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Mitigating the risk of explosion by hot surface ignition of a flammable mixture has motivated exper-
imental and numerical studies to characterize this phenomenon. The current numerical approach in-
volves the solution of the low Mach-number Navier-Stokes equations coupled with detailed chemistry
of n-heptane using a flamelet approach. Previous work with flamelets characterized by total enthalpy
has allowed the inclusion of heat transfer effects (conduction and radiation) on ignition, flame propa-
gation, and flame extinction. The current work details the development of a novel technique based on
modeling enthalpy variations through the unburned gas temperature. Results are validated using test
cases for 1D and 2D flames incorporating conduction and radiation heat losses. The improved model is
used to study heat transfer induced effects in a simulation of hot-surface ignition and flame propagation.

1 Introduction

A concurrent experimental and numerical study is being pursued to characterize the regimes of
hot-surface ignition and flame propagation under low-pressure, low-temperature conditions. The
study is relevant to safety considerations in situations involving a hot surface in contact with a
flammable mixture. In devices such as aircraft and automobile fuel tanks, gas pipelines, chemical
reactors and structures such as underground mines, it is critical to understand the conditions under
which hot-surface ignition of a flammable mixture could take place. The design considerations in
several of these applications hinges on the potential for a disastrous fire or explosion caused by hot
surface ignition.

The experimental approach which has been described in previous work [1] involves a reactor vessel
at constant pressure which is filled with a mixture of fuel and air. The mixture at equilibrium
conditions is ignited by a hot-surface simulated by a glow plug. The experiment has been carried
out for different equivalence-ratios, various fuels (hexane, n-heptane and hydrogen) and ambient
pressures [2]. Prior to ignition and flame propagation, a thermal plume is seen to be established
above the glow plug due to heat transfer and buoyancy effects.

A numerical simulation has also been developed and applied to study this phenomena [3]. Results
for flame shape , speed and instabilities occurring at rich equivalence ratios show good agreement
between simulations and experiment. The simulations yield an extensive data set which can be
used to understand the nature of these phenomena. The numerical simulations utilized a Flamelet
Progress Variable Approach (FPVA) as formulated by Knudsen and Pitsch [4] to incorporate multi-
step reaction chemistry into a fluid dynamic simulation of the flow field in a computationally
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efficient manner. This approach allows the inclusion of low-temperature, low-pressure reaction
pathways for combustion of heavy hydrocarbon fuels which could be vital for accurate prediction
of ignition and flame propagation behavior.

A key component of these simulations is heat transfer which affects the calculations in different
ways. Heat transfer from the hot glow plug to the cold mixture combined with effects of gravity
result in the formation of a thermal plume. The temperature variation in the plume provides a basis
for the flame shape since flame speed is dependent on unburned gas temperature. Further heat
transfer results in the ignition of the fuel-air mixture close to the hot glow plug surface. Conductive
and radiative heat transfer occurs from the gas to the solid boundaries including the chamber walls
and the glow plug resulting in flame quenching. Radiative heat transfer also occurs from the soot
particles formed behind the flame front in rich fuel-air mixtures. The different heat transfer effects
result in changes in total enthalpy of the system.

Including the effects of enthalpy variation in a flamelet approach is an issue which has been ad-
dressed in previous work in the context of burner stabilized flames [5] [6] and turbulent diffusion
flames with soot production [7]. In this prior work, enthalpy based flamelets generated from so-
lutions of burner stabilized flames are added to those for adiabatic freely propagating flames to
generate look up tables for mixture properties. However these approaches typically require simpli-
fying assumptions such as assuming a unity Lewis number to obtain constant enthalpy through the
flame. Additionally it requires adding a new dimension to the look up table which increases the
cost and complexity of the simulation.

In the current work, we attempt to capture heat transfer effects by modeling enthalpy variation
as a function of unburned gas temperature. This results in a simulation with lower cost without
sacrificing accuracy of results. This work attempts to accomplish two main objectives - present
the details of this novel technique and demonstrate the validity of the technique using simple test
cases.

The organization of this paper is as follows. The numerical method is discussed and equations are
presented which allow total enthalpy to be described as a function of unburned gas temperature.
The implementation of the flamelet approach in fluid dynamic simulations is described. Test cases
are presented that validate the results of this technique against detailed calculations for 1-D freely
propagating flames with and without radiation effects and the generation of a thermal plume by
conductive heat transfer. Finally, conclusions are presented and discussed.

