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1 Introduction

1.1 Hydrogen as a Fuel
Large scale usage of fossil fuels has been attributed to the reason for increase in global
temperature, climate change and general reduction in air quality. Approximately 84% of
global energy production is from fossil fuels like i.e coal, natural gas and petroleum [5].
This has a direct impact on global ecosystems and human lives.

This necessitates the development of cleaner combustion systems that can reduce the
emissions of greenhouse gases like CO2 and other toxic emissions such as NO and CO.
Currently there is extensive research on the development of alternative fuels which can
meet this demand. Methanol and Dimethyl Ether, produced from CO2, known as the
Carbon Capture and Reuse system and hydrogen is being researched extensively [14].
Hydrogen is an interesting alternative due to its lack of carbon, which means reduction
in CO2 levels and its high calorific value. The main products of hydrogen combustion
is primarily water and thermal NOx. This means that with innovative burner designs and
sustainable production of hydrogen, it could be a long term solution for combating climate
change.

Hydrogen can be produced by steam reforming methane (blue hydrogen) or through elec-
trolysis (green hydrogen). Steam reforming is the process of producing hydrogen by
reacting steam with methane in the presence of metal catalysts which produces a mixture
of CO and H2 known as Syngas. The CO can be further reacted with water to produce
more hydrogen and CO2 [24].

Although a large portion of hydrogen produced globally comes from steam reforming,
coal gas and petroleum refining by-products [24], recent breakthroughs in research into
effective and economical production using electrolysis which makes use of sustainably
produced electricity makes it a viable solution. It is also noteworthy that this allows
hydrogen to become an energy carrier that can balance the fluctuations associated with
renewable sources of energy.

Hydrogen for household heating

In 2017, 21% of the final energy consumption in the EU came from household heating
out of which 75% of the fuel used came from fossil fuels [2]. In order to decarbonize the
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sector it is essential to investigate the potential for low-carbon fuels. There are several
ongoing projects that plan to inject hydrogen into the gas network, for example the Hy-
Deploy project in the UK which aim to blend hydrogen into the main network. Another,
much more ambitious project is the H21 Leeds City Gate which is a £2 billion project
to completely adapt Leeds’s present infrastructure to hydrogen. Worcester Bosch, in the
UK, is also currently involved in a Hy4Heat project to develop and manufacture boilers
for household heating using hydrogen [1, 4, 3]. Due to this demand for combustion sys-
tems that can run on hydrogen, there is a need for CFD tools that can accurately model
hydrogen flames, with minimal computational cost.

1.2 Flamelet Generated Manifolds
Numerical simulations of combustion is one of the most computationally expensive. Al-
though there are several models available for combustion simulation using detailed chem-
istry, where transport equations for each species are solved, these become quickly too
computationally expensive and hence the application of these tools are restricted to 1D or
small 2D cases. In cases with a large number species this bottleneck becomes a matter of
concern which slows down the design process.

To reduce this expense several reduction methods have been proposed. A broad classific-
ation of these methods are :

• Mechanism reduction

• Dimension reduction

• Tabulation

Tabulated chemistry is the focus for this study. Several tabulated chemistry models have
been proposed. Early works on tabulated chemistry includes the Intrinsic low dimensional
manifold method, which is based on the analysis of chemical timescales and then neglect-
ing the reactions that have timescales smaller than a pre determined value. The limitation
with this method is that the method was not able to accurate model flames in the low
temperature zones since most fast reactions occur in these zones and are eliminated in
the initial step [18]. An extension to the ILDM method is the reaction diffusion ILDM
(REDIM) which generates the manifold with coupled transport and reaction terms [9].
Another widely used method is the In-situ Adaptive Table, which continuously adapts a
look-up table as the simulations progresses [22].

Flamelet Generated Manifold method works on the assumption that any multidimensional
flames can be described as an ensemble of one-dimensional flamelets. The FGM method
calculates 1D flamelets and then stores dependent variables such as temperature as a func-
tion of a progress variable. Van Oijen [28] first introduced the concept to model premixed
laminar flames with a single progress variable. For the application of this method to
complex burner systems, it was extended to include heat loss, by adding enthalpy as an
additional variable [31]. The flamelets for this 2D FGM are generated by reducing the
inlet enthalpy for each flamelet. Since flame stretch in realistic flames, plays an important
role, a model to include its effects using FGM was studied by van Oijen et al. [29]. For
counterflow premixed methane flames, based on the fact that flame stretch causes large
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changes in the mass fraction of CO it was included as a second dimension, in addition to
a progress variable. This method was able to capture the stretch effects for weak strain
rates. At higher strain rates, the solution diverges from detailed chemistry results. For
partially premixed flames, an FGM was generated with the mixture fraction as an ad-
ditional control variable. The results on comparison with triple flames computed with
detailed chemistry showed good agreement, although some species differed due to the
non-inclusion of species transport along iso-surfaces of the progress variable [30].

1.3 Preferential Diffusion
Diffusion effects in combustion problems are usually represented with the Lewis number.
The Lewis number is a dimensionless number defined as the ratio between thermal and
mass diffusivities.

Lei =
α

D
=

λ

ρDi,mcp
(1.1)

where α is the thermal diffusivity and D the mass diffusivity, λ the thermal conductivity,
ρ the density, and cp the specific heat capacity at constant pressure, of the mixture, and
Di,m the mixture-averaged diffusion coefficient for the species i in the mixture. In most
combustion models the lewis number is assumed to be unity which reduces the compu-
tational cost associated with multi-component diffusion modelling which calculates the
binary diffusion terms between all the species. For most conventional fuels this assump-
tion does not lead to large loss in accuracy during modelling, however for highly diffusive
fuels like hydrogen, which has a Lewis number of approximately 0.2, this assumption
no longer holds true and lead to large errors. The phenomenon associated with the fact
that each species has a different mass diffusion velocity in a multi-species flow system, is
referred to as preferential diffusion.

Preferential diffusion causes local changes in temperature and local stoichiometry. This
results in zones which have a richer mixture and hence higher mass burning rate and tem-
perature. One can see how this affects the flame structure. Preferential diffusion has been
attributed as a reason for the tip opening effect in bunsen like hydrogen flames [19]. These
changes are brought on by the local changes in enthalpy and elemental composition which
in turn affect mass burning rates [12]. These effects are more pronounced for hydrogen
due to its high diffusivity and if not accounted for can result in inaccurate results.

In tabulated chemistry models such as FGM, the effects of preferential diffusion must
be explicitly modelled and is a subject of extensive research. Especially with hydrogen
flames, preferential diffusion plays an important role in the flame structure and stabilisa-
tion. As a first step van Oijen et al. [26] use the fact that preferential diffusion causes local
changes in mixture fraction and enthalpy to create a 2D manifold with a progress variable
and a sum of hydrogen and carbon element mixture fractions as control variables. This
method was able to predict, quite accurately, blended H2-CH4 fuels with 20% and 40%
H2 and for weak strain rates. Donini et al. [13] developed a formulation for preferen-
tial diffusion, in which the authors make the assumption that the controlling variables are
solely a function of the progress variable. The model was sufficient for fuels with mild
diffusivities, but is not adequate for highly diffusive fuels such as hydrogen the reason
being that although the model was able to account for diffusion normal to the flame front,
it fails to account for it parallel to the flame front. A different model which has yet to be
published, was then developed which relaxes the assumption used by Donini et al. which
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is then able to account for diffusion parallel to the flame front as well, giving far more
accurate results even for highly diffusive hydrogen flames.

