuel can alter the local chemistry for a given
mixture. The practical arrangement and implementation of perme-
ability of H2 fuel was outside the scope of this study, and no effort was
made to show experimental setup of permeability of wall.

In the following, Section 2 describes the code, numerical setup,
submodels and boundary conditions, and relevant quantities are de-
fined. The flame-wall interaction results are presented in Section 3 and
discussed in Section 4. Finally, conclusions are presented.

2. Numerical setup and submodels

2.1. Code, numerics and thermo-fluid models

The massively parallel DNS code, S3D, developed at Sandia National
Laboratories [25], was used here for the 1-d FWI studies. The code
handles inter-process communication in parallel execution through
Message Passing Interface (MPI) [26]. It has been ported to different
architectures for a variety of case studies [27,3,28–32]. It solves the
conservative form of Navier-Stokes equations on structured, Cartesian
grids in 1–3 spatial directions.

The numerical solver of the code employs a high order, non-dis-
sipative central difference scheme. A spatial tenth-order explicit filter is
employed at every 10 iterations to remove any spurious high frequency
noise in the simulations resulting from aliasing errors and odd-even
decoupling. An eight-order explicit central difference scheme is used
within the computational domain, while a third order scheme (one
sided stencils) at boundaries. A six-stage fourth-order explicit Runge-
Kutta method is used in time [33].

Details of the governing equations and constitutive relationships,
such as ideal gas equation of state, models for reaction rates, molecular
transport and thermodynamic properties were described by Chen et al.
[25] and hence, are only briefly mentioned here. The Soret effect
(thermo-diffusion) and pressure diffusion were included, whereas the
Dufour effect was not implemented in the code [25]. Body-force effects
(gravity) and radiation heat transfer were neglected, following several
previous premixed-flame studies of methane [14,16,23,10,34] and hy-
drogen flames [17,12,18,4]. The walls were assumed as chemically
inert, with no adsorption or catalytic effects.

2.2. Chemical mechanisms

Chemistry was modelled by three different mechanisms: Reduced
chemistry of methane-air combustion was described by Smooke and
Giovangigli [35] (SG in the following). This 25-step mechanism in-
cludes 16 species: H2, H, O, O2, OH, H2O, HO2, CH4, CO, CO2, H2O2,
CH3, HCO, CH2O, CH3O and N2. Table 1 lists the 25 elementary reac-
tions enumerated as R1 to R25, with reaction rate coefficients. This
mechanism contains C1 chemistry, however not C2 or higher C com-
pounds. Similar to [34], but deviating from the original source [35], all
reverse reactions were included, and their coefficients determined from
the equilibrium constants. It should also be noted that the coefficients
of Table 1 are as used by [34], which deviated in R6, R14, R15, while
R10 was found in the text (not the table) of [35]. Some trials were made
with the original version, denoted “SG(orig)”, where all coefficients are
taken from “Table II” of [35]. For rich mixtures, the DRM22 mechanism
[36] was used. This is a reduced version of GRI 1.2, consisting of 24
species (including inert Ar and N2) and 104 reversible reactions.
DRM22 showed good laminar flame speed predictions in rich flames at
1 atm [36]. Compared to SG, the six additional species are CH2, C2H2,
C2H3, C2H5, C2H6 and Ar.

The full GRI 3.0 mechanism [37] comprised 53 species (including
Ar) and 325 reversible reactions of methane oxidation with extensive
NOx chemistry.

The Chemkin and Transport software libraries [38,39] related to
chemical mechanism were linked to S3D to provide thermodynamic
properties and mixture-averaged transport properties to the solver.

2.3. Hydrogen flux formulation and wall boundary conditions

The membrane hydrogen flux was based Sieverts’ law and expressed
as

= ( ) ( )F Q W p p· ( ),n n
H ,w H H

f
H
p

2 2 2 2 (1)

where Q is the membrane permanence factor and n is the pressure

Table 1
Chemical mechanism by Smooke and Giovangigli [35] with rate coefficients

=k AT E RTexp( / )f 0 .

No. Reaction A E0

R1 + +H O OH O2 2.00E+14 0.0 16800.0
R2 + +O H OH H2 1.80E+10 1.0 8826.0
R3 + +H OH H O H2 2 1.17E+09 1.30 3626.0
R4 + +OH OH O H O2 6.00E+08 1.300 0.0
R5 + + +H O M HO M2 2 2.30E+18 −0.80 0.0
R6 + +H HO OH OH2 1.50E+14 0.000 1900.0
R7 + +H HO H O2 2 2 2.50E+13 0.0 700.0
R8 + +OH HO H O O2 2 2 2.00E+13 0.0 1000.0
R9 + +CO OH CO H2 1.51E+07 1.30 −758.0
R10 + + +CH (M) CH H (M4 3 ) 2.30E+38 −7.0 114363.0
R11 + +CH H CH H4 3 2 2.20E+04 3.0 8750.0
R12 + +CH OH CH H O4 3 2 1.60E+06 2.10 2460.0
R13 + +CH O CH O H3 2 6.80E+13 0.0 0.0
R14 + +CH O H HCO H2 2 2.50E+14 0.0 10500.0
R15 + +CH O OH HCO H O2 2 3.00E+13 0.0 167.0
R16 + +HCO H CO H2 4.00E+13 0.0 0.0
R17 + + +HCO M CO H M 1.60E+14 0.0 14700.0
R18 + +CH O CH O O3 2 3 7.00E+12 0.0 25652.0
R19 + +CH O H CH O H3 2 2 2.00E+13 0.0 0.0
R20 + + +CH O M CH O H M3 2 2.40E+13 0.0 28812.0
R21 HO2 + HO2 → H2O2 + O2 2.00E+12 0.0 0.0
R22 + +H O M 2OH M2 2 1.30E+17 0.0 45500.0
R23 + +H O OH H O HO2 2 2 2 1.00E+13 0.0 1800.0
R24 + + +OH H M H O M2 2.20E+22 −2.0 0.0
R25 + + +H H M H M2 1.80E+18 −1.0 0.0
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exponent. For typical 2–3 µm Pd-based membranes, these were set to
=Q 7.0·10 6 kmol/(m2sPa0.5) and =n 0.5 [40,4]. The wall boundary

conditions are well-posed to 1-d domains for IW and PW configurations
[41–43]. The temperature and species gradients were set to zero, except
for H2 at the permeable wall, which was determined as

=
Y
x

F
D

.H

w

H ,w

w mix,w

2 2

(2)

More details of the wall boundary conditions implementation were
given in [4,5].

The outlet was treated as non-reflective boundary based on Navier-
Stokes Characteristic Boundary conditions (NSCBC) [44,45].

2.4. Definitions of FWI quantities

Flame quenching was defined as the instance where the normalized
maximum OH gradient (here denoted OH*) falls or reaches below 0.5.
For normalization, the value of the free propagating flame was used.
This definition was adopted from laser diagnostics [46,47], where the
OH molecule is used to detect the flame front.

The premixed flame position was tracked by three different alter-
native locations, viz. those of the maximum OH gradient (OH*), the
maximum heat release rate ( max) and the maximum fuel consumption
rate ( F,max). The corresponding flame-wall distances yielded three
non-dimensional Peclet numbers.

In a freely propagating flame, the laminar flame speed SL
0, char-

acteristic flame thickness = C S/( pL u u ,u L
0), laminar flame power

=q C S T T( )l p
0

u ,u L
0

b u and thermal flame thickness,
= T T T x( )/( / )L

0
b u max, were computed [17,19,1]. The burnt gas

temperature Tb was computed as the adiabatic flame temperature for
equilibrium at constant pressure. The properties ,u u and Cp,u were
evaluated at the unburnt gas temperature and initial gas composition.

In the PW cases, the normalizing term for mass flux was FH max2 ,
which is the maximum wall mass flux evaluated (Eq. 1) for a zero hy-
drogen partial pressure on the permeate side.

Table 2 lists dimensional quantities and defines the corresponding
non-dimensional variables.

2.5. Computational setup and description of cases

The 1-d domain of the head-on quenching setup (Fig. 1) had a total
length of =L 0.02 m. The grid with uniform mesh had =N 9984 nodes,
which gave a spatial resolution of =x 2.0·10 m6 . These values were
chosen in order to capture the flame during quenching. The time step
was fixed at 0.5·10 s9 for all simulations. This short time step was due
to small chemical time scales for detailed chemistry and acoustics CFL
condition. All numerical simulations were distributed on 32 processors.

The freely propagating CH4-air flame profile generated by Chemkin
premix [39] provided the initial field for the S3D code. It was placed in
the center of the 1-d domain, i.e. at =x 0.01 m, at initial time =t 0 s.
The initial velocities were set to zero for all cases. The air was assumed
as 79% N2 and 21% O2, molar based. The pressure of the gas mixture
was maintained at 1 atm. All cases were specified with equal wall and
unburnt-gas temperature, =T Tw u. The values were 600 K and 750 K.
The equivalence ratio was varied as 0.5 (lean), 1.0 (stoichiometric) and
1.5 (rich). These values applied to the initial mixture, unaffected by H2

influx in the PW cases.
The PW cases had constant feed-side pressure, pH

f
2

= 10.0 atm, and
H2 permeation occurred from the start of simulation, =t 0.

Flame properties for a freely propagating flame were obtained by
S3D. Since the Chemkin code is widely used to produce such properties,
a comparison was made by using the Chemkin library [38,39] with
identical chemical mechanism and specific heats.

The cases with chosen parameters and mechanisms will be specified
below, together with the overview of key results in Section 3.1.

The numerical results for the PW configuration were compared
against the IW configurations for validation due to lack of experiments,
while the results of IW configurations were compared to previous one-
dimensional flame quenching of methane premixed flames [10,23].

3. Results

3.1. Overview of cases

Table 3 presents different numerical cases performed. The lean and
stoichiometric cases were obtained with the SG mechanism, while the
rich cases with DRM22. The spatial resolution was chosen such that the
FWI results were independent of mesh size. The number of nodes was
maintained at =N 9984 for all computations. The number of nodes
falling within the flame thermal thickness at quenching, M , was eval-
uated. It was made sure that this number was at least 40, while 10
points have been regarded as a minimum requirement [3].

3.2. Validation of flame setup and chemical mechanisms

The initialization method for the 1-d transient process was de-
scribed in Section 2.5, and it yielded marginally deviating flow fields
during the flame set-up. Some initial spurious oscillations were ob-
served due to the incorrect velocity field imposed from Chemkin results.
Within a short transitional time, the flame re-adjusted within the un-
burnt mixture and propagated at a nearly constant laminar flame speed
(SL

0) until sensing the presence of the impermeable wall (IW cases) or
enriched hydrogen fuel concentration (PW). The short period of in-
correct velocity field was ignored for analysis and should have no in-
fluence on the final FWI results.

Fig. 2 presents a comparison of basic flame characteristics profiles
for Chemkin and S3D after the initialization period. Fig. 2a compares
Chemkin profiles of the SG and GRI mechanisms. The profiles from
Chemkin are compared to the initialized profiles from S3D in Fig. 2b
(SG) and Fig. 2c (GRI). These runs were made for a stoichiometric
mixture at 750 K. The S3D results for IW were extracted at 0.55 and
0.39 times the quenching time for SG and GRI, respectively. In the
graphs, the abscissa was non-dimensionalized as x x( )/0 L

0, where x0
is the location of maximum thermal gradient. Good agreement were
observed for the comparisons. Small deviations were observed between
the different chemistries, while Chemkin and S3D profiles were vir-
tually identical.