2 Numerical Method

2.1 Flamelet model based on total enthalpy

Modeling heat transfer effects with the use of total enthalpy is not a novel approach and, as men-
tioned in the previous section, has been pursued by several researchers. In this section, we review
some important aspects of flamelet models based on total enthalpy.

Total enthalpy is a conserved variable in the problem as long as there are no source terms due to
heat transfer. We will first attempt to understand enthalpy variation through the flame without any
heat transfer losses. The energy balance for a reacting flow problem without heat losses can be
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written as,
∂(ρh)

∂t
+∇.(ρuh) = −∇.(q̇′′) (1)

The heat flux term can be further expressed as,

q̇′′ = −λ∇T +
∑

ṁ′′
i hi (2)

The first term will be referred to as heat conduction and the second term as enthalpy change due
to species diffusion. Species diffusion results from gradients in species concentration, temperature
(Soret effect) and pressure (barotropic effect). In the present work, we neglect the contribution due
to pressure gradients. Equation 2 can be written as,

q̇′′ = −λ∇T +
∑

ρYi(vi,χ + vi,T )hi (3)

Together with the species diffusion equation, the above equation can be solved for, taking into
account detailed chemistry for a premixed fuel-air mixture. Figure 1 shows the results of such a
calculation for an n-heptane air mixture at stoichiometric conditions with an unburned gas temper-
ature of 300 K and pressure of 1 atmosphere. All the calculations performed in this work are done
using a detailed chemical mechanism for heavy hydrocarbon fuels which has been extensively val-
idated over a wide range of temperatures, pressures and equivalence ratios [8]. The calculation is
performed using a chemical kinetic software, Flame Master. Total enthalpy is plotted as a function
of progress variable and is seen to vary through the flame. The progress variable is defined as the
sum of mass fractions of product species including CO, CO2, H2 and H2O.

This calculation uses detailed chemistry and is expensive to perform in a 3D simulation that in-
volves coupling with fluid dynamics. This motivates the use of a flamelet approach where mixture
properties, temperature, species mass fractions, and other parameters are tabulated a priori as a
function of independent transported variables. These properties are then obtained by a lookup ta-
ble approach during the course of the simulation. We attempt to obtain a solution for enthalpy
through the flame using the flamelet approach and Eq. 3 with some additional assumptions. First,
the contribution to species diffusion is assumed to be solely due to species concentration gradient
and we neglect the contribution due to Soret diffusion. Equation 3 can be modified as follows,

vi,T = 0

vi,χ = − 1

Yi
Dim∇(Yi) (4)

q̇′′ = −λ∇T −
∑

ρDim∇(Yi)hi (5)

The heat flux term in Eq. 3 can now be expressed in three different forms depending on the
assumptions made:

1. With no Soret effect and assuming all diffusivities to be equal,

q̇′′ = −λ∇T − ρD
∑
∇(Yi)hi (6)
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Figure 1: Total enthalpy as a function of progress variable using flamelet approach and detailed
chemistry for n-heptane at phi=1, Tu=300 and 1 bar.

2. With no species diffusion,
q̇′′ = −λ∇T (7)

3. With unity Lewis number from Turns [9],

q̇′′ = − λ

Cp
∇h = −ρD∇h (8)

Figure 1 also shows solutions obtained using the flamelet approach using Eq. 5, Eq. 6, Eq. 7
and Eq. 8. The diffusion term in Eq. 6 is computed using only the major species in the reaction
(C7H16, CO2, H2O,CO,OH,H,O2 and N2). In performing this calculation a flamelet table is
constructed using enthalpy and progress variable as the independent parameters.

It can be seen that inclusion of the species diffusion term is vital to achieving a realistic solution.
However, the solution using the flamelet approach is still seen to deviate from the detailed solution
in the burnt region. With the unity Lewis number assumption, total enthalpy is seen to be constant
through the flame.

The results of Fig. 1 and the previous analysis signify the following:

• With an assumption of Lewis number equal to unity, total enthalpy stays constant through
the flame. However as seen from solutions using detailed chemistry, total enthalpy is not
constant through the flame and the variations are caused by differential diffusion effects
(Le 6= 1).

• It is important to include species diffusion effects to obtain as close an agreement to the
detailed chemistry solution as possible.
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Additionally, the results shown in Fig. 1 highlight the important issues with utilizing flamelets
generated in the enthalpy-progress variable (H-C) space:

1. It is very difficult to reproduce the exact variations of the total enthalpy even in a premixed
flat flame as every single term of the enthalpy flux term q̇′′ has to be included and modeled
precisely.