1.4 Flame Stretch and Curvature
Flame stretch is the phenomenon by which a multidimensional flame is deformed due
to its motion and underlying hydrodynamic strain. Its defined as the fractional change
in area of the flame surface. The definition of this phenomenon was first introduced by
Williams as :

K =
1
A

dA
dt

(1.2)

K is the strain rate and has a unit of s−1 and A is a small surface element. In addition to
hydrodynamic strain, flame stretch is also onset due to flame curvature. In Bunsen like
flames this is especially important as at the tip there is strong curvature, which causes the
flame to be compressed. Karlovitz first studied stretch to describe flame extinction [15],
followed by Lewis and von Elbe who studied its effect on flame stabilization [17]. A more
generalized expression for flame stretch was given by Chung and Law [10]

K = ∇ ·~ut +(~u f ·~n f )∇ ·~n f (1.3)

Where ~ut is the tangential component of the velocity, ~u f is the flame velocity and ~n f the
unit vector normal to the flame surface.

Flame stretch affects flame temperature and speed even without preferential diffusion.
For Le = 1 the flame speed decreases for positive stretch. With preferential diffusion this
effect is enhanced or dampened. For Le > 1 positive stretch has the effect of reducing the
flame temperature and increases it for Le < 1. The flame speed meanwhile decreases with
positive stretch for Le < 1 and increases for Le > 1. For bunsen like flames, the curvature
at the tip also plays an important role on the shape of the flame. For Le > 1 the flame
tip burns more intensely relative to the shoulder regions of the flame while for Le < 1
the intensity is reduced. The latter effect also plays a role in the tip opening phenomenon
that is observed in hydrogen flames. It is important to note that all contributions to stretch
i.e. flow non uniformity, flame curvature and flame/flow unsteadiness can be grouped
together using this parameter [16].

1.5 Flame Flashback
Flame flashback is one of the combustion instabilities found in premixed flames. It is
the phenomenon in which a sufficiently premixed mixture of fuel and air burn in the
upstream region. It is very unwanted and can lead to unsafe operation of a combustion
system, leading to damage to it. Generally, if the bulk fluid velocity is lesser than the flame
speed, flashback occurs. Due to this dependency on flame speeds, studying flashback and
developing methods to detect and prevent it is of utmost importance in hydrogen flames,
due to its high reactivity and thus high flame speeds.

Generally combustion systems are designed to run on flow velocities higher than the flame
speed. However through two main modes flashback can still occur in these systems. The
first mode is due to, flow velocities approaching zero near the wall. However due to heat
loss to the burner walls, the flame is quenched before flashback occurs. The flame can
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only exist outside this quenched layer. If the inlet velocity, and the heat loss to the burner
walls are sufficiently low, flashback can still occur even if the fluid velocity is higher than
the flame speed. Fig. 1.1 is an example for this mode of flame flashback. Lewis and von
Elbe put forward the concept of a critical gas velocity gradient which is less than the ratio
of the laminar flame speed and the quenching diameter at which flash-back can occur
[17]. The factors affecting the conditions of flashback were also studied in their work.
Mainly, as the tube diameter of the burner is reduced, the critical gradient is reduced
which results in flashback happening at lower velocities. Critical gradient increases with
increase in equivalence ratio as the laminar flame speed increases. Increasing the inlet
unburnt mixture temperature also has the same effect.

Figure 1.1: Boundary layer flashback process in syngas [11]

The other mode through which flashback occurs is due to instabilities in the combustion
chamber. For sufficient amplitudes the instabilities can cause the flame to propagate up-
stream. In [25] a numerical model has been proposed by the author to study this mode
where the author implements instabilities by imposing velocity modulations at the inlet.

The study of flashback and the methods to prevent it in burners are quite important espe-
cially to enable hydrogen in low power household systems. Compared to currently used
natural gas, the flame speeds for hydrogen are much higher. The flame speeds for hy-
drogen for an equivalence ratio of 0.5 are given in Table 1.1. Compared to methane and
propane, hydrogen has a flame speed almost 8 times and 12 times higher respectively.
This means that a shift towards leaner fuel mixtures are required to improve turn-down
ratios of burners that can run on hydrogen, spurring a need for accurate and in-expensive
computational models, to be able to develop alternate burner designs.

Fuel Laminar Flame Speed sL(cm/s)
Hydrogen 56.5
Propane 6.8
Methane 4.8

Table 1.1: Unstretched Laminar Flame speeds of gas phase fuels at equivalence ratio of 0.5
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1.6 Objective of the study
The objective of this study is to improve upon the existing FGM method for hydrogen
flames. Due to the challenges in modelling preferential diffusion effects, FGM is rarely
used on hydrogen flames. Preferential diffusion results in changes in enthalpy and ele-
mental composition resulting in local changes in stoichiometry which consequentially
affects flame temperature and mass burning rates. The FGM method in its current state
assumes that these elemental variations can be coupled and represented by a single vari-
able, mixture fraction. This leads to the research questions,

• Can the FGM method be improved by independently varying the elemental com-
position of hydrogen flames?

• Is improvement if any sufficient to enable better prediction of flashback velocities?

To this end a baseline of the current state of the method is established by studying a 3D
FGM with mixture fraction, enthalpy and progress variable as dimensions. The accuracy
of the solution and inclusion of preferential diffusion effects are studied by comparing
the results with detailed chemistry solutions. The accuracy of this FGM in predicting
the variations in element mass fractions is also studied. It is expected that the FGM will
be able to account for the variation for hydrogen element mass fraction as the mixture
fraction relates the amount of fuel with the amount of oxidiser.

Then a 4D FGM was generated where the elemental mass fraction of hydrogen and oxy-
gen are no longer coupled and can be varied independently. It is expected that this will
lead to a better prediction of species concentration and source terms, as independently
varying elemental composition leads to a more complete model of the combustion pro-
cess. Finally flame flashback velocities were obtained and compared for both FGMs with
detailed chemistry.
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2 Theory

In this section, the theoretical framework for this study has been presented. First the
conservation equations for chemically reactive flows are presented. Then the flamelet
equations for the FGM method is introduced including the procedure for the generation
of the tables. Finally, the formulation of the preferential diffusion model used in this
method is presented.

2.1 Chemically reactive flows
The transport equations are presented, with some assumptions. For this study the diffu-
sion of species due to thermal (Soret effect) gradients are neglected. Soret effect does
affect the flame solution, especially for light species such as hydrogen [8], however this
will be a subject for further research and is not included in the FGMs used in this study.
Diffusion due to pressure gradients are also not included as they are negligible in com-
bustion processes [6]. The viscosity and pressure contributions to the enthalpy transport
equation are neglected since these terms are negligible for low Mach number flows usu-
ally seen in laminar premixed flames [27]. Finally, heat transport due to concentration
gradients (Dufour effect) is not considered as its effects are negligible [8]. Considering
these assumptions, the transport equations solved for chemically reactive flows are given
as:

Mass conservation equation
∂ρ

∂ t
+∇ · (ρ~u) = 0 (2.1)

where ρ is the density and~u = (~u,~v,~w)T is the velocity vector.