To validate FWI results from the reduced mechanisms (SG, DRM22),
some IW cases were computed with GRI 3.0. These were conducted for
a temperature of wall and unburnt gas ( =T Tw u) at 750 K and equiva-
lence ratios u of 0.5, 1.0 and 1.5. This high temperature was chosen to

Table 2
Non-dimensional variables.

Description, quantity Non-dimensional quantity

Wall heat flux = q* / lw w
0

Flame-wall distance =y y* / L
Axial distance =x x* / L
Velocity =u u S/ L

0

Thermal flame thickness = /L L
0

L
Time =t t S·( /L

0
L)

=t t t/ Q
Overall heat release rate = q·( / )lL

0

Fuel (methane) consumption rate = dx S Y( ) /( )L
F 0 F u L

0
F,u

Temperature =T T T T T( )/( )u b u
Wall mass flux =F F F/H2,w H2,w H2max

Wall-to-flame distance (Peclet number) = yPe /( max) L

= yPe /F ( F,max) L

= yPe /OH (OH ) L
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give a higher flame speed and flow velocity, shorter transit time and,
accordingly, lower computational cost. Furthermore, one case of stoi-
chiometric mixture at the low temperature of 300 K was carried out for
comparison to results of Ganter et al. [34]. The wall heat flux and the
time were non-dimensionalized as described in Section 2.4. It can be
noted that the quenching times differed between this and previous in-
vestigations [34,10,23], since the initial flame locations and lengths of
computational domains were not the same. These parameters should
not influence on the obtained FWI results.

Table 4 presents the characteristics for the compared cases. The SG
chemistry gave somewhat higher flame speeds than GRI during FWI,
with corresponding differences for other quantities. Also shown is
comparison of SG as used here (from [34]) and “SG(orig)” with the
original coefficients of [35] (see Section 2.2). The seemingly small

modifications gave notable improvement.
Fig. 3 presents the normalized wall heat fluxes for SG and GRI for

wall temperatures of 300 K ( = 1.0u ) and 750 K ( u = 0.5, 1.0 and
1.5). The mechanisms showed good agreement in terms of heat flux
profiles, except for the rich mixture. At 750 K, SG gave a moderate
under-prediction in comparison to GRI of the wall heat flux for lean and
stoichiometric conditions. These deviations occurred primarily during
quenching. For the rich mixture, SG failed. The peak of the wall heat
flux was 38% lower compared to GRI. On the contrary, DRM22 gave
very good agreement with GRI for the rich mixture, indicating that C2
compounds play a notable role.

In the following, computations are performed at wall temperatures
of 600 K and 750 K for IW and PW configurations with SG for u = 0.5
and 1.0, and with DRM22 for u = 1.5.

Table 3
Premixed flame properties obtained for varying u with given N = 9984 and =p 10 atmH2

f . SG for = 0.5u and 1.0, DRM22 for = 1.5u .

Wall Tw u SL
0 L ql

0 Tb L tQ L,Q w,max w,Q M
type [K] [–] [m/s] [10 6 m] [MW/m2] [K] [–] [–] [–] [MW/m2] [MW/m2] [–]

IW 600 0.5 0.421 156.38 0.300 1716.80 4.224 63.01 2.186 0.152 0.151 110
IW 600 1.0 1.362 48.23 1.583 2367.50 6.537 208.51 2.342 1.111 0.890 56
IW 600 1.5 0.480 135.47 0.495 2117.30 5.017 74.21 2.339 0.305 0.267 158
PW 600 0.5 0.421 156.38 0.300 1716.80 4.224 38.12 2.284 0.224 0 178
PW 600 1.0 1.362 48.23 1.583 2367.50 6.537 168.49 6.119 0.139 0 147
PW 600 1.5 0.480 135.47 0.495 2117.30 5.017 45.92 5.758 0.0167 0 390

IW 750 0.5 0.938 100.89 0.546 1838.10 4.996 99.54 2.398 0.280 0.259 121
IW 750 1.0 2.146 43.815 2.006 2434.50 6.425 229.15 2.903 1.345 0.989 63
IW 750 1.5 0.921 102.282 0.775 2227.40 4.888 98.12 2.086 0.510 0.490 107
PW 750 0.5 0.938 100.89 0.546 1838.10 4.996 68.69 2.904 0.765 0 146
PW 750 1.0 2.146 43.815 2.006 2434.50 6.425 190.10 6.045 0.357 0 132
PW 750 1.5 0.921 102.282 0.775 2227.40 4.888 63.34 5.393 0.092 0 276

Fig. 2. Temperature, major species mass fractions and density profiles from Chemkin and S3D codes for SG and GRI 3.0 mechanisms. Free propagating laminar
premixed methane flame. The unburnt mixture was stoichiometric at 750 K.
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Table 4
Premixed flame properties for different u conditions for IW configurations at =T 300 Kw and 750 K .

u N Tw Mech SL
0 max L L L,Q Q max/ max ql

0 w,max w,Q

[–] [–] [K] [–] [m/s] [109 W/m3] [10 6 m] [–] [–] [–] [MW/m3] [–] [–]

1.0 9984 300 SG(orig) 0.538 6.979 37.420 9.736 2.824 3.919 1.245 0.667 0.662
1.0 9984 300 SG 0.384 4.667 52.111 8.250 1.913 0.974 0.894 0.638 0.634
1.0 9984 300 GRI 0.381 4.393 53.376 8.005 1.901 0.701 0.887 0.643 0.639

0.5 9984 750 SG(orig) 1.072 1.935 88.252 5.352 2.207 0.603 0.624 0.548 0.508
0.5 9984 750 SG 0.938 1.689 100.89 4.996 2.398 0.212 0.546 0.512 0.474
0.5 9984 750 GRI 0.830 1.825 113.91 4.259 2.125 0.213 0.483 0.569 0.544
1.0 9984 750 SG(orig) 2.763 16.047 34.015 7.602 2.400 2.820 2.585 0.712 0.526
1.0 9984 750 SG 2.146 12.133 43.815 6.425 2.903 0.710 2.006 0.670 0.493
1.0 9984 750 GRI 2.007 11.043 46.832 6.027 2.976 0.558 1.877 0.702 0.684
1.5 9984 750 SG(orig) 2.198 11.642 42.881 6.166 2.091 1.621 1.850 0.878 0.856
1.5 9984 750 SG 0.646 1.630 145.873 4.529 1.981 0.315 0.543 0.407 0.329
1.5 9984 750 DRM22 0.921 2.760 102.282 4.888 2.086 0.453 0.775 0.658 0.632
1.5 9984 750 GRI 0.945 2.926 99.678 4.861 2.222 0.508 0.796 0.656 0.636

Fig. 3. Development of normalized wall heat fluxes for IW: SG and DRM22 compared to GRI 3.0. The quenching wall heat flux at = =T 300K, 1.0w u with GRI was
used for normalization. The abscissa is = t t t( )/Q Q, where tQ is the quenching time.

Fig. 4. Non-dimensional FWI characteristic parameters at =T 600 Kw and = 1.0u . The values at quenching are included.
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3.3. Flame-wall interaction characteristics

The head-on flame quenching process can be described by FWI
global parameters. The global development could be subdivided into
three stages [17,5] as seen in Figs. 4 and 5: Undisturbed propagation,
Stage I, influence of wall to propagating flame, Stage II, including
quenching, and Stage III after quenching with overall decrease of fuel
reaction and heat release rates. For IW, the propagating flame sensed
the wall influence at =t 200, while much earlier for PW, at =t 115.

Figs. 4 and 5 present non-dimensional temporal profiles of FWI
characteristics ( , , , , OH , Pe, Pe , PeL F w F OH ) of IW and PW
configurations for stoichiometric conditions, =Tu

= =T p600 K, 10 atmw H
f

2
and =N 9984.

In Stage I, the flame propagates as an undisturbed laminar flame.
The flame thickness, primary-fuel (methane) consumption rate and heat
release rate reached steady values at = =6.54, 9.99L F and

= 0.282. For IW Stage II, the fuel consumption rate declined towards
zero during quenching and then remained zero. The heat release rate
declined before quenching to = 0.211 at =t 206.8, then rapidly
reached a peak value of 0.399 at =t 207.6, and declined after
quenching. The peak wall heat flux was = 0.702w at =t 207.4, where
the thermal flame thickness reached a minimum value, = 1.90L .
Thereafter, the flame broadened. Quenching occurred at =t 208.5, as
defined by the OH gradient (cf. Section 2.4). Accordingly, the
quenching instance was close to the peak wall heat flux. The wall-to-
flame distance based on reaction heat release, Pe, reached zero at
t = 206.8, while PeF and PeOH reached minimum values of 1.91 and
2.49, respectively, at quenching.

For PW, the wall hydrogen permeation shortened Stage I, while
Stage II was about 10 times longer than for IW. The primary-fuel con-
sumption and the heat release rates peaked in Stage II with

= 0.132F and = 0.443, both at =t 162.7. From its peak, de-
clined to 0.359 at =t 168.5 (quenching) and further to a low value. The
primary-fuel consumption rate F declined gradually after its peak
value, while the flame thickness grew from =t 162.7 and was = 6.12L
at quenching. The wall-flame distance according to the different defi-
nitions, Pe, PeOH and PeF, was virtually the same and reached 49.4 at
quenching (Fig. 5b). That is, contrary to IW, quenching occurred away
from the wall for PW.

3.4. Development through quenching

Fig. 6 displays the temporal development of profiles of reduced
temperature, velocity and total reaction heat release for IW and PW.
The profiles remained virtually unchanged until = =t t t/ 0.95Q or

=t 198.1 for IW, and until =t 0.90 or =t 151.6 for PW. Similarly,
Figs. 7–10 show profiles of selected species.

The peak temperature gradient of IW reached to 3.45 times the

maximum temperature gradient of the free propagating flame. In
comparison, Popp and Baum [10] found a value of 4.0 at quenching.
The difference can be attributed to differences in chemical mechanism,
numerical method and grid. After quenching, a remaining, much
weaker reaction zone expanded for both IW and PW. For IW, the gas
velocity decreased gradually and became negative, while PW showed
higher (positive) values indicating the hydrogen flow across the wall.

Besides the obvious occurrence of permeated H2 near the wall for
PW, the notable difference from IW was the unreacted major species.
Fig. 7 shows considerable amounts of CH4 and O2 remaining near the
wall after quenching for PW. For IW, these species were nearly con-
sumed, while modest amounts of H2 and CO (Fig. 9e) were left. Among
minor species, it was noted some accumulation of HO2 in front of the
flame for both configurations (Fig. 9c–d), more for PW than for IW.
Similarly, and to greater extent, H2O2 was accumulated in front of the
flame, increased in the flame and, for PW, remained left over after
quenching, Fig. 8d.

Behind the propagating flame, the O2 level was significantly lower
for PW than for IW (Figs. 7c–d). On the contrary, the corresponding CO
level was higher. It was also noted that the burnt-mixture temperature
for PW decreased towards quenching.

Radicals H, O, OH were formed in the flame and partly consumed
(Fig. 9) in both configurations. For PW, O and OH declined before
quenching. This decline started before the flame reached the maximum
heat release rate ( =t 0.966) for PW, while for IW their peaks were
maintained to this point (at =t 0.996).

For IW, it was seen that the flame front continued almost unchanged
from the free propagation state close up to the wall before quenching.
This was also consistent with the development of the heat release rate
and fuel reaction rate seen in Fig. 4a. The initial reactants CH4 and O2

were to a large extent consumed during the process, and the final
mixture approached that of the adiabatic equilibrium product.

