
29th ICDERS July 23–28, 2023 SNU Siheung, Korea

Thermal Ignition by Millimeter-Scale Surface Hot Spots

Donner T. Schoeffler and Joseph E. Shepherd
California Institute of Technology

Pasadena, CA, USA

1 Introduction

Predicting thermal ignition of flammable mixtures remains a challenge for hazard assessment in avia-
tion. Lightning strike of an aircraft may result in intense localized heating and the formation of a hot
spot on an internal surface [1]. Important to aviation safety is to assess the risk of thermal ignition if
the hot spot forms in contact with a flammable mixture. Measurement of autoignition temperatures by
the ASTM-E659 standardized test provides a deceptively low threshold temperature that can grossly
underpredict temperatures for ignition by hot surfaces in external natural convective flows [2, 3]. Ther-
mal ignition by heated surfaces has been studied by many researchers, however there is no universal
theory or validated method of correlation such that ignition may be predicted for any given hot surface
geometry and flammable mixture. Currently, individual hot surface and enclosure geometries must be
investigated on a case-by-case basis. We are studying thermal ignition by millimeter-scale surface hot
spots through laboratory experiments in order to make the essential measurements of thermal ignition
temperature and its dependence on various parameters, such as hot spot size. In conjunction with exper-
imental work, we have performed numerical simulations of a simplified model problem using one-step
chemical kinetics in order to explore the basic dependence of thermal ignition temperature on the size
and shape of a hot spot’s temperature distribution. Numerical simulation methods and results are dis-
cussed here with experiments described in future work. Numerical simulations have previously been
used to investigate thermal ignition in our labs, including a relevant study of thermal ignition by a glow
plug using a similar, simplified model for analysis [4].

2 Simulation Methods

Numerical simulations were performed using the open-source CFD toolbox OpenFOAM-9. A solver
native to the toolbox, buoyantReactingFoam, was used for this study. The relevant equation set is

∂ρ

∂t
+∇ · (ρu) = 0 (1)

∂ρu

∂t
+∇ · (ρuu) = −∇P + ρg +∇ · τ (2)

∂ρ(hs + |u|2/2)
∂t

+∇ · (ρu(hs + |u|2/2)) = ∇ · (λ/cP∇hs) +
∂P

∂t
+ q̇c (3)

∂ρYi
∂t

+∇ · (ρuYi) = −∇ · ji + Ω̇i . (4)
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In Equations (1)-(4), hs is the sensible enthalpy, λ is the thermal conductivity, cP is the specific heat
capacity at constant pressure, ji is the diffusive mass flux of species i, q̇c is the rate of heat addition by
chemical reaction, Ω̇i is the production rate for species i, and τ is the viscous stress tensor,

τ = µ(∇u+ (∇u)T )− 2

3
µ(∇ · u)I . (5)

The fluid was modeled as a mixture of two perfect gases, describing a reactant and product species with
a single irreversible reaction, R → P . The gas thermodynamic and transport properties were chosen to
model a stoichiometric hexane-air mixture at 1 bar and 300 K. The resulting specific heat ratios were
γR = 1.262 and γP = 1.266 for the reactant and product species, respectively. The heat release was
qc = 2.791 MJ/kg, and a molecular weight of 30.09 kg/kmol was used for both species. Thermodynamic
calculations were implemented in OpenFOAM using NASA7 polynomials [5, 6]. Fick’s law with unity
Lewis number was used for species diffusion, such that jR = −λ/cP∇YR. Sutherland’s law, µ =
As

√
T/(1+Ts/T ), and a modified Eucken relation, λ = µcv(1.32+1.77R/cv), were used to compute

temperature-dependent viscosity and thermal conductivity, respectively, and the relevant constants were
As = 1.52 · 10−6 [kg m−1s−1K−1/2] and Ts = 148 [K].

The one-step reaction mechanism was specified using a modified-Arrhenius rate law,

k(T ) = ATα exp (−Ea/R̃T ) . (6)

The constants were determined using a method described by Melguizo-Gavilanes [4], where they were
used to fit ignition delay times from constant-pressure adiabatic explosion calculations using the detailed
mechanism JetSurF 2.0 [7]. The resulting constants are A = 0.3 K−αs−1, α = 2.7, and Ta = 17986.576
K, where Ta is the activation temperature, Ta = Ea/R̃.