2. In case of errors arising due to modeling or numerical computation, variations in total en-
thalpy will be incorrect. This is problematic while studying heat transfer effects as it is
difficult to know if the errors are physical or non-physical.

This warrants the development of a new model to account for heat transfer effects.

2.2 Flamelet modeling in enthalpy-progress variable (H-C) space

We now attempt to model enthalpy rather than solve for it by using a new independent parameter,
the unburned gas temperature. We first examine the behavior of enthalpy in a 1D premixed flat
flame while changing the temperature of the fresh gas mixture.

Figure 2 shows results using detailed chemistry for a set of flames using n-heptane air mixtures at
an equivalence ratio of 1, pressure of 1 atm, and varying unburned gas temperature. Total enthalpy
is plotted as before as a function of progress variable. It can be observed that the enthalpy profile
appears to be quite similar at different values of unburned gas temperatures. The value of enthalpy
at C=0 (completely unburned gas) changes depending on the initial temperature. A minor variation
is observed in the maximum value of progress variable attained for each case. The progress variable
in this case is defined as follows,

C = (
WC

WCO

YCO +
WC

WCO2

YCO2) (9)

This definition of the progress variable reduces variation in the maximum value of the progress
variable at different unburned gas temperatures caused by inter-conversion between CO and CO2
in the end products.

As we can see from Fig. 2, enthalpy changes because of two reasons:

• Heat transfer effects, mimmicked by changing the unburned gas temperature Tu, and

• Progress variable, C

Under these conditons, total enthalpy (H) and progress variable (C) are not independent of each
other. We seek to derive a new formulation where they are independent.
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Figure 2: Total enthalpy as a function of progress variable for flamelets with different unburned gas
temperature using n-heptane air mixtures at phi=1, pressure=1 atm.

2.3 Modeling total enthalpy

We aim to use the unburned gas temperature (Tu) in addition to the progress variable (C) to
generate flamelets in Tu-C space to replace flamelets in H-C space. As a first step, we attempt
to derive a transport equation for the unburned gas temperature utilizing the transport equation for
total enthalpy presented earlier in Eq. 6.

Total enthalpy of the mixture can be expressed in terms of a summation for the individual species,

h =
∑
i

Yihi (10)

hi = hoi +

∫ Tu

To

CpidT +

∫ T

Tu

CpidT (11)

h =
∑
i

hi(Yi − Yi,u) +
∑
i

hiYi,u (12)

h =
∑
i

hi∆Yi +
∑
i

hoiYi,u +

∫ Tu

To

Cp,udT +

∫ T

Tu

CpdT (13)

We seek to group the terms in Eq. 13 into two groups, one which is solely a function of the
unburned gas temperature (Tu) and another which is a function of the progress variable (C). We
express the enthalpy of the fresh gas mixture as follows,

h(Tu, C = 0) =
∑
i

hi(Tu)Yi,u =
∑
i

hiYi,u +

∫ Tu

To

Cp,udT = f(Tu) (14)
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The variation in enthalpy due to chemical reaction, which we assume to depend only on the
progress variable, is expressed as,

g(C) =
∑
i

hi∆Yi +

∫ T

Tu

CpdT (15)

Thus, we have,
h(T,C) = f(Tu) + g(C) (16)

We now attempt to validate the expression derived for total enthalpy in Eq. 16 by plotting the
quantities f(Tu) and g(C) for the flamelets shown in Fig. 2. The function f(Tu) is plotted in Fig.
3 and g(C) in Fig. 4.

Figure 3 shows the total enthalpy for the flamelets in Fig. 2 to be only shifted slightly due to the
effect of unburned gas temperature.

Figure 3: Normalized total enthalpy as a function of progress variable for flamelets with different
unburned gas temperature.

The effect of change in initial enthalpy for the different flamelets can be captured as a function of
the unburned gas temperature. Figure 4 shows total enthalpy of the unburned gas at C=0 for the
different flamelets plotted in Fig. 3. The data points can be well approximated with a linear fit,
corresponding to a constant unburnt heat capacity.

Having validated Eq. 16 using Fig. 3 and 4, we can now express changes in total enthalpy as,

dh =
∂h

∂Tu
dTu +

∂h

∂C
dC (17)

∂h

∂Tu
=

∂f

∂Tu
= Cp,u (18)

∂h

∂C
=
∂g

∂C
(19)
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Figure 4: Total enthalpy for flamelets as a function of unburned gas temperature at C=0.