The IW flame propagated against a flow caused by heating and
expansion (Figs. 6c, e). In addition to said effects, the PW flame faced a
flow enchanced by permeating gas. This, combined with an increasing
heat release (Fig. 6f) and expansion, gave a larger velocity against the
flame propagation. Although the heat release increased, the tempera-
ture gradient of the flame front showed a moderate increase from

=t 0.98. Furthermore, the overall temperature rise, i.e. the burned
temperature, had a minor decrease.

The notable difference from IW, was the early, off-wall quenching of
the PW flame. High concentrations of the main reacants CH4, H2 and O2

were left behind in the near-wall zone after quenching (Figs. 7b, d, f).
As the flame propagated against the increasingly richer near-wall zone,
the reaction heat release increased (Fig. 6f). Similarly, several inter-
mediates from the methane and hydrogen consumption increased. CO
had a minor increase in the flame zone, while an increasing amount was
left behind the flame (Fig. 9f). On the other hand, the accumulation of

Fig. 5. Peclet numbers versus non-dimensional time for = 1.0u and =T 600Kw . The values at quenching are included.
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O and O2 decreased (Figs. 10d,f).
The species balance can be expressed as

= = + +T
t

Y C D R( ) ,k k k k k (3)

where the three right-hand-side terms denote, respectively, the con-
tributions of convection, diffusion and reactions to the transient accu-
mulation of the species (left-hand side). An analysis of the species
balances (Convection-Diffusion-Reaction, CDR) showed that the
changes of OH and O2 became visible earlier than for other species.
Fig. 11 shows the CDR budgets of OH at different times through
quenching for PW. Deviations from the free propagation became visible
from =t 0.90. Smilar developments were seen for the other species,
however visible later, from =t 0.95 (most species) or =t 0.98 (H2O2,
H, H2O). The corresponding graphs for the IW case showed only minor
changes until after =t 0.98. These were similar (apart from the effects
of the deviating unburned temperature) to those of Jiang et al. [9]. It
can be noted that the quenching definition applied by said authors
corresponded to =t 0.976 of the present work.

3.5. Heat release rate and individual reactions

Fig. 12 presents temporal non-dimensional heat release rates. The
total heat release rate is also shown in Fig. 4, toghether with the wall
heat flux and the fuel (methane) reaction rate. At peak wall heat flux,
the heat release rate reached 1.37 times that of the undisturbed laminar
flame for IW. At quenching, this value was 1.02. For PW, quenching
occurred when the heat release was 1.30 times that of free propagation,
whereas only 0.016 at the peak wall heat flux. The breakdown of ele-
mentary reactions during freely propagating and quenching states for
IW and PW are displayed in Table 5. Here, the heat release rate of
individual net two-way reactions are evaluated at the location of the
maximum total heat release rate.

In front of the propagating flame, H2 was present (also for IW),
together with HO2 H2O2 and CH3. The HO2 was produced from R5(f),
and then converted to H2O2 through R21(f), which had a peak ahead of
the flame front. Both these reactions had zero activation energy, and
occurred at low temperature. The latter reaction had minimal con-
tribution in the flame zone. When approaching the flame, H2O2 was

Fig. 6. Non-dimensional temperature, gas-flow velocity and total reaction heat release rate at different times of FWI for = 1.0u and =T 600 Kw . =t 1 represents
flame quenching time.
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consumed by R22(f) and, to lesser extent, by R23(f). Other radical and
intermediate species had a net production primarily in the flame zone,
while declining after the flame front.

In the case of IW, R5(f) increased strongly towards quenching at the
wall. Also R23(f) and R21(f) increased, consuming H2O2 now produced
in the reversed R22. From Table 5 it is seen that the 9 most important
reaction in the free flame (7 exothermic, 2 endothermic) almost com-
pletely lost their contributions at quenching, while others rose to
maintain a comparable total heat release.

For PW, the importance of the reactions were maintained into
quenching. Subsequently, the decaying reactions still generated some
heat, and the wall heat flux reached a peak at =t 250.1. At this in-
stance, the exothermic R10(r), R3(f), R5(f) and endothermic R1(f)
caused about 90% of the total heat release.

3.6. Effects of varying equivalence ratio and temperature

Fig. 13 presents transient wall heat and mass fluxes at u of 0.5, 1.0
and 1.5 for =T 600 Kw . For PW, the feed pressure pH

f
2
was maintained at

10 atm. The varying equivalence ratios led to different free flame
characteristics such as flame thickness and laminar flame speed and had
significant influence on wall fluxes during flame quenching.

Table 3 showed that the highest combustion temperature and flame
speed are obtained for u = 1.0. These values were lowered with in-
creasing departure from stoichiometric conditions. For IW, the (di-
mensional) peak and quenching wall heat fluxes also had this tendency.
For PW, however, it was an order of magnitude lower compared to IW
for = 1.5u and 1.0, while higher for = 0.5u . For IW with u = 1.0,
radicals accumulated in the near-wall region owing to thermal loss from
flame to wall. The radicals H, O and OH led to exothermic low-acti-
vation reactions with single peaks of heat release rate at the wall during
FWI. These peaks resulted in a large wall heat flux at flame quenching.
Fig. 13a shows that for IW, u = 1.0 led to the highest non-dimensional
peak wall heat flux at the earliest quenching time (dimensional), while

u = 1.5 and u = 0.5 had slightly lower peaks. The peak magnitudes
of wall heat fluxes were primarily depending on the near-wall reaction
heat release. At quenching for stoichiometric conditions, the main re-
actions R5(f), R24(f), R6(f) and R7(f) in decreasing order contributed
81.47% of the total heat release at the wall. Moreover, HO2 and H2O2

Fig. 7. Species mass fraction profiles of CH4, O2 and H2 at stoichiometric conditions, 600 K, for IW and PW. =t 1 represents flame quenching time.
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had accumulated at the quenching instance.
In the rich flame, excess fuel led to main exothermic reactions in

decreasing order (DRM22 reactions numbered consecutively from [36]),
R34(f) [ + + +H CH M CH M3 4 ], R6(f) [ + +O CH H CH O3 2 ],
R92(f) [ + +2CH M C H M3 2 6 ] and R49(f) [ + +OH H H H O2 2 ]
and endothermic reaction R24(f) [ + +H O O OH2 ] contributing
75.41% of the total heat release at wall. The C2 chemistry played a
significant role, contributing 21.12% of the total heat release rate at
flame quenching, including 16.63% from R92(f). The lowest peak of heat
release occurred in the lean mixture, with excess of radicals OH and O in
the near-wall region. It was seen that at quenching R13(f)
[ + +O C H CO CH2 2 2], R5(f) [ + +sO CH ( ) H HCO2 ] and R15(f)
[ + +O C H CH CH O2 5 3 2 ] in decreasing order contributed 80.26% of
the total heat release at the wall.

For the PW configuration, the wall heat flux variation (primarily)
depended on the initial mixture composition and the accumulated H2

wall flux, which promoted a pool of H during the FWI process. This
resulted in enhanced heat release at some distance from the wall.

As with IW, PW had the earliest quenching at u = 1.0. For all three
stoichiometries, the main reactions were, in decreasing order, R13(f),
R10(r), R3(f), R5(f), while R1(f) had a notable endothermic contribu-
tion to the large heat release rate (for DRM22, the same reactions, al-
though with other numbers). The combined contributions of said re-
actions were 90.45%, 85.61% and 45.92% of the total heat release for

u = 0.5, 1.0 and 1.5, respectively.
Compared to IW, quenching was delayed for stoichiometric and rich

mixtures, with peak wall heat fluxes reduced to 0.125 and 0.055, re-
spectively, for u = 1.0 and 1.5, of the IW values. On the other hand,
the lean case ( u = 0.5) led to earlier quenching with a peak wall heat
flux 1.467 times that of IW.

The transient wall H2 mass fluxes of PW are shown in Fig. 13b. All
conditions showed a decreasing trend of the non-dimensional FH ,w2
until quenching. The flux reflected the changing content of H2, Eq. (1),
and for the rich case, the flux increased after quenching.

The wall and unburnt-gas temperature was increased from 600 to
750 K, while the feed pressure pH

f
2

of 10 atm was maintained. Fig. 14
presents normalized wall fluxes for the IW and PW configurations for
varying equivalence ratios. The normalized wall fluxes showed trends
for IW and PW similar to those observed for 600 K. However, the in-
crease in wall heat flux from 600 to 750 K was notably larger for PW
than for IW. Yet, the dimensional peak values (Table 3) were less for
PW than for IW at u = 1.5 and 1.0. For the lean mixture, PW had
notably higher heat flux compared to IW.

The quenching Peclet number Pe QOH , , i.e. flame-wall distance, is
presented in Fig. 15 for IW and PW for the two wall temperatures and
three equivalence ratios. It should be noticed here that the lines be-
tween data points are included for readability, not necessarily showing
the variation between the points. For IW, the dimensional distance was
clearly shorter for the stoichiometric case (lesser L) than for lean and
rich. For PW, the distance increased with the equivalence ratio. At the
higher wall temperature, the flame came closer to the wall, except for
the rich PW case.

4. Discussion

4.1. Influence of thermal radiation

In the present study, radiation heat transfer was neglected, which is
in agreement with previous research in methane [14,16,48,10] and
hydrogen flames [17,19,18,5]. A simplified evaluation of heat transfer
from the hot gases to the wall can be performed through post processing
calculations using the optically thin flame assumption [49,50]. Previous
estimates [5] performed for hydrogen flames showed that the radiation
heat transfer was 6 orders of magnitude less than the total reaction heat
release rate during free propagation and quenching of the flame.

A similar estimate was made for the present stoichiometric methane
flame at the highest unburnt temperature (750 K). It showed that the
total reaction heat release was 4 orders of magnitude larger than the

Fig. 8. Species mass fraction profiles of CH O2 and H2O2 at stoichiometric conditions, 600 K, for IW and PW.
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emitted radiation heat. Near quenching at the wall, the ratio increased
to 5 orders of magnitude. Consequently, neglecting radiation heat
transfer appeared to be justified for this configuration.

4.2. Validity of chemical mechanisms

The reduced mechanisms SG and DRM22 were regarded to meet the
requirements for lower computational costs, while use of a full me-
chanism like GRI 3.0 was considered as too demanding. For comparison
with SG and DRM22, some IW cases were simulated with GRI 3.0
(Section 3.2 with Table 4). The SG mechanism provided sufficiently
good results for lean and stoichiometric conditions. However, it failed
for the rich mixture, as could be expected in the absence of C2 chem-
istry and higher carbon-chain reactions. DRM22 showed good agree-
ment with GRI for rich flames. It was seen (Section 3.6) that the C2
reactions of DRM22 had notable contributions to the total reaction heat
release. Therefore, DRM22 was employed for u = 1.5, while the
simpler (cheaper) SG for u = 0.5 and 1.0.

4.3. Definitions of flame quenching

Various definitions of the quenching instance and flame position can
be found in literature. Westbrook et al. [6] choose the iso-contour at
1500 K (for =T 300 Ku ) nearest to the wall as he flame position, and
defined quenching at the instance where this distance had its minimum
value.

Others have used the instance of the maximum wall heat flux as the
criterion for quenching. With this definition, the flame position has
been chosen as a more or less arbitrary temperature iso-line, such as
1900 K [23] or =T 0.9 [48], the position of the maximum heat release
rate ( ) [22,10,17] or the position of maximum fuel consumption rate
( )F [17]. Each of these positions constituted the quenching distance
when the quenching occurred.