An axisymmetric simulation domain was used for all calculations with domain radius and height equal
to ten times the relevant hot spot radius. Adequate grid resolution was obtained with a minimum cell
size of 25 µm at the hot spot center. A geometric progression both radially and axially with rate of
1.006 was used to expand cells away from the hot spot and reduce grid density far from the hot spot.
Boundary conditions were chosen to model a closed domain with the no-slip condition at all walls. The
side and top walls had isothermal 300 K boundary conditions. The hot spot was modeled as a time-
varying boundary condition on the bottom wall of the domain. Two hot spot temperature distributions
were studied: a top-hat and Gaussian shapes. The simulated hot spot sizes were 3, 4, 5, 7, and 10 mm,
where the size refers to the full width at half maximum (FWHM) for the Gaussian hot spots. The hot
spot temperature, THS, is the peak temperature of the distribution. The amplitude of both distributions
was ramped linearly with time initially from the ambient temperature of 300 K at a rate of 200 K/s until
after ignition occurred for all simulated cases.

3 Results and Discussion

The natural convective flow field that forms above the hot spot when chemical reaction remains negli-
gible is illustrated in Figure 1 for a 5 mm top-hat hot spot. Gas in contact with the hot spot is heated to
high temperature, which expands and drives a buoyant plume upward. The plume entrains surrounding
cold gas and substantially cools down. Consequently, the region of highest temperature in the domain
occurs directly adjacent to the hot spot in a nearly stagnant layer. Ignition occurs in a region of this layer
on the domain centerline for all simulations.

Figure 2 plots the evolution of temperature and reaction progress along the domain centerline for the
5 mm top-hat hot spot as its temperature increases. For early time, hot spot temperatures are low and
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Figure 1: Contours of velocity and temperature fields on left and right halves, respectively, for 5 mm
top-hat hot spot at time t = 4.0 s and temperature T = 1100 K. Image shows cropped view of entire
simulation domain

heat addition from chemical reaction is negligible, and so heat only diffuses from the hot spot. At
larger temperatures, the rate of chemical reaction is sufficient for heat addition to begin competing with
heat loss, and the near wall temperature gradient decreases. As the reaction rate increases, diffusion
cannot completely replace burned reactants, and there is a local net reactant depletion. At sufficiently
high temperatures, the rate of heat addition balances heat loss to the colder surrounding gas, and the
temperature gradient goes to zero at the wall. This point of adiabaticity is often referred to as the van’t
Hoff ignition criterion, however, ignition occurs in all cases only after additional increase in temperature.
At the point of adiabaticity, flame temperatures remain much greater than wall temperatures, such that
when a flame forms there is necessarily large heat loss back to the wall. Proximity with the wall therefore
quenches flame formation until the point of maximum temperature is displaced sufficiently far from the
wall such that the rate of heat addition exceeds both losses to the cool ambient gas and to the wall.
This description of the hot surface ignition phenomenon has been observed numerous times by previous
studies using numerical simulations [4, 8–10].
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Figure 2: (a) temperature and (b) reaction progress plotted along the domain centerline for the 5 mm
top-hat hot spot at various time steps before and after ignition

When ignition occurs, the maximum temperature in the domain rapidly increases at a rate much greater
than the heating rate of the wall. This does not occur until after the wall temperature has increased some
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amount past the van’t Hoff condition. The criterion chosen to identify ignition is the time when the max-
imum temperature in the domain exceeds the peak wall temperature by 150 K, a criterion successfully
used in previous numerical simulations [4, 9]. The ignition temperature is then identified as the wall
temperature when ignition occurs. Figure 3(a) plots the resulting ignition temperatures for all simulated
hot spot sizes. The strong inverse trend is consistent with previous studies of surface hot spots [11] and
stationary heated particles [12]. Figure 3(b) shows the difference between ignition temperatures and the
wall temperature at the van’t Hoff criterion, illustrating that the difference between criteria increases as
the hot spot size decreases. However, the difference is small relative to the ignition temperature, and
the van’t Hoff criterion underpredicts the ignition temperature by less than 6% for all of the simulated
cases.
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Figure 3: (a) hot spot temperature at ignition, Tign, for simulated hot spot diameters, where diameter
for Gaussian refers to FWHM. (b) difference between wall temperature at ignition and when van’t Hoff
criterion is reached, TVH

Generally, thermal ignition occurs when a balance between modes of heat addition and heat loss allows
further self heating to cause thermal runaway. Ignition by surface hot spot occurs in the hot gas layer
confined directly adjacent to the surface. Buoyant convection is important for establishing the temper-
ature field in which ignition occurs, however the heated gas layer is nearly stagnant and dominated by
diffusive processes. Adler [13] performed a Frank-Kamenetskii-type stability analysis [14] of a stag-
nant combustible layer heated by a surface hot spot, deriving a critical Frank-Kamenetskii parameter.
However, further work is required to relate his assumed temperature profile and slab scaling with the
temperature fields produced by various surface hot spots.