Using 17-19,

dh = Cp,udTu +
∂g

∂C
dC (20)

We now examine the behavior of temperature through the flame. Similar to the procedure followed
for enthalpy in Eq. 16, we express the temperature as a sum of two functions,

T = u(Tu) + v(C) (21)

where,
u(Tu) = Tu (22)

v(C) = ∆T (23)

As before, we attempt to validate this assumption by plotting the two functions u(Tu) and v(C) in
figures 5a and 5b. Figure 5a shows a plot of mixture temperature as a function of progress variable
for the different flamelets considered in Fig. 2. Figure 5b shows a plot of temperature as a function
of progress variable normalized with respect to the mixture temperature for unburned gas.

We now examine the variation of mass fractions of the important reacting species through the flame
for the flamelets considered in Fig. 2. Figure 6 shows plots of species mass fractions for n-heptane
(C7H16), CO2, CO, H2O, H2 and O2 as a function of progress variable for the different flamelets.
The primary driver for change in species mass fractions as shown in Fig. 6 is observed to be the
variation of the progress variable. We assume that changes in fresh gas temperature have minor
effects on changes in species mass fraction through the flame.
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(a) (b)

Figure 5: Temperature as a function of progress variable corresponding to flamelets in the H-C
space shown in Fig. 2.

(a) C7H16 (b) CO2

(c) CO (d) H2O

(e) H2 (f) O2

Figure 6: Mass fractions of various reacting species as a function of progress variable correspond-
ing to flamelets in the H-C space shown in Fig. 2.
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Using Eq. 1 and Eq. 6 we can express the transport equation for enthalpy as,

∂(ρh)

∂t
+∇.(ρuh) = −λ∇T − ρD

∑
∇(Yi)hi (24)

Using equations 20-24, we have,

ρ[Cp,u
dTu
dt

+
dg

dC

dC

dt
+ u.Cp,u

dTu
dx

+
dg

dC

dC

dx
] = div[λ∇(∆(Tu) + ∆T )− ρD

∑
∇(Yi)hi] (25)

We group together the terms which are a function of Tu and C from Eq. 25,

ρCp,u[
dTu
dt

+u.
dTu
dx

]+ρ
dg

dC
[
dC

dt
+
dC

dx
] = div[λ∇(∆(Tu)]+div[λ∇(∆T )−ρD

∑
∇(Yi)hi] (26)

The last two terms on the right hand side of Eq. 26 can be seen to be functions of the progress
variable, C from Eq. 23 and Fig. 6. Now, for a 1D flamelet, we have,

Tu = constant

and
f(Tu) = constant

This means that in the Tu-C space, for a 1D flamelet, the terms in Eq. 26 which are a function of
C drop out and we have,

ρCp,u
DTu
Dt

= div[λ∇(Tu)] (27)

Equation 27 represents a transport equation for unburned gas temperature derived from the trans-
port equation for enthalpy. The advantage of this equation over a similar equation for mixture
temperature is that there are no source terms due to chemical reaction. In addition, the unburned
gas temperature does not change through the flamefront. This is achieved without having any
assumptions of unity Lewis number and allows Tu and C to be independent of each other. An addi-
tional benefit of having the unburned gas temperature constant through the flame is that properties
such as flame speed which are constant through the flamelet would be correctly computed despite
any error in the computation for the progress variable (C) caused by numerical methods.

3 Implementation of the flamelet approach

The implementation of the flamelet approach described in the previous section involves coupling
the transport equation for unburned gas temperature in Eq. 27 with a transport equation for the
progress variable as well as the governing equations of fluid motion comprising of variable den-
sity low-Mach number Navier-Stokes equations. The governing equations for laminar flow are
presented as follows:

Mass conservation
∂tρ+∇ · (ρu) = 0 (28)
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Momentum conservation

∂t(ρu) +∇ · (ρuu) = −∇p+∇ · τ + ρg (29)

Scalar transport equations:

Transport of progress variable

∂t(ρC) +∇ · (ρuC) = ∇ · (ρD∇C) + ω̇C (30)

Transport of unburned gas temperature

Cp,u[∂t(ρT ) +∇ · (ρuT )] = div[λ∇(Tu)] (31)

Species mass fractions, production rates, mixture transport properties, flame speeds etc., are as-
sumed to depend only on unburned gas temperature and the reaction progress variable. These
properties are tabulated a priori using a chemical kinetic solver - FlameMaster. The numeri-
cal solver utilizes a lookup table procedure to acquire species and mixture properties during the
course of the simulation. The numerical simulations for the test cases in the following section were
performed using the NGA code [10]. The code relies on high order conservative finite difference
schemes developed for the simulation of variable density turbulent flows.