In the spirit of Westbrook et al. [6], the instance of the minimum
thermal flame thickness L

0 could be taken as the quenching instance.
Another potential criterion is the instance of peak maximum reac-

tion heat release. Then, its location at this instance can determine the
quenching distance. A further possibility (e.g., [9]) is to define the
flame position by the location of maximum fuel (methane)

Fig. 9. Species mass fraction profiles of CH , HO3 2 and CO at stoichiometric conditions, 600 K, for IW and PW.
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consumption. The quenching instance is the time of the minimum wall-
flame distance, and the quenching distance is this distance.

A different approach was chosen by [46], defining quenching to the
instance when the spatial OH gradient fell below half its maximum
value. The point of maximum instantaneous OH gradient was taken as
the flame position and hence, the quenching distance. This definition
was explained and used above, Section 2.4.

Table 6 compares the quenching instance according to the different
criteria together with the associated flame-wall distances for the case of

= 1.0u and =T 600 Kw . The results illustrated that, for this specific IW
case, the choice of quenching-instance criterion would give a minute
impact on the result. For the PW case, however, the maximum wall-heat
flux criterion appeared unsuitable. This could also be seen from the
transient profiles of Fig. 4b.

A related issue is the time-scale for flame-wall interaction. This has
been defined [22,13] as the time required for w to increase to its
maximum from half of this value. For the present PW cases, this
timescale loose its significance.

4.4. Head-on quenching process

Above, e.g. in Figs. 4–5, the global development was subdivided into
three stages following Dabireau et al. [17]. This description was clearly
suitable for the IW cases. The study of H2/air [5] showed this devel-
opment, as well, both for IW and PW. The present PW case showed
similarities to these, but also deviations. An alternative description
could be in four stages, where the present Stage II is split into two: one
comprising quenching and one including the later increasing and
peaking wall heat flux.

The reasons for the early, away from wall, quenching in the PW
cases can be a combination of factors. First, it can be noted that the
amount of permeated H2 was considerable. Up to quenching for the
case of = =T T 600 Kw u and = 1.0u , the amount of substance of per-
meated H2 exceeded the amount of CH4 initially present in the domain.
The molar fraction of H2 became high near the wall, above 50%. In
spite of this, there was still a significant amount of O2 left at quenching.
Hence, lack of oxidizer was not the primary reason for quenching. The
high near-wall H2 concentration can be relevant for the near-wall zone

Fig. 10. Species mass fraction profiles of radicals H, O and OH at stoichiometric conditions, 600 K, for IW and PW.
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Fig. 11. Convection–Diffusion-Reaction balances of OH at different times near quenching for PW of = 1.0u and =T 600 Kw . C, D and R show contributions to OH
accumulation (T) due to, respectively, convection, diffusion and reactions.

Fig. 12. Non-dimensional heat release profiles for total (overall) heat release rate and individual reactions at = 1.0u and =T 600 Kw . The total heat release rate of
the freely propagation flame was used for normalization.
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of a membrane combustor, although not for the overall combustor
volume.

Second, the burnt temperature was to some degree reduced (al-
though the gradient increased in the flame zone). This related to the
large additional fuel and increased local equivalence ratio. The reduc-
tion in temperature, albeit not very large, affected the temperature-
dependent reactions. It was observed that towards quenching the con-
version of H, O and OH was reduced, both for the consumption in the
front of the flame and the production in the back. Similarly, the con-
version of intermediates CH3, CH2O, HCO and HO2 was reduced (pro-
duction in front, consumption in the back of the flame). This coincided
with less conversion of major species and lesser reaction heat release.
Moreover, when observing the individual species balances (CDR budget
analysis, Section 3.4), it was seen that the balance of OH was affected
earlier than other species. The mass-fraction profiles showed that OH
and O (Figs. 9d,f), contrary to other intermediates, were depleted prior
to quenching. The large presence of the major reactants CH4, H2 and O2

clearly indicated that the temperature and dilution led to the reduced
conversion.

Third, due to the permeation, the gas velocity increased, Fig. 6d,
compared to IW. The enhanced convective heat transfer away from the
wall and flame contributed to the reduced temperature in the flame.
Moreover, a significant amount of unburnt fuel, primarily CO (Fig. 9f),
was carried from the flame.

Although not investigated here, except by the limit of no wall mass
flux, it could be anticipated that a lower permeation rate should give
later quenching and shorter quenching distance. Correspondingly, the
initially lean flames also gave lesser quenching distances (Fig. 15).

5. Conclusions

Flame-wall interactions were investigated for a one-dimensional
laminar premixed methane-air flame with an isothermal, chemically
inert impermeable wall (IW) and a hydrogen-permeable wall (PW).
Two temperatures (600 and 750 K) of wall and unburnt gas were se-
lected. Hydrogen released through the permeable wall participated in
the methane-air combustion as a secondary fuel.

Initially, it was verified by comparison with GRI 3.0 [37] that for
lean and stoichiometric mixtures, the reduced mechanisms of Smooke
and Giovangigli [35] (with slightly modified parameters) can represent
the chemistry. For rich methane-air mixtures, the DRM22 mechanism
[36], including C2-chemistry, can be used. The simulations confirmed
previous work on head-on-quenching towards an impermeable wall.

For the permeable wall, the hydrogen flow significantly altered the
flame-wall interactions. Flame quenching occurred at a notable dis-
tance from the wall. It was apparent that this was neither due to lack of
oxidizer nor to heat loss to the wall. Actually, quenching took place
before the flame heated the wall significantly. The early quenching
appeared to be a result of the mutual effects of large local concentration
of H2, a reduced flame temperature and increased convective heat
transfer away from the wall and flame. When the flame approached the
wall and the increasing H2 concentration, OH accumulation was re-
duced before other species (but O2) were affected.

Subsequent to quenching, some modest reaction heat release still
took place near the wall. This gave a peak wall heat flux a while after
the quenching instance, although much less than for the impermeable
wall.

The discussion of quenching definitions showed that some are ap-
plicable to the PW case. In the present study, the quenching instance
was based on the OH gradient [46]. Also definitions based on maximum
reaction heat release and of the minimum flame thickness appeared
applicable. On the other hand, the definition based on maximum wall
heat flux failed to capture the cease of major reaction heat release.

Table 5
Heat release rate of individual reactions (% of the total heat release rate) at

= 1.0u and =T 600Kw for the freely propagating flame, and for quenching at
IW and PW. Net reactions are forward (f) or reverse (r).

Free prop. IW at tQ PW at tQ

Reaction % Reaction % Reaction %

R13(f) 69.113 R5(f) 41.276 R13(f) 48.922
R15(f) 17.143 R24(f) 16.969 R10(r) 32.222
R10(r) 14.783 R6(f) 13.732 R3(f) 20.579
R3(f) 9.243 R7(f) 9.500 R16(f) 8.495
R16(f) 7.955 R8(f) 3.246 R14(f) 7.109
R14(f) 5.850 R9(f) 2.968 R15(f) 6.637
R12(f) 4.381 R1(r) 2.871 R5(f) 2.363
R9(f) 2.481 R16(f) 1.890 R12(f) 2.130
R5(f) 2.421 R25(f) 1.695 R6(f) 1.375
R6(f) 1.335 R22(r) 1.691 R9(f) 0.847
R7(f) 0.462 R4(f) 1.266 R7(f) 0.472
R24(f) 0.339 R3(f) 0.905 R24(f) 0.239
R8(f) 0.259 R10(r) 0.842 R19(f) 0.161
R19(f) 0.108 R15(f) 0.302 R25(f) 0.152
R25(f) 0.070 R13(f) 0.299 R8(f) 0.087
R23(f) 0.003 R23(f) 0.203 R23(f) 0.001
R21(f) 0.000 R17(r) 0.191 R21(f) 0.000
R20(f) −0.001 R12(f) 0.083 R20(f) −0.001
R22(f) −0.016 R21(f) 0.071 R22(f) −0.051
R18(f) −0.039 R14(f) 0.000 R18(f) −0.062
R11(f) −0.177 R18(r) 0.000 R11(f) −0.190
R2(f) −0.271 R19(f) 0.000 R2(f) −0.663
R4(r) −1.609 R20(r) 0.000 R4(r) −1.792
R17(f) −15.343 R2(f) 0.000 R17(f) −10.562
R1(f) −18.492 R11(f) 0.000 R1(f) −18.471

Fig. 13. Transient wall heat fluxes and mass fluxes for varying u for IW and PW at =T 600 Kw .
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Criterion for quenching for IW for PW

instance, tQ distance, yQ tQ y /Q L tQ y /Q L

OH gradient max OH gradient 208.5 2.49 168.5 49.4
max w 207.4 251.0

1700 K isocontour 3.5 43.9
1800 K isocontour 5.2 71.2
Pe (i.e. max ) 0.0 18.7
PeF (i.e. max ( )F ) 1.75 20.7

min L
0

L
0 207.4 1.90 161.6 5.43

max Pe 207.6 0.0 162.7 57.9
max ( )F PeF 203.5 6.40 162.7 57.7
min Pe Pe 206.9 0.0 245.4 18.4
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a b s t r a c t

Premixed H2-air flames are studied in a one-dimensional wall-bounded configuration. The

laminar flame propagates towards and quenches at a wall that is either solid or permeable.

Entropy generation by each of 19 elementary reactions is evaluated. Their total contribu-

tion remains the most important up to the quenching instance. Close to quenching, the

conduction entropy generation grows considerable. Mass diffusion has a modest contri-

bution, which decreases towards quenching. Viscous forces are negligible as a source of

entropy. Effects of unburnt-mixture temperature and fuel-air ratio are investigated, and

also dilution with nitrogen (inert) and water vapour. The diffusive entropy flux changed

direction away from the permeating wall compared that of the solid wall. A major finding is

that fuel permeation through the wall tends to decrease the entropy generation per unit of

converted fuel, in particular for initially lean mixtures.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Strive for less-polluting, more efficient and more compact

combustion devices has led to more intensive combustion

close to solid walls. These efforts also include new solu-

tions like membrane reactors, where fuel or oxidizer are

partly supplied through a porous wall into the combustor.

Large efficiency losses can be the result of the concentrated

fuel conversion close to solid surfaces. Some aspects of
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flame-wall interactions were investigated by direct nu-

merical computations in our previous studies [1e3], in

which also the state of the art of head-on quenching was

reviewed.

Efficiency of energy conversion is determined by the first

and, in particular, the second law of thermodynamics.

Degrading of energy is expressed in form of exergy destruc-

tion, aka. irreversibility, and entropy generation. In classical

engineering thermodynamics, 2nd law analysis has come into

use for industrial process simulations in the form of exergy

analysis [4,5]. This method is used to evaluate and optimize

thermal plants (e.g. Refs. [6,7]). Since spatial (and to a large

extent temporal) gradients are neglected, it is sometimes

called a “zero-dimensional” method.

Computational fluid dynamics (CFD) provides detailed

knowledge of the fields of temperature, species concentra-

tion, heat and mass fluxes. Then, the entropy generation can

be provided with a similar level of detail in space and time.