Momentum conservation equation

∂ρ~u
∂ t

+∇ · (ρ~u⊗~u) =−∇p+∇ · τ (2.2)

where p is the hydro-static pressure and τ is the deviatoric stress tensor. Using Stoke’ s
assumptions, the stress tensor τ is given as:

τ = µ
[
∇ ·~u+(∇ ·~u)T ]+λ (∇ ·v)I (2.3)
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where µ and λ is the proportionality constants between the stress and strain tensors. µ is
the dynamic viscosity of the fluid and λ is the volume viscosity which accounts for stress
contributions due to volume changes. The value for this constant is usually approximated
as −2

3 µ . This arises from the kinetic-theory [32]. This gives us:

τ = µ

[
∇ ·~u+(∇ ·~u)T − 2

3
(∇ ·~u)I

]
(2.4)

Although, in multi-component cases the tensor depends on the concentration gradients
(due to viscosity) it is seldom practical to account for the dependence on concentration
[32].

Species transport equation

∂ (ρYi)

∂ t
+∇ · (ρ~uYi)−∇

(
1

Lei

λ

Cp
∇Yi

)
= ω

+
i −ω

−
i , i = 1...Ns (2.5)

where Yi is the species mass fraction of species i, Lei is the Lewis number of the species,
λ is the thermal conductivity, cp is the specific heat capacity at constant pressure and
ωi is the chemical source term with the positive and negative superscripts denoting the
evolution and consumption of species respectively.

Energy conservation equation

∂ (ρh)
∂ t

+∇ · (ρ~uh) =−∇ ·~q (2.6)

where h is the total enthalpy and~q is the heat flux.

The heat flux,~q is given as:

~q =−λ∇T +
N

∑
i=1

ρ~UiYihi (2.7)

Using the definition for Lewis numbers this equation and ∇h = cp∇T +∑
Ns
i=1 hi∇Yi Eq.

2.7 can be recast as :

~q =− λ

cp
∇h− λ

Cp

(
Ns

∑
i=1

1
Lei−1

hi∇Yi

)
(2.8)

where hi is the specific enthalpy of species i and ~Ui is the diffusion velocity of the species.

The computation of mixture averaged values of λ and µ is computationally expensive
and to reduced the cost simplified expressions derived by fitting results of simulations
with complex transport models are used [23].

λ

cp
= 3.29×10−4

[
T

298K

]0.564

kgm−1s−1 (2.9)

λ

µ
= 1.68×10−4

[
T

298K

]0.537

kg2J−1m−1s−1 (2.10)
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The definition for element mass fraction used further on in this study is presented:

Z j =
Ns

∑
i=1

w jiYi, j = 1...Ne (2.11)

where w ji is the mass fraction of element j in species i and Ne is the number of elements.
The conservation equations can then be derived:

∂ (ρZ j)

∂ t
+∇(ρ~uZ j)−∇ ·

(
λ

cp
∇Z j

)
= ∇ ·

(
λ

cp

Ns

∑
i=1

(
1

Lei
−1
)

w ji∇Yi

)
(2.12)

This equation does not have any source terms and hence it is implied that it is affected
only by convection and diffusion. The term on the right hand side becomes important
when considering preferential diffusion i.e Lei 6= 1. When Lei = 1 this term drops out and
all element mass fraction behaves in the same manner.

2.2 Flamelet Generated Manifolds
The FGM method works on the assumption that any multidimensional flame system can
be considered as a set of 1D flamelets. A premixed flame can defined as a region where a
scalar variable Y moves from a minimum value Yu in the unburnt region to a maximum
value Yb in the burnt region. This variable can be defined as any linear combination of
species.

To generate the FGM, a set of 1D flamelet equations without stretch and curvature terms
are solved by a one dimensional code such as CHEM1D using detailed chemistry mech-
anisms. These equations have been derived in [27] :

∂m
∂ s

= 0 (2.13)

∂mYi

∂ s
− ∂

∂ s

(
λ

Leicp

∂Yi

∂ s

)
= ωi, i = 1, ...,Ns (2.14)

∂mh
∂ s
− ∂

∂ s

(
λ

cp

∂h
∂ s

)
=

∂

∂ s

(
λ

cp

Ns

∑
i=1

(
1

Lei
−1
)

hi
∂Yi

∂ s

)
(2.15)

Where s is the path through the normals of the flame surface. The flame surface is defined
as the surface in which the scalar Y is constant and the flame normals are defined as :

~n =
−∇Y

| ∇Y |
(2.16)

The resulting one dimensional flamelets can then be represented by N control variables,
cn. An N-dimensional FGM can be generated using N−1 input parameters, πn.

ζ (x,π1,π2...πN−1)−→ ζ
′(c1,c2, ...cN) (2.17)

Where x is the spatial coordinate and ζ he dependent variables like mass fraction, chem-
ical source terms etc.
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2.2.1 FGM implementation
In this study 2 FGMs are used with 3 and 4 control variables. For the 3D FGM, Eq.2.17
becomes :

ζ (x,φ ,h,)−→ ζ
′(Z,h,Y ) (2.18)

where φ is the equivalence ratio and Z the mixture fraction calculated using the Bilger
definition which is defined as [7]:

Z =
2M−1

H (ZH−ZH,2)−M−1
O (ZO−ZO,2)

2M−1
H (ZH,1−ZH ,2)−M−1

O (ZO,1−ZO,2)
, (2.19)

Using h accounts for heat loss and Z accounts for the mixture fraction variations that arise
due to preferential diffusion.

For this study, equivalence ratio is varied from 0.3 to 1.6 in steps of 0.1. The enthalpy is
varied by first computing adiabatic flamelets from temperatures of 920K to 300K in steps
of 10 and then computing plugflow flamelets with an inlet temperature of 300K while re-
ducing the inlet massflow, to reduce the enthalpy, until the extinguishing limit is reached.
A cold equilibrium flamelet is then calculated and the space between the last flamelet
and the cold equilibrium is filled using extrapolation. The table is then interpolated onto a
equidistant mesh. The process is repeated for each level of mixture fraction. The interpol-
ation is done by computing the isosurfaces for specific values of mixture fraction and then
the isolines of enthalpy on these isosurfaces are computed. A standard one dimensional
interpolation method is then used for the progress variable space to interpolate between
the points that lie on these enthalpy isolines to the required grid size. The resolution of
the mesh was 32×480×250 (Z×h×Y ).

During the CFD simulation, transport equations for the control variables are solved along
with the flow equations:

∂ρZ
∂ t

+∇ · (ρ~uZ)−∇ · (DZ∇Z) = 0 (2.20)

∂ρh
∂ t

+∇ · (ρ~uh)−∇ · (Dh∇h) = 0 (2.21)

∂ρY

∂ t
+∇ · (ρ~uY )−∇ · (DY ∇Y ) = ωY (2.22)

Here DZ , Dh and DY are the diffusion coefficients for the control variables. The third
term on the left hand side of these equations are the diffusion terms and the formulation
for them to include preferential diffusion is discussed in section 2.3.

For each iteration, solutions of these transport equations are used in a lookup to generate
values for the dependent variables. In Fig. 2.1 the heat release rates at different mixture
fraction levels have been plotted against progress variable and enthalpy.

Improving the flamelet generated manifold method for hydrogen combustion 10



Figure 2.1: Heat release rates for various mixture fraction levels plotted against progress variable and
enthalpy

It is important to note that due to preferential diffusion where the Lewis numbers are not
assumed to be unity, the right hand terms in Eq. 2.8 and Eq. 2.12 becomes important and
needs to modelled as this causes variation in h and Z j which in turn causes changes in the
flame temperature and reaction rates. For this study, ZH and ZO are considered as these are
main reaction elements which are independent. Note that ZN is simply 1− (ZH +ZO) and
hence is not independent. A 4D FGM with the two element mass fractions were generated
to account for these variations. h is already included as a control variable to account for
heat loss.