4 Test Cases

We now investigate three simple test cases to show the validity of the flamelet approach using
unburned gas temperature as an independent parameter to solve simple reacting flow problems.

4.1 1D freely propagating adiabatic flame

We consider a 1D freely propagating flame and attempt to predict flame propagation speed and
flame thickness using detailed chemistry as well as the flamelet approach. The flamelet table
for this case is generated using multiple flamelets corresponding to unburned gas temperatures
between 300 K and 1000 K.

Figure 7a shows good agreement between flame speed predicted with detailed chemistry using
Flame Master and that obtained using the flamelet approach using the NGA code. Figure 7b
similarly shows good agreement for the flame thickness. Figure 8 shows the temperature profile
through the flame as a function of the progress variable and good agreement is observed between
detailed chemistry and the flamelet approach.
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(a) (b)

Figure 7: Flame speed and flame thickness as a function of unburned gas temperature for n-heptane
air mixture at phi=1, pressure=1 atm.

Figure 8: Temperature as a function of progress variable for n-heptane air mixture at phi=1, pres-
sure=1 atm

4.2 1D freely propagating flame with radiation heat loss

We now consider a 1D freely propagating flame as before but include heat loss due to radiation
heat transfer. The radiation heat transfer results in a source term in the enthalpy equation as shown
below,

ρ[
dh

dt
+ u.∇h] = div[λ∇(∆T )−

∑
i

jihi]− q̇r (32)

The radiation source term is obtained from a model by Barlow et al [11] can be expressed as,

q̇r = 4σ
∑
i

(piap,i)(T
4 − T 4

b ) (33)
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where,
σ = 5.67e− 08 W/m2K4 is the Steffan-Boltzmann constant,∑

i() represents the summation over the species included in the radiation calculation,
pi is the partial pressure of species i in atm,
ap,i is the Planck mean absorption coefficient of species i,
T is the local flame temperature (K),
Tb is the back ground temperature (300 K)

This results in a source term in the equation for unburned gas temperature which is modifed from
Eq. 31 as,

ρCp,u
DTu
Dt

= div[λ∇(Tu)]− q̇r (34)

Figure 9 shows good agreement for the temperature profile obtained using detailed chemistry and
the flamelet approach using both enthalpy and unburned gas temperature as the independent pa-
rameters.

Figure 9: Temperature as a function of progress variable for n-heptane air mixture at phi=1, pres-
sure=1 atm with radiation heat loss.

4.3 Generation of thermal plume by heat transfer from hot surface

Finally, we study the heat transfer induced by conduction from the hot glow plug surface to the
cold mixture in the combustion vessel. Figure 10 shows a set of figures illustrating the density
profile in the unburned mixture at different times in the simulation. The glow plug is illustrated as
a block in the center of each image. The glow plug is given a temperature profile corresponding to
that measured in the experiments. Heat transfer effects results in the heating of the gas close to the
glow plug. Buoyancy effects induced by gravity causes the hot gas to rise towards the top of the
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vessel resulting in the formation of a thermal plume. Figure 11 compares the temperature profile
at the center line of the vessel as predicted by the simulation with thermocouple measurements
obtained from the test setup. Good agreement is obtained between the two data sets.

(a) 0.0s (b) 0.1s (c) 0.2s

(d) 0.3s (e) 0.4s (f) 0.5s

Figure 10: Density profiles in the computational domain showing the development of a thermal
plume due to heat transfer from the hot glow plug to the cold mixture.

Figure 11: Comparison of temperature profile in the thermal plume predicted by simulations and
measured in experiments.
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5 Concluding Remarks

A numerical technique has been demonstrated that allows enthalpy variations caused by heat trans-
fer effects to be expressed as a function of unburned gas temperature. This facilitates the develop-
ment of flamelets which are a function of two independent parameters, unburned gas temperature
and progress variable. This is an advancement over flamelets in the enthalpy-progress variable
space which are not independent of each other. A transport equation for the new parameter, un-
burned gas temperature, is derived using the transport equation for enthalpy.

The new flamelet approach is implemented in a fluid dynamic code to validate simple test cases.
Good agreement is obtained with detailed calculations for, a 1D adiabatic freely propagating flame,
a 1D flame with radiation heat transfer and a 2D problem simulating heat transfer from a hot surface
resulting in the formation of a thermal plume.
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