The recent decades have seen increasing efforts in such ap-

proaches. Som and Datta [8] reviewed the state of the art up to

2006 for reacting flows. Arpaci and Selamet [9] were in 1988

“probably the first one” (in the wording of [8]) to apply this

approach in combustion; for a flat premixed flame. Later,

simulations have been conducted for laminar and turbulent

flames in a variety of premixed and non-premixed configu-

rations. The laminar, premixed flames were in the form of a

1-dimensional planar flame [10e13], a counterflow jet flame

[14], axisymmetric annular combustors [15,16], a cylindrical

recuperatedmicro combustor [17], microchannel and [18e20],

micro-planar combustors [21]. In spite of the variations in set-

up and geometries, these studies all found chemical reactions

to give the largest contribution to entropy generation, fol-

lowed by heat conduction and mass diffusion. For the case of

transition from a planar propagating flame front to auto-

ignition, Liu et al. [13] found that the chemical contribution

became dominant at autoignition and that the heat andmass

transfer vanished as sources of entropy. Laminar, non-

premixed flames have been investigated by several authors,

both single-phase flames and gaseous flames around a fuel

droplet. Datta [22] (confined jet flame), Stanciu et al. [23] (jet

flame), Nishida et al. [10] (jet flame), Datta [24] (confined jet

flame with gravity), Chen et al. [25] (counterflow jet flame)

and Briones et al. [26] (lifted jet flame, that is, partially pre-

mixed) all found heat conduction as the most important for

entropy generation, followed by reactions and then mass

diffusion. On the other hand, Chen et al. [27], found the

chemical reactions to be more important for entropy gener-

ation along the axis of an opposing jet flame. Raghavan et al.

[28] and Pope et al. [29] found heat conduction to be the

largest contributor to entropy generation in the flame around

a fuel droplet, closely followed by chemical reactions, while

mass diffusion was less important. All the studies, both

premixed and non-premixed, agreed that the contribution of

viscous dissipation was negligible in premixed and non-

premixed flames, except in zones where the other contribu-

tions were very small [25].

Turbulent reacting flows can be investigated by direct nu-

merical simulation (DNS) similar to laminar flames. This has

been done for very simple flames, but usually either chemistry

or turbulence, or both, have to be dealt with by some sort of

modeling and simplification. DNS with a single-step Arrhenius

chemical model was used [30] to investigate entropy genera-

tion of a premixed flame in decaying turbulence at low Rey-

nolds number. Other investigations were based on Reynolds-

averaged Navier-Stokes (RANS) [23,31e34]. The modeling

challenges faced by this approach were out of scope for the

present study.

The majority of entropy-generation studies are made with

the motivation of improving energy conversion. However,

studies with other aims can also be found: Acoustic distur-

bances (noise) are related to entropy waves and generation of

these. Investigations focused on thermal sources for such

waves [35] and recently, also on differences in composition

[36]. Furthermore, entropy has been related to soot formation

[37], and used as a tool for reducing chemical mechanisms

[38e40]. Another motivation has been to provide guidance

with respect to realizability of physical submodels [41,42].

The present study was based on direct numerical compu-

tations [2] of a transient premixed laminar planar hydrogen

flame propagating towards a solid wall, eventually quenching.

Hydrogen permeation through the wall influences the overall

head-on quenching (HOQ) process, including entropy gener-

ation and its components. Entropy generation through

quenching has gained little attention in literature, and to our

knowledge, entropy generation in HOQ flames has not been

investigated previously.

The HOQ process involves flame propagation with re-

actions and heat losses. Large heat losses occur when the

flame approaches the wall, which adversely affects hard-

ware components and system performance. Conventional

HOQ studies were performed for IW to understand near-

wall reactions, heat transfer and flow physics. There is

less focus towards understanding of irreversibilities during

the HOQ process. In the present study, entropy analysis is

performed for H2 permeation on HOQ for different condi-

tions and compared against convectional impervious wall

boundary results, to understand processes and also assist in

design to improve performance of system such as micro

combustion.

In the following, the theoretical background is given in

Section Models and numerical setup, with mathematical

formulation of the entropy generation and entropy transport.

In Section Results and discussion, first results for the free

propagating premixed flame will be shown and compared

with other investigations. Next, results for the head-on

quenching towards the wall will be shown. Here, both the

impermeable and the hydrogen-permeable cases are studied

for an initially stoichiometric mixture. Subsequently, the ef-

fect lean and rich mixtures, the unburnt-mixture tempera-

ture and dilution will be shown and discussed. Finally,

conclusions are made.

Models and numerical setup

Governing equations, properties and constitutive relations

The governing equations and relations are described accord-

ing to Chen et al. [43], which documents the code used.
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Momentum balance:

v

vt
ðruaÞ þ v

vxb

ðruaubÞ ¼ � vp
vxa

þ v

vxb

ðtbaÞ (1)

Energy is expressed in form of the total specific internal

energy with the balance equation,

v

vt
ðre0Þ þ v

vxb

ððre0 þ pÞubÞ ¼ �vqb

vxb

þ v

vxb

ðtbauaÞ: (2)

Species mass:

v

vt
ðrYiÞ þ v

vxb

ðrYiubÞ ¼ v

vxb

ð � JbiÞ þWi _ui: (3)

The viscous stress, species diffusion velocity and heat flux

are expressed as

tab ¼ m

�
vub

vxa

þ vua

vxb

�
� 2

3
m
vug

vxg

dab; (4)

Vai ¼ �Dmix
i

Xi
dai � DT

i

rYi

v

vxa

ðln TÞ; (5)

qa ¼ �l
vT
vxa

þ
XNS

i¼1

hiJai �
XNS

i¼1

p
rYi

DT
i dai; (6)

dai ¼ vXi

vxa

þ ðXi � YiÞ v

vxa

ðln pÞ (7)

The species mass flux can be split into three components;

the species gradient diffusion flux (Fick), the pressure diffu-

sion flux and the thermodiffusion (Soret) flux:

Jai ¼ rYiVai ¼ JFiai þ Jpd
ai þ JSoai (8)

The heat flux of Eq. (6) has three components, viz. the

conductive flux (Fourier), the heat flux due to species mass

fluxes Jai (which has three components, according to Eq. (8)),

and the Dufour flux:

qa ¼ qFo
a þ qJ

a þ qDu
a (9)

It can be noted that in Eqs. (1) and (7), effects of body forces

(gravity, electrochemical) are left out. Moreover, the bulk vis-

cosity is set to zero in Eq. (4). The Dufour effect (last term of Eq.

(6)) was not implemented in the code, however included here

for reference.

A kinetic energy equation can be deduced from the mo-

mentum equation. Using the relation

e0 ¼ h� p
r
þ 1
2
uaua ¼ eþ 1

2
uaua; (10)

the energy equation, Eq. (2), can be reformulated to

v

vt
ðreÞ þ v

vxb

ðreubÞ ¼ �vqb

vxb

� p
vua

vxa

þ tba
vua

vxa

(11)

The molar reaction rate of species i in Eq. (3) can be

expressed from

_ui ¼
XNR

j¼1

nijqj: (12)

Here, nij ¼ n
00
ij � n0ij are the stoichiometric coefficients of re-

action j, and

qj ¼ kfj

YNS

i¼1

�
rYi

Wi

�n0
ij

� krj

YNS

i¼1

�
rYi

Wi

�n
00
ij

(13)

is the reaction progress. The forward rate coefficient is

expressed as kfj ¼ AjT
bjexp

�� Ej=ðRuTÞ
�
, while the reverse rate

coefficient is expressed from the corresponding equilibrium

constant, krj ¼ kfj/Kcj.

Entropy transport and generation

The numerical analysis of combustion is based on the equa-

tions above. By using the Gibbs relation for reacting systems,

the entropy transport equation can be developed [44,45] as

v

vt
ðrsÞ þ v

vxb

ðrsubÞ ¼ Bs þ s; (14)

where the entropy diffusion term is

Bs ¼ v

vxb

 
1
T

�� qFo
b � qDu

b

��XNS

i¼1

siJbi

!
; (15)

and the entropy generation rate is elaborated as the sum of

contributions due to, respectively, viscous forces, conduction,

Dufour flux, mass diffusion and chemical reactions:

s ¼ svisc þ scond þ sDu þ sdiff þ schem (16)

with

svisc ¼ tba

T
vua

vxb

; (17)

scond ¼ 1
T2

�� qFo
b

� vT
vxb

¼ l

T2

�
vT
vxb

�2

; (18)

sDu ¼ 1
T2

�� qDu
b

� vT
vxb

; (19)

sdiff ¼
XNS

i¼1

ð�JbiÞ
�
1
T

vhi

vxb

� vsi
vxb

�
; (20)

schem ¼ �1
T

XNS

i¼1

giWi _ui: (21)

Among these, the mass-diffusion term can be decomposed

into three contributions as sdiff ¼ sFi þ spd þ sSo, according to

the components of Eq. (8), while the chemical term can be

decomposed into separate contributions from each elemen-

tary reaction. It should be noted that the contribution from the

2nd term of the heat flux, Eq. (9), is included in the mass-

diffusion component, Eq. (20). The last term of Eq. (9), the

Dufour flux, was neglected in the calculations. However, the

entropy generation due to the Dufour flux, Eq. (19), should

equal that of the Soret flux, according to theOnsager reciprocal

relations. Therefore, this neglected amount of entropy gener-

ation can be estimated by calculating that of the Soret flux.

Entropy generation due to heat sources (including radiation)

and body forces (e.g., gravity) was left out.
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The chemical potential (Gibbs function) for each species is

expressed as gi ¼ hi � Tsi. For ideal gases, dhi ¼ Cp,idT and dsi ¼
(Cp,i/T)dT � (Ri/pi)dpi, with Ri ¼ Ru/Wi and pi ¼ Xip, hence

�
1
T

vhi

vxb

� vsi
vxb

�
¼ Ri

pi

vpi

vxb

¼ Ru

Wi

�
1
Xi

vXi

vxb

þ 1
p

vp
vxb

�
(22)

The specific entropy is expressed as

si ¼ si
�ðTÞ � Ru

Wi

 
ln Xi þ ln

p
pref

!
(23)

The temperature part si�(T), and the enthalpy hi(T), are

determined from polynomials [46,47].

The chemical term, Eq. (21), contains the volumetric reac-

tion rate for each species. With Eqs. (12) and (13), the term can

be reformulated to provide the contribution of the jth

elementary reactions as

schem;j ¼ �
XNS

i¼1

gi

T
Wi,nijqj: (24)

The sum of these contributions will provide that of Eq. (21),

schem ¼PNR
j¼1schem;j.

Exergy calculations

The exergy destruction rate was calculated as the product

of the ambient temperature and the entropy generation

rate, T0 , s. The chemical exergy for H2 was evaluated

[4,48] to 238.16 kJ/mol for the ISO standard ambient air

conditions for gas-turbine testing (15 �C, 1 atm, 60% rela-

tive humidity). In accordance with said standard, the

ambient temperature was chosen as T0 ¼ 288.15 K. The

calculation of chemical exergy at various ambient condi-

tions was outlined by Ref. [4], and a comprehensive

description and discussion of the accurate procedure was

given by Ref. [48].

The DNS code and its assumptions

The S3D code is a massively parallel DNS solver developed at

the Sandia National Labs, see Chen et al. [43]. It solves fully

compressible momentum, total energy, species and mass

continuity equations coupled with detailed chemistry. The

code has been used for awide range of studies of premixed (e.g.

Refs. [3,49e51]) and non-premixed flames (e.g. Refs. [52e54]).

The transport equations were solved using an eighth-order

explicit centered finite difference scheme in space (third-

order one-sided stencils at the domain boundaries). A fourth-

order six-stage explicit Runge-Kutta scheme was used for

time integration [55]. Thermodynamic properties were

modeled as polynomial functions of temperature and transport

coefficients by the Chemkin and Transport packages [47,56].