In this case, Eq.2.17 becomes :

ζ (x,YH2,YO2 ,h)−→ ζ
′(ZH ,ZO,h,Y ) (2.23)

For the 4D FGM, the flamelets were generated by fixing the inlet value for the mass
fraction of H2 and then varying the mass fraction O2 from 0.22 to 0.24 in 10 equidistant
levels. This was repeated for 10 equidistant values of mass fraction H2 from 0.008 to
0.0198. For each combination of YH2 and YO2 enthalpy levels were also computed in the
same way as for the 3D FGM.

This 4D table was then interpolated onto an equidistant 4D mesh. The interpolation was
done by fixing 3 dimensions and then interpolating in the remaining dimension using a
standard one dimensional interpolation scheme, repeating this process for each dimen-
sion. The resolution of the 4D manifold was 10×10×500×250 (ZH ×ZO×h×Y ). In
Fig. 2.2 the heat release rates for different combinations of ZH and ZO have been plotted
against progress variable and enthalpy.
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Figure 2.2: Heat release rates for various combinations of ZH and ZO plotted against progress variable
and enthalpy

In addition to Eq.2.21 and Eq.2.22 the transport equations for ZH and ZO are solved during
the CFD simulation.

∂ρZH

∂ t
+∇ · (ρ~uZH)−∇ · (DZH ∇ZH) = 0 (2.24)

∂ρZO

∂ t
+∇ · (ρ~uZO)−∇ · (DZO∇ZO) = 0 (2.25)

DZH and DZO are the diffusion coefficients for ZH and ZO. The diffusion terms in these
equations including preferential diffusion effects are discussed in 2.3.

2.3 Preferential Diffusion in FGM
The transport equation for a control variable C which is a linear combination of species
can be written as.

dρC
dt

+∇ · (ρ~uC)+∇ ·

(
Ns

∑
i=1

αiρ~UiYi

)
=

Ns

∑
i=1

αiωi (2.26)

with the diffusion vector formulated as,

~jC =
Ns

∑
i=1

αiρ~UiYi (2.27)

where αi is the linear coefficient of the control variable and Yi the mass fraction of species
i. Using the definition of Lewis number in Eq. 1.1, the diffusion coefficient of individual
species in the control variable definition can then be written as,

ρDi =
1

Lei

λ

Cp
(2.28)
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Using Fick’s law of diffusion, the diffusion flux of the species can be written as [32],

ρ~UiYi =−ρDi∇Yi =−
1

Lei

λ

Cp
∇Yi (2.29)

Since the sum of diffusion fluxes is zero, the diffusion flux of a correction species, denoted
as Ns, the last species for simplicity, can be formulated as,

ρ~UNsYNs =
Ns−1

∑
i=1

1
Lei

λ

Cp
∇Yi (2.30)

Substituting equations 2.29 and 2.30 in 2.27 the diffusion flux for any control variable
which is a linear combination of participating species is developed:

~jC =−
Ns−1

∑
i=1

αi
1

Lei

λ

Cp
∇Yi +αNsρ

~UNsYNs

⇒ ~jC =−
Ns−1

∑
i=1

αi
1

Lei

λ

Cp
∇Yi +

Ns−1

∑
i=1

αNs

1
Lei

λ

Cp
∇Yi

∴ ~jC =−
Ns−1

∑
i=1

αi−αNs

Lei

λ

Cp
∇Yi (2.31)

Although Eq. 2.31 can be solved by the CFD solver as is, the computation requires the
storage of Ns−1 species and the gradient of all these species to be calculated during the
computation, thereby increasing the memory requirements and computational cost. A
workaround for this is to bring the summation of the constants, the linear coefficient α

and the constant Lewis numbers, inside the gradient. The diffusion flux then becomes:

~jC =− λ

Cp
∇

Ns−1

∑
i=1

αi−αNs

Lei
Yi︸ ︷︷ ︸

βC

(2.32)

The term βC can be calculated during the flamelet computation and added to the FGM.
In the CFD solver, only the gradient of this term needs to be computed, hence decreasing
the computational cost and memory requirements. The transport equation of enthalpy is
also treated in a similar manner. The equation is given as:

∂h
∂ t

+∇(ρ~uh) =−∇ ·~q (2.33)

where~q is the heat flux which is given as:

~q =−λ∇T +
Ns

∑
i=1

ρ~UiYihi (2.34)

Substituting equations 2.29 and 2.30 for ρ~UiYi in Eq. 2.34

~q =−λ∇T −

(
Ns−1

∑
i=1

(hi−hNs)
1

Lei

λ

Cp
∇Yi

)
(2.35)
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Although the solver can calculate this term, this requires large memory requirements and
computational cost. This can be reduced by reformulating this equation.
Using the product rule the second term can be expanded to:

~q =−λ∇T − λ

Cp

Ns−1

∑
i=1

∇

(
(hi−hNs)Yi

Lei

)
+

λ

Cp

Ns−1

∑
i=1

Yi

Lei
∇(hi−hNs) (2.36)

Using ∇hi =Cpi∇T the third term in this equation can then be rewritten as:

λ

Cp

Ns−1

∑
i=1

Yi

Lei
∇(hi−hNs) =

λ

Cp

(
Ns−1

∑
i=1

Yi

Lei
∇(Cpi−CpNs)

)
∇T (2.37)

The final equation then becomes

~q =−λ∇T − λ

Cp

Ns−1

∑
i=1

∇

(
(hi−hNs)Yi

Lei

)
+

λ

Cp

(
Ns−1

∑
i=1

Yi

Lei
(Cpi−CpNs)

)
∇T

V~q =

(
−λ +

λ

Cp

(
Ns−1

∑
i=1

Yi(Cpi−CpNs)

Lei

))
∇T − λ

Cp

Ns−1

∑
i=1

∇

(
(hi−hNs)Yi

Lei

)

∴~q =− λ

Cp

βh1︷ ︸︸ ︷(
Cp−

(
Ns−1

∑
i=1

Yi(Cpi−CpNs)

Lei

))
∇T

(2.38)

− λ

Cp
∇

(
Ns−1

∑
i=1

(hi−hNs)Yi

Lei

)
︸ ︷︷ ︸

βh2

The terms βh1 and βh2 are just like the term βC and is calculated during the flamelet
calculation and stored in the FGM database. The CFD solver only has to calculate the
gradient of the temperature and βh2 reducing the computational cost and the memory
requirements.
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3 Results and Discussion

3.1 Analysis of 3D FGM
3.1.1 Methodology and geometry
The performance of the 3D FGM was first studied, to understand the various sources of
error and to develop a strategy to mitigate them.