Correlations for hot surface ignition have been derived by several authors, including Khitrin and Gold-
enberg [15], Ono et al. [16], and Laurendeau [17], where all authors typically model a system in which
diffusive heat loss is balanced by chemical heat addition, and hence derive similar results. The resulting
correlations typically give an inverse-log relation between a characteristic length scale and an ignition
temperature, i.e., log(L) ∝ T−1

ign . The heated surface size provides the characteristic length to describe
heat transfer to the gas, however the length scale is particular to the surface geometry, and so it is not
translatable between different geometries or heated surface temperature distributions. Instead, a more
general length scale can be derived from a characteristic thickness of the thermal layer itself, which
forms adjacent to the heated surface. A characteristic thermal layer thickness, Λ, is given by the inverse
of a normalized temperature gradient at the wall, i.e.,

Λ =

(
cP
qc

∣∣∣∣∂T∂z
∣∣∣∣
z=0

)−1

, (7)

where the ratio of heat release and specific heat capacity, qc/cP , normalize the temperature. The ap-
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propriate thermal layer thickness to describe the hot surface ignition problem is Λ, evaluated for a
chemically-frozen flow at the time and position of ignition.

The justification for modeling hot surface ignition with a frozen natural convective flow is in formulating
it as a boundary layer problem, solved using methods of matched-asymptotic expansions as developed by
many authors [18–24]. With large activation energy asymptotics, the outer flow is well approximated as
chemically frozen, and reaction only occurs in a near-wall reactive-diffusive inner problem. The relevant
heat transfer parameter is the wall temperature gradient given by the frozen outer flow [20]. First-
order matched-asymptotic analysis derives an ignition criterion in the form of a critical Dahmköhler
number, which is reached when adiabaticity occurs at the wall, i.e., the van’t Hoff condition. Law [19]
asserted that the observation that ignition occurs in numerical simulations only when a temperature
maximum forms displaced from the wall is purely a second order phenomenon, although this remains to
be validated. The critical Dahmköhler number derived by Law [20], assuming zero reactant depletion,
can be reformulated in terms of a critical thermal layer thickness to give

Λcrit =

[
2
cP
qc

ρw
λ/cP

T 2
w

Ta
ATα

we
−Ta/Tw

]−1/2

= lK/
√
2 ,

(8)

where lK is a characteristic thickness of the ignition kernel, a length scale equivalent to a flame thickness
evaluated at the wall temperature instead of the flame temperature.

The result (8) motivates a method for correlating the present simulation data. Figure 4(a) shows lK
plotted against the thermal layer thickness Λ, where both are evaluated at the van’t Hoff condition. The
frozen thermal layer thickness was computed on the domain centerline at the van’t Hoff condition by
interpolating forward from early simulation time when chemical reactions were negligible at the wall.
Figure 4(a) shows that data for both top-hat and Gaussian hot spots collapse to a single line. The linear
fit is constrained to a zero intercept, giving lK = 0.885ΛVH. Residuals are plotted in Figure 4(b)
illustrating that there remains some small, yet systematic error, which suggests that there is additional
relevant scaling not captured by the model. An essential factor that has not been incorporated in this
correlation is the significant reactant depletion that occurs at the hot spot prior to ignition as illustrated
in Figure 2(b).

The thermal layer thickness provides a natural method for describing an equivalent hot spot size for
varying temperature profiles. Figure 5 illustrates how ΛVH scales with nominal hot spot diameters. From
the two linear fits, a conversion relation between the top-hat and Gaussian hot spots follows directly,

DG = 1.859DTH − 0.700 [mm] , (9)

where DTH is the top-hat diameter and DG is the Gaussian FWHM. The equivalent hot-spot temperature
profiles are plotted in Figure 6, illustrating that the rapid radial drop off in temperature of the Gaussian
profile requires a correspondingly much broader hot spot to achieve ignition at similar temperatures to a
top-hat hot spot.

Future work will extend the range of hot spot geometries to further evaluate the quality of the correlations
and their domain of applicability. Only correlations with the van’t Hoff criterion were discussed, and it
remains to extend the above methods to model the true wall temperature at which ignition occurs.
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Figure 4: In (a), the ignition kernel thickness, lK , is plotted against thermal layer thickness, ΛVH, where
both are evaluated at the van’t Hoff condition. Residuals between simulation data and constrained zero-
intercept linear fit are shown in (b)
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Figure 5: Correlation between ΛVH and hot spot diameters. Linear fits for top-hat and Guassian data
are, respectively, y = 1.702x− 1.503 and y = 0.915x− 0.863
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Figure 6: Equivalent top-hat and Gaussian hot spots, where radial coordinate is normalized by the top-
hat radius, RTH, and temperature is normalized by the hot spot temperature, THS
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