The assumptions made in the S3D code were the ideal gas

assumption for reactive fluid flowwith continuum assumption

for small length scales, body and buoyancy forces neglected,

bulk viscosity neglected, a mixture-averaged diffusion coeffi-

cient used for all species, Dufour effect neglected, and no ra-

diation heat transfer [43]. The Soret effect was implemented for

light species (molar weight less than 5) [47], that is, H2 and H.

Simulations of the head-on quenching flame

The present work made use of results from the previous

studies, Salimath et al. [2], Gruber et al. [1]. The setup of the 1-

dimensional cases is illustrated in Fig. 1. The flame front

propagated in a premixed hydrogen/air mixture perpendicu-

larly towards a solid wall facing the flame. The flame

quenched when reaching the wall. Two configurations were

investigated: a solid, impermeable wall (IW) and a hydrogen-

permeable wall (PW). Both walls were chemically inert (no

adsorption or catalytic effects). In the PW case, the flame

became partly non-premixed, as H2 seeped into the initial

hydrogen-air mixture on the permeate side.

The numerical setup, models and boundary conditions are

described previously, Salimath et al. [2]. Briefly outlined here,

the domain had a length of L ¼ 0.02 m, resolved in a uniform

mesh of 4096 nodes and the time step fixed to 1.0 , 10�9 s for all

simulations. The air was assumed as 21% O2 and 79% N2,

molar based. The chemical mechanism of Li et al. [57] was

used, with 19 elementary reactions (Table 1) comprising 8

species (H2, O2, H2O, OH, H, O, HO2 and H2O2) in addition to

inert N2. The reactions are listed in Table 1, enumerated from

R1 to R19. In the following, f and r will denote the forward and

reverse net contributions of each reaction. The wall was

assumed isothermal, and its temperature set equal to the

unburnt-gas temperature, Tw ¼ Tu. The pressure of the gas

mixture was maintained at 1 atm. For the permeable wall, H2

permeation occurred from t ¼ 0.

It can be noted that for presentation purposes, results were

extracted at every 1000 timesteps, i.e. at intervals of 1.0 ,

10�6 s. Furthermore, to provide correspondance with results

from Ref. [2], the non-dimensional distance and time are used

as x*¼ x/dL and t* ¼ t,S0L=dL. Here, the laminar flame speed and

thickness were used for the normalization.

The cases investigated had unburnt-mixture tempera-

tures at 750 K, 500 K and 300 K, all with equivalence ratios at

0.5, 1.0 and 1.5. In addition, the stoichiometric cases at 750 K

were diluted with nitrogen (two cases) and water vapour

(two cases). All these 13 conditions were investigated for IW

and for PW.

Results and discussion

Free propagating flame: verification and comparison

After initiation, the planar flame front moved undisturbed

in the initially premixed fuel-air mixture. For a while, it

behaved like a simple quasi-steady, 1-dimensional plane

premixed flame. In our previous studies, it was seen that

profiles from the undisturbed hydrogen-air [2] and

methane-air [3] flames in S3D were virtually identical to

results from Chemkin.

For comparison with previous work [10e12], the case of

stoichiometric mixture and unburnt temperature 300 K was

investigated.

Fig. 2 shows the spatial profiles of total entropy generation

rate and its components due to chemical reactions, heat

conduction and mass diffusion. The viscous contribution was
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left out as it could not visually be distinguished from the zero

line. Also the entropy diffusion is included (Eq. (15)).

These results were found to be within the results of the

previous studies. The chemical and mass-diffusion compo-

nents, normalized by the inflow fuel chemical exergy flow

rate, were virtually identical to those of Zhang et al. [11], while

our peak of the conductive component was larger, close to

that of Nishida et al. [10]. The results of Acampora and Marra

[12] seemed to be a little higher for all three components

compared with our and the other results. The deviations may

be attributed to differences in chemical mechanisms, trans-

port models and numerical procedures.

Table 2 shows the quantities integrated spatially through

the free propagating flame for some cases. Here, the chemical-

reactions entropy generation is decomposed into the contri-

butions from each of the 19 elementary reactions. Further-

more, the entropy generation due to mass diffusion is

decomposed into the three components due to species

gradient (Fick), pressure gradient and thermodiffusion (Soret).

In the table, the exergy destruction rate associatedwith the

total entropy generation rate is also compared with the

chemical exergy of the consumed hydrogen. The ratio of said

quantities is included.

Head-on quenching

Fig. 3 shows the entropy generation and its components as

function of time through quenching. For each timestep, the

quantities were integrated over the length of the domain,R L
0 sdx. Also the integral of the diffusion,

R L
0 Bsdx (Eq. (15)), is

shown in the graphs.

The entropy generation due to reactions had a signifi-

cant increase before the flame front reached the PW before

fading off after quenching, while the IW case showed a

gradual fade off.

The entropy generation of the most important elementary

reactions are shown in Fig. 4. It is seen that the increase in the

(overall) chemical component before quenching in the PW

case was primarily due to reaction R8. Spikes from R5 and R8

Fig. 1 e Head-on quenching configurations of impermeable and permeable walls with hydrogen flux.

Table 1 e Elementary reactions in the H2eO2 chemical
mechanism, Li et al. [57].

No. Reactions

R1 O2 þ H#OH þ O

R2 H2 þ O#OH þ H

R3 OH þ H2#H þ H2O

R4 H2O þ O# 2OH

R5 H2 þ M # 2H þ M

R6 2O þ M #O2 þ M

R7 H þ O þ M #OH þ M

R8 OH þ H þ M #H2O þ M

R9 O2 þ H þ M #HO2 þ M

R10 H þ HO2#O2þ H2

R11 H þ HO2# 2OH

R12 O þ HO2#OH þ O2

R13 OH þ HO2#O2 þ H2O

R14 2HO2#O2 þ H2O2

R15 H2O2 þ M # 2OH þ M

R16 H þ H2O2#OH þ H2O

R17 H þ H2O2#H2 þ HO2

R18 O þ H2O2#HO2 þ OH

R19 OH þ H2O2#H2O þ HO2

Fig. 2 e Components of entropy generation rate in the free propagating planar stoichiometric flame.
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were counteracted by decrease in other reactions and were

not visible in the chemical component, Fig. 3b.

Heat-conduction entropy generation had a notable in-

crease through the quenching, and became the largest

contribution after quenching. Themass diffusion contribution

diminished to a negligible value for IW. For PW, the H2

permeation caused some entropy generation also after

quenching. The contribution from viscous forces was evalu-

ated, but not included in the graphs, as the curves were not

visibly distinguishable from zero. At quenching (t*Q), the non-

dimensional viscous entropy generation s*visc (cf. Fig. 3) had

values of 2.2 , 10�4 for IW and 6.9 , 10�7 for PW.

The mass diffusion has three components (Eq. (8)). Their

contributions are shown in Fig. 5. The pressure diffusion was

very small due to a nearly constant pressure. The contribution

of the Soret diffusion can be of particular interest, since it is

usually neglected. The computations confirmed that the Soret

entropy generation was very small. Just after quenching for

PW, it peaked to 0.008 times the free-flame total entropy

generation. Its contribution to the total entropy generation

remained less than 1% for all times throughout quenching for

PW and had a lesser contribution for IW.

When the flame approached the wall, the Soret entropy

generation showed negative values. This was caused by a

combination of a positive temperature gradient (negative

Soret flux) and negative species gradients (primarily H2).

Negative contribution to entropy generation by the Soret ef-

fect was also observed by Torabi et al. [58]. It should be noted

that a positive total entropy generation was maintained also

at these instances.

Although the Dufour effect was not implemented in the

code, its contribution to entropy generation can be evaluated

from that of the Soret effect, which is of equal value.

The entropy diffusion components, Eq. (15), due to heat

conduction and mass diffusion, respectively, had opposite

signs. Both increased considerably towards the quenching

instance, and then decreased. Since their relative weights

were different for PW and IW, the resulting total entropy

diffusion Bs had different signs for the two configurations, as

seen in Fig. 3.

It was noted that the IW results showed a small, but

marked step at t* ¼ 547.1. Since it ocurred well after the

quenching instance, we did not make further investigations.

However, it was observed that at this instance, the flow ve-

locity was reduced towards zero in most of the domain and

had changed direction close to the wall.

The detailed temporal development of the entropy gener-

ation and its main components through quenching is shown

in Fig. 6 for PW. Contributions from selected elementary re-

actions are shown in Fig. 7. It can be noted that the ordinates

of these graphs are dimensional, while the non-dimensional

distance and time are retained from Ref. [2] for easier com-

parison. The corresponding results for IW are shown in Figs. 8

and 9. It was seen that the diffusion contribution became

lower, both absolutely and relatively, when the flame came

close to the wall. Hence, the species concentrations gradients

were reduced towards quenching.

Effects of fuel-air ratio

The investigationswere conducted for a lean (fu¼ 0.5) anda rich

(fu ¼ 1.5) mixture, in addition to the stoichiometric cases in the

preceding section. The total entropy generation rate and its

componentswere integratedoverthespatialdomain,
R L
0 sðx;tÞdx,

as described above. This transient quantity was thenmultiplied

Table 2 e Components of entropy generation rate in a
one-dimensional, quasi-steady planar H2-air premixed
flame (spatially integrated through the flame), fuel exergy
and terms of the entropy equation.

fu (�) 1.0 1.0 0.5 1.5

Tu (K) 300 750 750 750

Total entropy

generation rate (kW/

(m2 K))

3.825 4.595 2.316 5.421

Heat conduction

(fraction of total)

0.241 0.0615 0.0571 0.0636

Mass diffusion (of

total)

0.0719 0.0698 0.0642 0.0702

Chemical reactions (of

total)

0.687 0.869 0.879 0.866

Viscous forces (of

total)

3.2 , 10�6 5.4 , 10�6 2.3 , 10�6 6.2 , 10�6

Species gradient

(fraction of mass

diffusion)

0.922 0.962 0.953 0.973

Pressure gradient

(fraction of mass

diffusion)

1.08 , 10�5 4.4 , 10�5 1.7 , 10�5 4.6 , 10�5

Thermal (Soret)

(fraction of mass

diffusion)

0.078 0.038 0.0475 0.0266

R1 (fraction of chem.