To ensure that the progress variable is monotonous for all mixture fraction levels an op-
timization algorithm was used to obtain the progress variable definition [21]. The linear
weights of the species obtain from this has been given in Table 3.1

Species i H2 H O2 O H2O OH H2O2 HO2

αi −7.36 −23.01 −2.04 −4.8 1.83 −15.31 −57.02 24.55

Table 3.1: The linear weights of the species used for the progress variable definition

The FGM was studied using a planar premixed laminar burner stabilized flame in ANSYS
Fluent (version 2019R2) with a third order MUSCL descretization scheme with a psuedo-
transient solver to enhance convergence. The geometry used consists of an inlet of 1.6 mm
with a burner which starts 2 mm upstream from the inlet, 1 mm long and 0.8 mm wide
and a burner slit width of 0.8 mm (Fig. 3.1). Such small burner slits are usually used to
prevent flashback. Only half of this geometry is simulated by giving symmetry boundary
conditions on both sides of the domain. The mesh size is 0.01 mm which corresponds to
64000 cells. Earlier studies have shown that at this mesh size, the solution becomes mesh
independent [20]. The burner is kept at a constant temperature of 300K. An equivalence
ratio φ of 0.5 was used for this study. An inlet velocity of 0.565 m/s was used to ensure a
bulk flow velocity at the burner slit that was greater than the laminar flame speed for the
selected equivalence ratio which is 0.565 m/s. The pressure was fixed at the atmospheric
pressure of 101325 Pa. For all the detailed chemistry simulations in this study including
for flamelet creation, the hydrogen mechanism from the National University of Ireland,
Galway is used, which has 44 species and 251 reactions [33].

First an a-priori analysis was conducted where the control variable values were calcu-
lated from detailed chemistry results and then the corresponding dependent variables were
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looked up from the FGM. From an a-priori analysis, we can understand how well the con-
trol variables represent the dependent variables, if the control variables were perfectly
modelled. These were then plotted and compared with the detailed chemistry results. Fi-
nally the results of the a-posteriori analysis using the FGM were plotted and compared
with the detailed chemistry results. This analysis solves the control variable equations
and then the dependent variables are looked up from the table. It helps understand the
accuracy of the modelling of the control variables, including the additional preferential
diffusion terms that are implemented in this study.

Figure 3.1: The geometry used for the various studies. The centre line is a symmetry plane. The streamlines
are velocity streamlines obtained from a coldflow simulation. Note the recirculation zone.

3.1.2 Results
A-priori analysis

In Fig. 3.2 the contour plots of the mass fraction of H2,O2 and H2O obtained from the a-
priori analysis have been plotted and compared with the solutions from detailed chemistry.
It is quite clear that the FGM is able to lookup accurate values from the control variables.
However for the mass fraction of H2O at 0.4 ' y ' 0.9 and x ' 0.6 the values are larger
than that of the detailed chemistry results. In Fig. 3.3 the a-priori results of temperature
and progress variable source term has been plotted. It’s observed that flame height for
the FGM is slightly more (≈ 0.01 mm) than in the detailed chemistry solution. The
flame height is defined as the point along the centre line where the flame temperature
reaches 1000K. The progress variable source term from the a-priori result of the 3D FGM
deviates from the detailed chemistry solution. The source terms also differs at the burner
deck where the heat loss to the burner from the flame occurs. At the flame tip the values
are under-predicted. It can be assumed that due to the non-inclusion of stretch effects in
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(a) (b) (c)

Figure 3.2: Comparison of detailed chemistry (DC) simulations with a-priori 3D FGM (FGM apr) results
for inlet velocity of 0.565m/s and equivalence ratio of 0.5. From the left, mass fractions of H2, O2 and
H2O results have been plotted.

the one-dimensional flamelet calculation, the quenching effect of stretch is not captured
by the FGM leading to over-prediction of the source term in the reaction zone and since
the source term of progress variable is used during the 2D simulations with FGM, this can
lead to inaccuracies in the solution.

A-posteriori analysis

In Fig. 3.4 the solutions for the H2, O2 and H2O mass fractions obtained from the 2D
simulations with FGM has been plotted and compared with the detailed chemistry results.
It is clear that the flame height is lower than the detailed chemistry case. There is also a
wrinkling of the flame halfway between the base and the tip of the flame, where local in-
crease in the flame speed results in the flame being deformed. In Fig. 3.5 the temperature
and progress variable source term has been plotted. The decrease in flame height can be
clearly seen from the temperature plot. Also, the FGM method over-predicts source term
values which contributes to higher flame speeds. This can be attributed as the reason for
the lower flame height that is predicted. Additionally due to the large peak at the middle
of the flame, local increase in the flame speed at that point results in the bending of the
flame that has been observed.

In Eq. 2.12 we see that the combined effect of preferential diffusion and flame stretch
leads to variation in the mixture fraction values. In the 3D FGM, this variation in mixture
fraction is accounted for by adding it as a dimension in the table and solving the transport
equation for the same. However, it is clear from these results that this is not adequate,
leading to inaccuracies in species concentration and source terms.
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(a) (b)

Figure 3.3: Comparison of detailed chemistry (DC) simulations with a-priori 3D FGM (FGM apr) results
for inlet velocity of 0.565m/s and equivalence ratio of 0.5. From the left, temperature and progress variable
source term results have been plotted.

In Fig. 3.6 the element mass fraction of hydrogen has been plotted and compared with
detailed chemistry results. For the element mass fraction of H, the preferential diffusion
effects have been accounted for. It diffuses out from the tip of the flame moving parallel
to the flame towards the base, while at the sides, the concentration increases. For oxygen
element mass fraction the detailed chemistry results show that ZO diffuses parallel to
the flame into the tip, increasing its concentration, while at the sides of the flame the
concentration reduces. This rearrangement is not observed for the 3D FGM. There is
only an increase in concentration at the flame reaction zone.

Although the 3D FGM, which uses mixture fraction as one of its dimensions, is able to
predict hydrogen element mass fraction accurately, this is not the case for oxygen ele-
ment mass fraction. This is because the mixture fraction relates hydrogen mass fraction
relative to the oxidiser mass fraction leading to the hydrogen element mass fraction being
predicted accurately while the variation in oxygen mass fraction is not predicted. Al-
though these are conserved quantities, variation in these independent variables exists due
to the combined effect of stretch and preferential diffusion. Clearly the elemental changes
are not coupled by a single variable, Z. This leads to the hypothesis that along with pro-
gress variable and enthalpy, hydrogen and oxygen element mass fraction will be able to
more accurately predict the flame solution. Using these variables as control variables lead
to a more complete model of the combustion process.
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(a) (b) (c)

Figure 3.4: Comparison of detailed chemistry simulations with 3D FGM simulation for inlet velocity of
0.565m/s and equivalence ratio of 0.5. From the left, mass fractions of H2, O2 and H2O results have been
plotted and compared

(a) (b)

Figure 3.5: Comparison of detailed chemistry simulations with 3D FGM for inlet velocity of 0.565m/s and
equivalence ratio of 0.5. From the left, temperature and progress variable source term results have been
plotted and compared
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(a) (b)

Figure 3.6: Comparison of detailed chemistry simulations with 3D FGM for inlet velocity of 0.565m/s and
equivalence ratio of 0.5. From the left element mass fractions of H and O have been plotted and compared
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3.1.3 Flashback prediction with 3D FGM

Figure 3.7: The extended geometry used for the
flashback studies.

Figure 3.8: Burner temperature plotted against
the inlet fluid velocity for 3D FGM comapred
with detailed chemistry results. Flashback is
considered to have occurred when the burner
temperature suddenly increases

For flashback studies with the 3D FGM, an extended geometry as shown in Fig. 3.7 was
used, as higher inlet velocities are used and this leads to higher flame lengths. For this
study an equivalence ratio of 0.5 was selected. The simulation is started with an inlet
velocity of 10 m/s in a steady state simulation. The inlet velocity is then reduced in
steps of 1 m/s until flame flashback occurs. The study was conducted in ANSYS Fluent
(v2019R2) with a psuedo-transient solver and third-order MUSCL discretization scheme.
A mesh size of 0.01 mm was selected. Flashback is considered to have occurred when the
area averaged temperature of the burner suddenly increases as the flame stabilizes below
the burner, heating it up to unrealistic levels.