Component)

0.0170 0.0318 0.0146 0.0501

R2 0.0208 0.0332 0.0262 0.0402

R3 0.117 0.162 0.160 0.164

R4 9.9 , 10�4 3.6 , 10�4 9.8 , 10�4 2.0 , 10�4

R5 0.0167 0.0305 0.101 0.0566

R6 3.3 , 10�4 5.7 , 10�4 1.3 , 10�3 1.6 , 10�4

R7 0.0276 0.0490 0.0387 0.0385

R8 0.231 0.289 0.193 0.288

R9 0.247 0.174 0.236 0.156

R10 0.0312 0.0258 0.0316 0.0235

R11 0.203 0.176 0.207 0.167

R12 0.0120 9.3 , 10�3 0.0312 0.0049

R13 0.0686 0.0126 0.0381 0.0070

R14 6.4 , 10�4 3.9 , 10�4 9.6 , 10�5 3.1 , 10�5

R15 0.00125 8.2 , 10�4 1.6 , 10�3 4.0 , 10�4

R16 3.02 , 10�3 2.5 , 10�3 2.8 , 10�3 1.6 , 10�3

R17 4.1 , 10�4 5.9 , 10�4 4.8 , 10�4 3.9 , 10�4

R18 2.2 , 10�4 3.3 , 10�4 8.3 , 10�4 6.4 , 10�5

R19 1.98 , 10�3 2.2 , 10�3 4.6 , 10�3 5.9 , 10�4

Fuel exergy converted

(kW/m2)

5337 11,375 4311 12,637

Exergy destruction

ratio (�)

0.207 0.127 0.155 0.124

Entropy transient term

(kW/(m2 K))

�11.77 �23.5 �12.6 �26.2

Entropy convection

rate (kW/(m2 K))

15.59 28.1 15.0 31.6

Entropy diffusion rate

(kW/(m2 K))

0.0035 �0.0016 �2.3 , 10�5 0.0050

Entropy generation

rate (kW/(m2 K))

3.825 4.595 2.316 5.421
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with the ambient temperature, T0, to provide the exergy

destruction rate (ED) in the domain at each timestep. These re-

sults are shown inFig. 10. Also shown is the rate of conversionof

H2 chemical exergy (CE), that is, ε
ch
H2
,
R L
0 ð� _uH_2ðx; tÞÞdx. This

comparison was found relevant, since IW and PW had different

amounts of fuel, due to permeation through the wall. Although

H2 alone did not give the complete image of the chemical con-

version, it gave a clear indication. For a comparisonbetween the

different mixtures, the integrated rates are shown as

dimensional quantities. For convenience, the chemical-exergy

conversion rates were scaled by a factor of 0.2 in the graphs.

As observed previously [1,2], the conductive heat flux for

the IW configuration varied notably with the equivalence ratio

near quenching. This also led to a strong variation in the

corresponding entropy generation rate. As seen in Fig. 10a for

the rich case, the conduction component was the largest

contributor at quenching. For the stoichiometric and lean IW

cases, this component was notably smaller, both relatively

Fig. 3 e Entropy generation rate components and entropy diffusion integrated over the length of the domain as a function of

time, fu ¼ 1.0, Tu ¼ 750 K. Values are made non-dimensional with the integral of the total entropy generation through the

free propagating flame.

Fig. 4 e Entropy generation rate components due to some elementary reactions, integrated over the length of the domain as

a function of time, fu ¼ 1.0, Tu ¼ 750 K. Values are made non-dimensional with the integral of the total entropy generation

through the free propagating flame.

Fig. 5 e Entropy generation rate due to mass diffusion and its components integrated over the length of the domain as a

function of time, permeable wall, fu ¼ 1.0, Tu ¼ 750 K. Values are made non-dimensional with the integral of the total

entropy generation through the free propagating flame.
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and absolutely. While the conduction component peaked, the

chemical and diffusive components just faded off at quench-

ing for all stoichiometries.

For the PW configuration, the peak of conductive heat

flux at quenching did not show much variation with

equivalence ratio. It was slightly reduced with increasing

Fig. 6 e Entropy generation rates vs. distance from wall for various time. Permeable wall, fu ¼ 1.0, Tu ¼ 750 K.

Fig. 7 e Entropy generation rates vs. distance from wall for various time for selected elementary reactions. Permeable wall,

fu ¼ 1.0, Tu ¼ 750 K.
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equivalence ratio, similar to the wall heat flux (displayed in

Ref. [1]). On the other hand, the chemical component of

entropy generation showed more variation, in particular,

between the lean case and the stoichiometric and rich

cases. For the lean case, and to some extent the stoichio-

metric case, a higher content of fuel close to the hydrogen-

permeable wall led to an increased chemical conversion

and more entropy generation. Therefore, the chemical

Fig. 8 e Entropy generation rates vs. distance from wall for various time. Impermeable wall, fu ¼ 1.0, Tu ¼ 750 K.

Fig. 9 e Entropy generation rates vs. distance from wall for various time for selected elementary reactions. Impermeable

wall, fu ¼ 1.0, Tu ¼ 750 K.
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component of entropy generation increased as the flame

approached the wall. Close to the quenching instance, the

chemical component of these cases also decreased and

eventually faded off. In comparison, the conductive

component had a slower fade off after quenching, and it

became the biggest contributor to entropy generation in the

weakly reacting mixture after quenching.

For all these cases, the already modest diffusive compo-

nent of entropy generation faded off before quenching.

Inspecting the contributions of individual elementary

reactions, the overall view was to some extent similar to

the stochiometric case, Fig. 4. However, some deviations

were noted. For the free propagating flame, the rich case

was not very different from the stoichiometric. The most

important reaction was R8f, followed by R11f, R3f and R9f.

Also R5r, R1f and R2f had notable contributions. All these

reactions had a moderately larger entropy generation in

the rich case. In the lean case, the contributions were

considerably lesser. In particular, R8 was reduced to one-

third compared to stoichiometric case, falling below R9

and R11.

When the flame approached the impermeable wall (IW) for

the rich case, R8 and R5 had spikes similar to the stoichio-

metric case. The other chemical contributions declined before

these spikes, and the sum of chemical contributions faded off,

as seen in Fig. 10a. For the lean case, all important reactions

just faded off.

For the permeable wall (PW) rich case, R8 began decreasing

some time before quenching, before it got a peak close to

quenching. For the other reactions, the behaviour was similar

to that of the stoichiometric case. In the lean case, the re-

actions mentioned (R11f, R3f, R9f, R5r, R1f, R2f) had an in-

crease when the flame approached the wall. In particular, R8

rose to a level like that of the stoichiometric case. For all PW

Fig. 10 e Exergy destruction (ED) rate components and hydrogen chemical exergy conversion (CE) rate (notice scale),

integrated over the length of the domain as a function of time for Tu ¼ 750 K and different equivalence ratios.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 6 6 1 6e2 6 6 3 0 26625



cases, and to lesser extent the rich IW case, R5 showed a

strong increase in entropy generation just before quenching,

when other reactions decreased. For these cases, R5 remained

the largest contributor after quenching, although at a much

lower level. The negative H2 consumption seen in Fig. 10 can

be associated with the reverse R5 recombining 2H into H2.

As noted in the Introduction, previous studies on non-

premixed and some partially premixed flames had found the

conduction to be the largest contributor to entropy generation.

For premixed flames, chemical reactions have been found to

dominate. On this background, it is worth noting that the

permeation of hydrogen from the wall, i.e. a non-premixed

supply of fuel, can increase the weight of the chemical re-

actions in entropy generation.

Effects on the entropy diffusion flux Bs, Eq. (15), are shown

in Fig. 11 presented as
R L
0 Bsdx. As in Fig. 4, the values were

made non-dimensional with the integral of the total entropy

generation through the free propagating stoichiometric flame.

It was seen that the entropy flux was virtually zero in the free

propagating flame (cf. Table 2). For IW, the lean flame had a

flux towards the wall (i.e. negative) when approaching

quenching. With increasing fuel-air ratio, a period with posi-

tive flux appeared shortly before quenching. In the fu ¼ 1.5

case, this became themain effect. For PW, the permeating fuel

gave a positive (non-zero) entropy flux near the wall for the

entire period, with a strong increase just before quenching.

For an overall comparison, the spatially integrated exergy

destruction rate was also integrated for a time interval ending

at the quenching instance:

ED ¼ T0

ZtQ

t1

ZL

0

sðx; tÞdxdt (25)

For PW, the integral was taken from the time t1, where the

wall permeation began affecting the flame (beginning of

“Stage II”, cf [2]). For IW, t1 was chosen so that the time interval

(tQ � t1) had the same value for each pair of IW and PW cases.

The exergy destruction, Eq. (25), can be compared with the

exergy of the converted fuel in the same interval, CE ¼ ε
ch
H_2
,
R tQ
t1R L

0 ð� _uH_2ðx; tÞÞdxdt.
The fraction of entropy generation due to conduction

increased for IW with increasing equivalence ratio, from 5.9%

for fu ¼ 0.5 and 6.7% for fu ¼ 1.0, to 10% for fu ¼ 1.5. The

diffusion fraction had a maximum at 7.1% at stoichiometric

conditions, with a small reduction for rich and lean. The

chemistry dominated (z86%) and had a slightly reduced share

with increasing equivalence ratio. Compared with the H2

chemical exergy conversion (CE), Fig. 12, all components of

exergy destruction had a minimum at stoichiometric condi-

tions. The conduction and diffusion components had small

increases for rich and lean mixtures, while the chemical term

increased most notably for lean conditions. For the PW

configuration, the variations were similar to, but less than

those of IW.

From Eq. (18), showing scond inversely proportional to the

square of the temperature, an increase in this component was

expected at a reduced temperature. On the contrary, the

diffusion component, Eqs. (20) and (22), does not have a direct

relation to temperature. The chemical component, Eq. (21), is

inversely proportional to the temperature, and proportional to

the reaction rate involving an exponential function. The latter

relation will also affect the fuel conversion. Since the reaction

Gibbs energy difference varies more with temperature than

the corresponding enthalpy difference, the entropy genera-

tion variation differs from that of the heat release.

Our previous results [1,2] showed that for IW, the lean flame

had lower temperatures,while therichflamehadapproximately

Fig. 11 e Entropy diffusion rate integrated over the length of the domain as a function of time, Tu ¼ 750 K at different

equivalence ratios. Values are made non-dimensional with the integral of the total entropy generation through the free

propagating flame for fu ¼ 1.0.

Fig. 12 e Effect of equivalence ratio: Components of exergy

destruction (ED) in the domain for a time interval up to

quenching as fractions of the converted fuel chemical

exergy (CE), Tu ¼ Tw ¼ 750 K.
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the same temperatures as the stoichiometric. For PW, the

permeation led to a higher local equivalence ratio close to the

wall. The (initially) lean and stoichiometric mixtures gave

similar temperatures, while the rich flame got lower values.

Compared to IW, the lean PWcase hadhigher temperatures, the

stoichiometric case was on par with IW, while for the rich

mixture the temperatures were lower than for IW.

The entropy generation caused by the isothermal expan-

sion of H2 through the membrane, from the feed pressure

(10 atm) to the partial pressure on the permeate side, was not

included in the results above. It was estimated to approxi-

mately 1% of the total entropy generation.

Effects of mixture temperature

Both configurations, with rich, stoichiometric and lean mix-

tures, were computed with temperatures of the unburnt

mixture and the wall (Tu ¼ Tw) at 500 K and 300 K [2].

The exergy destruction for the domain and the time interval

wascomparedwith thechemical exergyof theconverted fuel, as

describedabove.Theresultsareshown inFig.13. Itwasseenthat

lower temperatures gave larger values both for the total and the

components of exergy destruction. The fraction due to diffusion

was slightly larger at lower temperatures, while the conduction

fractionof totalentropygeneration increasedconsiderably (from

7% at 750 K to 25% at 300 K, stoichiometric). The variations with

equivalence ratio were similar to those at the higher tempera-

ture in the preceding section.

Effects of dilution with nitrogen or water vapour

The stoichiometric cases at 750 K (Case D0, IW and PW as

above) were diluted by increasing the unburnt-mixture ni-

trogen-oxygen molar ratio from 3.762 (undiluted Case D0,

with no H2O) to 4.0 (Case D1) and 4.762 (Case D2), for both

configurations. Furthermore, water vapour was added such

that the H2OeO2 ratio of the unburnt mixture increased from

zero (Case D0) to 0.12 (Case D3) and 3.147 (Case D4), as

described in Ref. [2].

Basically, dilution will reduce the reaction temperatures

and the effects can be expected similar to those of the reduced

temperature in the preceding section.