In Fig. 3.8 the temperature of the burner has been plotted against the inlet velocity. While
the detailed chemistry predicts flame flashback at velocities of 0.5 m/s, the 3D FGM
predicts it at 5 m/s. This early onset of flashback could be because of the fact that strong
stretch effects are not accounted for with this FGM since stretch plays an important role
in reducing the mass burning rate in this region. In the absence of this effect, the flame
speed at the base of the flame is still large enough to cause flashback along the sides of
wall.

Improving the flamelet generated manifold method for hydrogen combustion 21



3.2 Validation with new FGM
3.2.1 Methodology
The 4D manifold was validated by comparing a-priori results and fluent simulations with
the detailed chemistry solutions. The 4 control variables are hydrogen and oxygen ele-
ment mass fraction, enthalpy and progress variable respectively.

For the a-priori analysis the control variables, ZH,ZO,h and Y were computed from the
detailed chemistry solution and the dependent variables looked up from the 4D table.
This solution was then plotted compared with the detailed chemistry solution along with
a comparison for the same with the 3D FGM to highlight improvements if any. Data from
3 heights upstream from the burner was obtained and compared for a quantitative analysis
as well. The geometry as shown in Fig. 3.1 with the same boundary conditions was used
for the analysis.

Qualitative analysis using contour plots of mass fractions and source terms of major
species, and temperature and heat release were used to observe improvements in the a-
posteriori analysis with the 4D FGM. The same geometry and boundary conditions as
described in 3.1.1 was used. The inlet conditions were fixed at an equivalence ratio of 0.5
an inlet temperature of 300K and an inlet velocity of 0.565 m/s.

3.2.2 A-priori analysis
In Fig. 3.9 and Fig. 3.11 the mass fractions of H2, O2 and H2O has been plotted and
compared with the detailed chemistry solutions and the 3D FGM a-priori results. Qual-
itatively, the 4D FGM does not show improvement over the 3D FGM plots. The average
relative error compared to detailed chemistry at each height for the three variables has
been tabulated in Table 3.2. For mass fractions of H2 and O2 at y= 0.4 mm and for O2
at y = 1 mm, the average relative error is higher than the 3D FGM .For the rest of the
heights the 4D FGM shows improvement over the 3D FGM. For H2 mass fraction at a
height of 1 mm downstream from the burner deck, close to the tip of the flame, the 4D
FGM results deviate while the 3D FGM is better at the prediction of the lookup values for
a horizontal distance upto 0.3 mm from the centre symmetry line although this deviation
is not significant.
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(a) (b)

Figure 3.9: a-priori mass fraction values of H2 and O2 from the 4D FGM comapared to detailed chemistry
and 3D FGM (a-priori) results

(a)

(b)

Figure 3.10: Data obtained at different heights of a-priori mass fraction values of H2 and O2 from the 4D
FGM comapared to detailed chemistry and 3D FGM (a-priori) results
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(a)

Figure 3.11: a-priori mass fraction values of H2O from the 4D FGM comapared to detailed chemistry and
3D FGM (a-priori) results

(a)

Figure 3.12: Data obtained at different heights of a-priori mass fraction values of H2O from the 4D FGM
compared to detailed chemistry and 3D FGM (a-priori) results

Variable
y = 0.2 mm y = 0.4 mm y = 1 mm

FGM 3D FGM 4D FGM 3D FGM 4D FGM 3D FGM 4D

H2 3.67 1.68 2.47 2.48 8.88 4.49

O2 0.63 0.32 0.20 0.30 0.14 0.17

H2O 4.01 0.87 2.61 0.71 1.86 0.16

Table 3.2: Average relative error compared to detailed chemistry in percentages for mass fractions of major
species form a-priori analysis at different heights for 3D and 4D FGM.

In Fig. 3.13 the temperature and heat release rate has been plotted. For the temperature
plot slight qualitative improvement can be seen from the 4D FGM over the 3D FGM. From
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the line plots in Fig. 3.14 we can see this more clearly where the temperature profiles at
the different heights have less deviation from detailed chemistry. The slight increase in
flame height that was observed in the 3D table disappears for the 4D FGM. The heat
release rates still show a larger value than the DC case, however the maximum value is
lower than the 3D FGM. The average relative error compared to detailed chemistry at
different heights for 3D and 4D FGM has been tabulated in Table 3.3. These values show
improvement for temperature and for heat release. Even though the error is quite large it
is lesser for the 4D FGM.

(a) (b)

Figure 3.13: a-priori values of temperature and heat release from the 4D FGM compared to detailed
chemistry and 3D FGM (a-priori) results
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(a)

(b)

Figure 3.14: Data obtained from different heights of a-priori values of temperature and heat release from
the 4D FGM comapared to detailed chemistry and 3D FGM (a-priori) results

Species
y = 0.2 mm y = 0.4 mm y = 1 mm

FGM 3D FGM 4D FGM 3D FGM 4D FGM 3D FGM 4D

Temperature 1.49 0.24 1.30 0.19 1.13 0.08
Heat Release 1293.81 474.92 76.73 63.44 15.69 5.47

Table 3.3: Average relative error compared to detailed chemistry in percentages for temperature and heat
release from a-priori analysis at different heights for 3D and 4D FGM.

In Fig. 3.15 and Fig. 3.17 the source terms of H2, O2, H2O and progress variable has
been plotted. The source term values looked up from the 4D table is closer to the detailed
chemistry case. From the line plots in Fig. 3.16 and Fig. 3.18 it can be seen that the
source terms at the tip of the flame are predicted more accurately with the 4D table. The
mid flame values for the source terms, although they differ from the detailed chemistry
case, have less error than the 3D table. Larger errors are observed at the base of the flame
but is more accurate than the 3D table. For the progress variable source term, the values
at the middle of the flame are still over predicted but there is some improvement over the
3D FGM as can be seen from Fig. 3.18. The tip of the flame is also better predicted with
the 4D table, while the base of the flame, especially in the areas where heat loss to the
burner occurs still differ from the detailed chemistry case. The average relative error in
percentages compared to detailed chemistry at different heights are tabulated in Table 3.4.
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These values show that although both FGM have inaccuracies in predicting the source
terms, the 4D FGM has lower error.

(a) (b)

Figure 3.15: a-priori values of source terms of H2 and O2 from the 4D FGM compared to detailed chem-
istry and 3D FGM (a-priori) results

(a)

(b)

Figure 3.16: Data obtained at different heights of a-priori values of source terms of H2 and O2 from the
4D FGM compared to detailed chemistry and 3D FGM (a-priori) results
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(a) (b)

Figure 3.17: a-priori values of source terms of H2O and CV4 (progress variable) from the 4D FGM
compared to detailed chemistry and 3D FGM (a-priori) results

(a)

(b)

Figure 3.18: Data obtained from different heights of a-priori values of source terms of H2O and CV4
(progress variable) from the 4D FGM compared to detailed chemistry and 3D FGM (a-priori) results

From this analysis it is seen that the use of hydrogen and oxygen element mass fraction
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Species/Variable
y = 0.2 mm y = 0.4 mm y = 1 mm

FGM 3D FGM 4D FGM 3D FGM 4D FGM 3D FGM 4D

H2 303.86 201.72 59.16 37.94 28.52 8.47
O2 1293.81 474.92 76.73 63.44 15.69 5.47

H2O 1817.11 475.31 82.23 65.36 21.42 5.49
Y 1654.62 188.59 59.38 35.93 17.64 8.25

Table 3.4: Average relative error compared to detailed chemistry in percentages for source terms of H2,
O2, H2O and progress variable, Y from a-priori analysis at different heights for 3D and 4D FGM

allows better prediction of most variables. Especially for source terms, it is seen that the
prediction at the base, middle and tip of the flame is better with the 4D table. At the tip
of such bunsen like flames, the strain rates are negative and cause local extinction. This
effect is over-predicted by the 3D FGM. Clearly the 4D FGM is able to predict this more
accurately than the 3D table by accounting for the variations in both hydrogen and oxygen
element mass fractions. There is loss in accuracy compared to detailed chemistry at the
base of the flame where heat loss to the burner occurs, however there is clear improvement
over the 3D FGM.

3.2.3 A-posteriori analysis with 4D FGM

(a) (b)

Figure 3.19: Comparison of 4D FGM results of hydrogen and oxygen element mass fractions, with the 3D
FGM and detailed chemistry results)

The results of the fluent simulations using the 4D FGM has been presented in this section.
In Fig. 3.19 the contour plots hydrogen element mass faction and the oxygen element
mass fraction has been plotted and compared with 3D FGM and detailed chemistry results.
From these images it can be observed that the 4D FGM under-predicts the values for CV1
at 0.4 ' y ' 0.9 and x ' 0.6 for both detailed chemistry and 3D FGM results. Meanwhile
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at the centre of the flame, these values are over-predicted. For ZO, the 4D FGM performs
better than the 3D FGM, although compared to the detailed chemistry results, the values
are over-predicted at 0.4 ' y ' 0.9 and x ' 0.6. However closer to the burner top surface,
the oxygen element mass fraction is over-predicted. It can also be noted from these plots
that the flame height predicted by the 4D FGM is lower than both 3D FGM and the
detailed chemistry solutions. The flame height was obtained by calculating the point
above the burner along the centre line, at which the flame reaches 1000K.

(a) (b)

Figure 3.20: Comparison of 4D FGM results of enthalpy and progress variable, with the 3D FGM and
detailed chemistry results)

In Fig. 3.20 the results of enthalpy and the progress variable have been plotted. For the
4D FGM, the heat loss to the burner is lower compared to both 3D FGM and the detailed
chemistry results. This could directly contribute to a decrease in flame height. For Y ,
the plot shows clear under-prediction at 0.4 ' y ' 0.9 and x ' 0.6 compared to both 3D
FGM and detailed chemistry results. Also, the progress variable values close to the upper
surface of the burner, away from the inlet, are much lower than the detailed chemistry and
3D FGM results. The flame bending that was observed for the 3D FGM has been reduced
for the 4D FGM, but has not been completely eliminated.

In Fig. 3.21 the mass fraction of H2 and O2 has been plotted compared with the detailed
chemistry and 3D FGM results. For the mass fraction of H2 there is no considerable
improvement over the 3D FGM. For O2 the oxygen is consumed earlier than the detailed
chemistry and the 3D FGM cases. Also for 0.4 ' y ' 0.9 and x ' 0.6, the mass fraction
values are over-predicted for both cases. At the base of the flame for both H2 and O2 the
4D FGM results are slightly higher than both 3D FGM and detailed chemistry results.
Both these discrepancies are due to the fact that the progress variable in these regions
is lower compared to the detailed chemistry case, which results in the lookup returning
values associated with the flamelet not as far into the combustion process as the detailed
chemistry results. Similar trends are observed for the mass fraction values for H2O (Fig.
3.22) where it is produced earlier in the reaction. Also for 0.4 ' y ' 0.9 and x ' 0.6, the
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(a) (b)

Figure 3.21: Comparison of 4D FGM results of mass fractions of H2 and O2, with the 3D FGM and
detailed chemistry results)

mass fraction values are higher than the detailed chemistry and 3D FGM case.

(a) (b)

Figure 3.23: Comparison of 4D FGM results of temperature and heat release, with the 3D FGM and
detailed chemistry results)

In Fig. 3.23 temperature and heat release rates have been plotted. From these plots the
difference in flame height is clearly observed. While the 3D FGM predicts a flame height
of 0.79 mm the 4D FGM shows a flame height of about 0.77 mm which is 11% and 13%
lower than the detailed chemistry case. As noted in the heat release rates in the a-priori
analysis, both FGMs show higher values although the maximum value is more accurate
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(a)

Figure 3.22: Comparison of 4D FGM results of mass fractions of H2O, with the 3D FGM and detailed
chemistry results)

for the 4D FGM.

Although the flame height is lower for the 4D FGM case, the maximum values of source
terms predicted by the simulation is closer to detailed chemistry compared to the 3D
FGM case. This can be seen from the plots in Fig. 3.24 for source terms of H2 and
O2.The lower heat loss to the burner observed in enthalpy plots leads to over-prediction
of the source terms in that region. Similar trend is observed for the source terms for H2O
and the progress variable as seen in Fig. 3.25 albeit the source terms are under-predicted.
However for the progress variable source term, the tip of the flame is better predicted
in the 4D FGM case. While the 3D FGM results show that the source term tapers off
as it approaches the tip, the 4D FGM results show a closer resemblance to the detailed
chemistry case.

Although the 4D FGM is better at prediction of source terms, larger flame speeds are still
observed, leading to shorter flames. These errors arise possibly from the interpolation
errors incurred during the regridding process where the curvilinear manifold is interpol-
ated onto a rectangular equidistant manifold. Due to these errors, non-zero PV source
terms are observed at the inlet, well before the pre-heat zone of the flame, leading to
inaccuracies when the control variable equations are solved.

To quantify this error, an a-priori analysis on the flamelets used to construct the FGM was
conducted and the mean absolute error as a percentage of the range of the variable for each
flamelets were compared before and after the FGM was regridded to the equidistant mesh
(Rectilinear). The FGM before interpolation, here on referred to as curvilinear FGM uses
a iterative search method to do the lookup. In Fig.3.26 the errors for progress variable
source terms have been plotted against the inlet enthalpy of the flamelets. Inlet enthalpies
ranging from -65 [kJ/kg] to 245 [k j/kg] where selected. The ZH and ZO value of these
flamelets corresponded to φ = 0.5. The errors observed for the rectilinear FGM is con-
siderably higher than that of the curvilinear FGM, an indication of the large interpolation
errors.
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(a) (b)

Figure 3.24: Comparison of 4D FGM results of source terms of H2 and O2, with the 3D FGM and detailed
chemistry results)

Further work to reduce interpolative errors or development of more efficient FGM stor-
age/lookup method needs to be conducted in order to reduce these errors. Additional
sources of error could be the lower heat loss to the burner surface that has been observed
and improving the heat loss computation could lead to additional improvement.
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(a) (b)

Figure 3.25: Comparison of 4D FGM results of source terms of H2O and progress variable, with the 3D
FGM and detailed chemistry results)

Figure 3.26: Absolute error as a range of progress variable source term in the flamelets against inlet
enthalpy.
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3.2.4 Flame flashback with 4D FGM
The 4D FGM was used to study flame flashback using the same procedure as described in
section 3.1.3 for the analysis of the capability of the manifold to predict flame flashback.
In Fig. 3.27 the burner temperature predicted using the 4D FGM simulation has been plot-
ted and compared with the 3D FGM and detailed chemistry results. The 4D FGM predicts
a lower burner temperature than the 3D FGM compared to the detailed chemistry results.
Although the prediction of the burner temperature is better with the 4D FGM, flashback
still occurs, with higher inlet velocities compared to both 3D FGM and detailed chemistry
results. A possible reason for this error is that the heat loss to the burner (compared to the
detailed chemistry case) is not sufficient to stabilize the flame above the burner deck. This
was observed in the constant burner temperature simulations discussed in section 3.2.3.