The exergy destruction integrated over the domain and

the time interval was compared with the chemical exergy of

the converted fuel, as described above. The results are shown

in Fig. 14.

Dilution with (inert) N2 (Cases D1 and D2) gave modest

increases in total exergy destruction as fraction of converted

fuel exergy and in the chemical component. Dilutionwith H2O

had a different effect for the smaller amount (Cases D3). Then,

the chemical component (relative to converted fuel exergy)

was reduced. The reasons seemed to be that some additional

H2O gave an increased conversion of fuel (H2). Further dilution

with more vapour (Cases D4) had the same effect as dilution

with N2, i.e. modest increases. The effects were similar for

both configurations.

Permeable vs. impermeable wall

The entropy generation primarily followed inversely the

temperature. Lower unburnt-mixture temperature, deviation

from stoichiometry and dilution all gave lower temperatures

and higher total entropy generation and exergy destruction

per unit of converted fuel.

The effects of fuel permeation were more complex. It had a

cooling effect close to the wall due to thermal dilution [1,3].

Entering a lean mixture, additional fuel gave increased fuel

conversion and a higher temperature near the wall. The higher

temperature due to reactionheat releasewasmore pronounced

on entropy generation than the cooling effect. When fuel

permeated into an initially stoichiometric or rich mixture, the

local mixture became richer. Therefore, the temperature was

lowered, and the entropy generation increased.

Fig. 13 e Effect of unburnt temperature: Components of exergy destruction (ED) in the domain for a time interval up to

quenching as fractions of the correspondingly converted fuel chemical exergy (CE).

Fig. 14 e Effect of dilution: Components of exergy

destruction (ED) in the domain for a time interval up to

quenching as fractions of the correspondingly converted

fuel chemical exergy (CE).
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The main contributions to entropy generation were re-

actions and conduction. Diffusion had, in general, a minor

impact. Even though permeation influenced diffusion, the

effect of this on entropy generation was small.

The investigations of permeable walls are motivated by,

among other, potential emissions reduction and efficiency

improvement. The permeation zone will be a smaller part of a

combustor.When incomplete fuel conversion occurs, it will be

a localized phenomenon, and the conversion can be

completed elsewhere in the combustor. Accordingly, the pri-

mary interest will be to observe the entropy generation per

unit of converted fuel. Permeating fuel increased the entropy

generation because the fuel conversion increased. The en-

tropy generation per unit of converted fuel was either

decreased (lean mixtures) or marginally affected (stoichio-

metric or rich mixtures) by permeation.

Conclusions

Previous investigations [1,2] on 1-D head-on premixed H2-air

flame interacting with an impermeable wall (IW) or a perme-

able wall (PW) were extended with computations of entropy

generation and entropy fluxes. Additional fuel was supplied

through the permeable wall.

In general, fuel permeation through the wall increased

both entropy generation and fuel conversion.

The permeating fuel had a diversity of effects. First, it had a

cooling effect close to the wall. Separately, this thermal dilu-

tion reduced the local temperature and contributed to

increased entropy generation. However, for initially lean and

stoichiometric mixtures, the additional fuel provided more

reaction heat release, leading to higher temperature and

reduced entropy generation per unit of converted fuel.

Permeation also increased the mass flux, and thereby the

entropy flux, away from thewall. The effects ofmass diffusion

on entropy generation were modest, and the altered mass

diffusion made small changes from IW to PW. The Soret

diffusion (thermodiffusion) had small contribution to the

mass diffusion entropy generation. During quenching it

became even smaller for IW, while it had an increase for PW.

The effects of pressure diffusion were negligible.

The effects of permeation were similar for all unburnt-

temperatures investigated (750 K, 500 K, 300 K). As expected

from theory and other studies, a lower temperature gave

higher entropy generation. Furthermore, in accordance with

literature, the chemical reaction gave the major part of en-

tropy generation, with conduction as the second most

important source. Mass diffusion was of modest importance,

while viscous forces had vanishing effects.

Permeation to a lean mixture reduced entropy generation

per unit of fuel converted. The effect was stronger for lower

temperatures because then the conduction had a greater share

of the total entropy generation. At the higher unburnt-mixture

temperature, similar results were seen for rich mixtures, as

well. For the lower temperature, permeation into a richmixture

increased the entropy generation per unit of converted fuel.

The elementary reactions most important for entropy

generation towards quenching were R8 (OH þ H þ M #

H2O þ M, net forward), R5 (H2 þM # 2H þM, net reverse) and

R3 (OH þ H2 # H þ H2O, net forward). In particular, the

recombining R5r had a notable relative increase towards the

quenching instance. Both R8f and R5r had high peaks of en-

tropy generation rate when the flame reached the wall and

quenched.
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Nomenclature

Aj factor in reaction-rate model, reaction j

Bs entropy diffusion term (J/(s,m3,K))

Cp, Cp,i specific heat capacity at constant pressure (for

species i) (J/(kg,K))

dai diffusion driving force of species i in xa direction

(m�1)

Dmix
i mixture-averaged mass diffusivity of species i (m2/s)

DT
i thermal diffusion coefficient of species i (kg/(ms))

e specific internal energy (J/kg)

Ej activation energy in reaction j (J/(mol,K))

gi specific chemical potential (Gibbs function) for

species i (J/kg)

hi specific enthalpy for species i (J/kg)

Jai diffusive mass flux of species i in xa direction (kg/(s

,m2))

kfj, kfj forward, reverse rate coefficients of reaction j

Kcj equilibrium constant of reaction j (�)

L length of domain (m)

NR number of reactions (�)

NS number of species (�)

p, pref pressure, reference pressure (Pa)

qj reaction progress of elementary reaction j (mol/

(m3s))

qa heat flux in xa direction (J/(s ,m2))

Ru universal gas constant (J/(mol,K))

s, si specific entropy (J/(kg,K))

si� specific entropy at reference pressure (J/(kg,K))

S0L laminar flame speed (m/s)

t time (s)

T, T0 temperature, ambient temperature (K)

ua velocity component in xa direction (m/s)

Vai mass diffusion velocity of species i in xa direction (m/

s)

Wi molar mass of species i (kg/kmol)

x, xa spatial coordinate (m)
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Xi mole fraction of species i (�)

Yi mass fraction of species i (�)

bj exponent in reaction-rate model, reaction j (�)

dab Kronecker delta (�)

dL Laminar flame thickness (m)

ε
ch
i chemical specific exergy for species i (kJ/kg)

l thermal conductivity (J/(s,m,K))

m viscosity (Pa,s)

nij reaction coefficient of species i in reaction j (�)

n0ij; n
00
ij reaction coefficients of species i (reactant, product)

in reaction j (�)

r mass density (kg/m3)

s volumetric entropy generation rate (J/(s,m3,K))

tab viscous stress tensor (Pa)

ui volumetric molar reaction rate of species i (mol/

(m3s))

Superscripts/Subscripts

* non-dimensional

Du Dufour

Fi Fick (species gradient diffusion)

Fo Fourier (thermal gradient conduction)

J mass diffusion

pd pressure diffusion

Q quenching

So Soret
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B Chemical kinetics mechanism

Hydrogen–air chemical mechanism

Table 1: Elementary reactions in the H2-air chemical mechanism with rate coeffi-
cients kf = AT β exp(−E0/RT ) [64].

No. Reaction A β E0

R1 O2 + H ⇀↽ OH + O 3.547E+15 -0.406 16599.0

R2 H2 + O ⇀↽ OH + H 0.508E+05 2.67 6290.0

R3 OH + H2
⇀↽ H + H2O 0.216E+09 1.51 3430.0

R4 H2O + O ⇀↽ 2OH 2.970E+06 2.02 13400.0

R5 H2 + M ⇀↽ 2H + M 4.577E+19 -1.40 104380.0

R6 2O + M ⇀↽ O2 + M 6.165E+15 -0.50 0.0

R7 H + O + M ⇀↽ OH + M 4.714E+18 -1.00 0.0

R8 OH + H + M ⇀↽ H2O + M 3.800E+22 -2.00 0.0

R9 O2 + H + M ⇀↽ HO2 + M 1.475E+12 0.60 0.0

R10 H + HO2
⇀↽ O2 + H2 1.660E+13 0.00 823.0

R11 H + HO2
⇀↽ 2OH 7.079E+13 0.00 295.0

R12 O + HO2
⇀↽ OH + O2 0.325E+14 0.00 0.0

R13 OH + HO2
⇀↽ O2 + H2O 2.890E+13 0.00 -497.0

R14 2HO2
⇀↽ O2 + H2O2 4.200E+14 0.00 11982.0

R15 H2O2 + M ⇀↽ 2OH + M 2.951E+14 0.00 48430.0

R16 H + H2O2
⇀↽ OH + H2O 0.241E+14 0.00 3970.0

R17 H + H2O2
⇀↽ H2 + HO2 0.482E+14 0.00 7950.0

R18 O + H2O2
⇀↽ HO2 + OH 9.550E+06 2.00 3970.0

R19 OH + H2O2
⇀↽ H2O + HO2 5.800E+14 0.00 9557.0
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Methane–air chemical mechanism

Table 2: Reduced chemical mechanism by Smooke and Giovangigli [65] with rate
coefficients kf = AT β exp(−E0/RT )1. For rich mixtures, DRM mechanism [66]
was used. Detailed GRI 3.0 mechanism was used for validation of FWI results [71].

No. Reaction A β E0

R1 H + O2 → OH + O 2.00E+14 0.0 16800.0

R2 O + H2 → OH + H 1.80E+10 1.0 8826.0

R3 H2 + OH→ H2O + H 1.17E+09 1.30 3626.0

R4 OH + OH→ O + H2O 6.00E+08 1.300 0.0

R5 H + O2 + M→ HO2 + M 2.30E+18 −0.80 0.0

R6 H + HO2 → OH + OH 1.50E+14 0.000 1900.0

R7 H + HO2 → H2 + O2 2.50E+13 0.0 700.0

R8 OH + HO2 → H2O + O2 2.00E+13 0.0 1000.0

R9 CO + OH→ CO2 + H 1.51E+07 1.30 −758.0

R10 CH4 + (M)→ CH3 + H + (M) 2.30E+38 −7.0 114363.0

R11 CH4 + H→ CH3 + H2 2.20E+04 3.0 8750.0

R12 CH4 + OH→ CH3 + H2O 1.60E+06 2.10 2460.0

R13 CH3 + O→ CH2O + H 6.80E+13 0.0 0.0

R14 CH2O + H→ HCO + H2 2.50E+14 0.0 10500.0

R15 CH2O + OH→ HCO + H2O 3.00E+13 0.0 167.0

R16 HCO + H→ CO + H2 4.00E+13 0.0 0.0

R17 HCO + M→ CO + H + M 1.60E+14 0.0 14700.0

R18 CH3 + O2 → CH3O + O 7.00E+12 0.0 25652.0

R19 CH3O + H→ CH2O + H2 2.00E+13 0.0 0.0

R20 CH3O + M→ CH2O + H + M 2.40E+13 0.0 28812.0

R21 HO2 + HO2 → H2O2 + O2 2.00E+12 0.0 0.0

R22 H2O2 + M→ 2OH + M 1.30E+17 0.0 45500.0

R23 H2O2 + OH→ H2O + HO2 1.00E+13 0.0 1800.0

R24 OH + H + M→ H2O + M 2.20E+22 −2.0 0.0

R25 H + H + M→ H2 + M 1.80E+18 −1.0 0.0

1 coefficients are from [72].
109


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