Figure 3.27: Flashback velocities of the 3D FGM and 4D FGM compared with detailed chemistry results
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4 Conclusion

To summarize this study, a 3D FGM was first generated with the assumption that local
changes in enthalpy and elemental composition can be sufficiently predicted using a single
variable for the elemental composition and enthalpy as control variables. A-priori analysis
conducted on this FGM showed that, the mass fractions of major species that were pre-
dicted differed from the detailed chemistry solutions. Heat Release rates predicted from
this analysis also showed larger values. The source terms of the major species showed
considerable difference compared to the detailed chemistry solutions. A-posteriori ana-
lysis showed lower flame heights, higher heat release and higher reaction rates compared
to detailed chemistry. Flashback prediction with this FGM showed earlier onset of flash-
back compared to detailed chemistry. Contour plots of the elemental mass fractions
showed that while the FGM predicts rearrangement of element composition of hydrogen
due to preferential diffusion, this is not the case for oxygen element mass fraction al-
though it exists as can be seen from the detailed chemistry results. Since these variations
play a role in changing mass burning rate and flame temperature it can be attributed as a
reason for the inaccuracies in the prediction of species concentration and reaction rates
for the 3D FGM.

To be able to account for variations in all element mass fractions, a 4D FGM was gen-
erated with hydrogen and oxygen element mass fraction, enthalpy and progress variable
as the control variables. The a-priori analysis with this FGM showed clear improvement
in the species concentration and source terms. In the a-posteriori analysis although there
was improvement in the maximum values for the source terms the flame height predicted
was still inaccurate. The flame tip shape predicted by the 4D FGM has been improved as
well, where the 3D FGM over-predicts the tip opening effect due to preferential diffusion.
] Notably, from the enthalpy plots for both FGMs heat loss to the burner was lower, which
could be a reason for the inaccuracies. In addition, interpolation errors incurred during
the regridding of the 4D FGM to a rectilinear mesh is considerable, acting as additional
sources of error. Although the improvements in source terms were observed this was not
sufficient to give better flashback predictions.

It is clear that extending the dimension of the FGM to be able to independently account for
variations in element composition improves the methods ability to model the combustion
process more accurately. However this improvement is not sufficient to improve flashback
prediction capability. To improve the model it is recommended to study the inaccuracies
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in the heat loss computations to the burner. Additionally better interpolation schemes or
more efficient storage and retrieval methods for the FGM could result in improving the
accuracy of the method for hydrogen flames.
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ors, Reduced Kinetic Mechanisms and Asymptotic Approximations for Methane-Air
Flames, volume 384, pages 1–28. Springer Berlin Heidelberg, Berlin, Heidelberg,
1991.

[24] V. Subramani, P. Sharma, L. Zhang, and K. Liu. Catalytic Steam Reforming Techno-
logy for the Production of Hydrogen and Syngas. In Hydrogen and Syngas Produc-
tion and Purification Technologies, pages 14–126. John Wiley & Sons, Ltd, 2009.

[25] D. Thibaut and S. Candel. Numerical Study of Unsteady Turbulent Premixed Com-
bustion: Application to Flashback Simulation. Combustion and Flame, 113(1):53–
65, Apr. 1998.

Improving the flamelet generated manifold method for hydrogen combustion 39



[26] J. van Oijen, R. J. M. Bastiaans, and L. de Goey. Modelling preferential diffu-
sion effects in premixed methane-hydrogen-air flames by using flamelet-generated
manifolds. In J. C. F. Pereira and A. Sequeira, editors, Fifth European Conference
on Computational Fluid Dynamics, ECCOMAS CFD 2010, Lisbon, Portugal,14-17
June 2010, pages 1–12, 2010.

[27] J. A. van Oijen. Flamelet-generated manifolds : development and application to
premixed laminar flames. PhD thesis, Eindhoven University of Technology, 2002.

[28] J. A. van Oijen and L. P. H. de Goey. Modelling of Premixed Laminar Flames using
Flamelet-Generated Manifolds. Combustion Science and Technology, 161(1):113–
137, Dec. 2000.

[29] J. A. van Oijen and L. P. H. de Goey. Modelling of premixed counterflow flames
using the flamelet-generated manifold method. Combustion Theory and Modelling,
6(3):463–478, Sept. 2002.

[30] J. A. van Oijen and L. P. H. de Goey. A numerical study of confined triple flames
using a flamelet-generated manifold. Combustion Theory and Modelling, 8(1):141–
163, Mar. 2004.

[31] J. A. van Oijen, F. A. Lammers, and L. P. H. de Goey. Modeling of complex
premixed burner systems by using flamelet-generated manifolds. Combustion and
Flame, 127(3):2124–2134, Nov. 2001.

[32] F. Williams. Combustion Theory. Basic Books, 1985.

[33] Y. Zhang, O. Mathieu, E. L. Petersen, G. Bourque, and H. J. Curran. Assessing
the predictions of a NOx kinetic mechanism on recent hydrogen and syngas experi-
mental data. Combustion and Flame, 182:122–141, Aug. 2017.

Improving the flamelet generated manifold method for hydrogen combustion 40



 

January 15 2016  
 

Declaration concerning the TU/e Code of Scientific Conduct 
for the Master’s thesis 
 
I have read the TU/e Code of Scientific Conducti. 
 
I hereby declare that my Master’s thesis has been carried out in accordance with the rules of the TU/e Code of Scientific 
Conduct 
 
Date 
 
…………………………………………………..………….. 
 
Name 
 
…………………………………………………..………….. 
 
ID-number 
 
…………………………………………………..………….. 
 
Signature 
 
 
 
…………………………………………………..………….. 
 
 
 
 
 
 
 
Submit the signed declaration to the student administration of your department. 
 
 
 
 
 
 
 
 
 
 
i See: http://www.tue.nl/en/university/about-the-university/integrity/scientific-integrity/  
The Netherlands Code of Conduct for Academic Practice of the VSNU can be found here also.  
More information about scientific integrity is published on the websites of TU/e and VSNU 

 
 
  

28th August 2020

Nithin Nediyathu Mukundakumar

1297309

http://www.tue.nl/en/university/about-the-university/integrity/scientific-integrity/

	Introduction
	Hydrogen as a Fuel
	Flamelet Generated Manifolds
	Preferential Diffusion
	Flame Stretch and Curvature
	Flame Flashback
	Objective of the study

	Theory
	Chemically reactive flows
	Flamelet Generated Manifolds
	FGM implementation

	Preferential Diffusion in FGM

	Results and Discussion
	Analysis of 3D FGM
	Methodology and geometry
	Results
	Flashback prediction with 3D FGM

	Validation with new FGM
	Methodology
	A-priori analysis
	A-posteriori analysis with 4D FGM
	Flame flashback with 4D FGM


	Conclusion
	Bibliography

