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a b s t r a c t

Hot surface ignition is relevant in the context of industrial safety. In the present work, two-

dimensional simulations with detailed chemistry, and study of the reaction pathways of

the buoyancy-driven flow and ignition of a stoichiometric hydrogen-air mixture by a

rapidly heated surface (glowplug) are reported. Experimentally, ignition is observed to

occur regularly at the top of the glowplug; numerical results for hydrogen-air reproduce

this trend, and shed light on this behavior. The simulations show the importance of flow

separation in creating zones where convective losses are minimized and heat diffusion is

maximized, resulting in the critical conditions for ignition to take place.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Ignition of combustible atmospheres by hot surfaces is a

common issue in industrial safety. Determining critical con-

ditions for ignition in terms of surface size and temperature

are essential in order to evaluate the potential of an ignition

hazard.

Classical experimental work on hot surface ignition in-

cludes that of Coward and Guest [1], and Kutcha [2]. The

former investigated the effect of material (e.g catalytic and

non-catalytic surfaces) on ignition thresholds, whereas the

latter extended this work to study the effect of variations in

size and geometry. The impact of their results was limited by

their inability to measure flow velocity and composition dur-

ing the ignition event. An extensive review of more recent

studies is given by Brabauskas [3]. Experimental work done by

Boettcher [4] using a glow plug found the ignition temperature

for n-Hexane to be essentially insensitive to composition

away from flammability limits. Analytical studies have been

performed by Gray [5] who investigated the effect of surface to

volume ratio, and more recently Laurendeau [6] in which a

simple model is proposed to estimate the minimum ignition

temperature.

Some numerical efforts in this area are due to Kumar [7]

who developed a one-dimensional model to study hydrogen

ignition, and the two-dimensional steady simulations of Adler

[8] in which the problem of a circular hot spot in contact with

reactive mixture was analyzed. Boettcher [4] carried out sim-

ulations to examine predicting lower flammability limits with

tabulated chemistry as well as studying the effect of hot sur-

face area on ignition temperature using one-step and detailed

chemical reactive models [9].

None of the previous work has been concerned with

analyzing in detail the flow field in the vicinity of the hot
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surface. For an accurate numerical prediction of this flow, it is

necessary to solve the conservation equations together with

transport of chemical species on a mesh small enough to

capture the thermal and hydrodynamic boundary layer sur-

rounding the hot surface. The wide range of temporal and

spatial scales involved, as well as the size of detailed chemical

kinetic mechanisms pose significant computational chal-

lenges. Hydrogen is one of the fuels for which the chemistry is

reliably known -all reaction rates have been experimentally

measured-, and the detailed kinetic mechanism is of a

reasonable size to simulate realistic geometries. A two-

dimensional numerical simulation of the transient viscous

flow and reaction of combustible atmospheres using a

detailed hydrogen oxidation mechanism is presented. Special

attention is given to the near-wall induced buoyancy flow, and

flow separation to gain insight on the dynamics, time and

location of the ignition event.

Physical model and computational methodology

Governing equations

The motion, transport and chemical reaction in the gas sur-

rounding the glowplug aremodeled using the variable-density

reactive NaviereStokes equations with temperature-

dependent transport properties.

vtðrÞ þ V$ðruÞ ¼ 0 (1)

vtðruÞ þ V$ðruuÞ ¼ �Vpþ V$tþ rg (2)

vtðrYiÞ þ V$ðruYiÞ ¼ �V$ji þ _ui (3)

vtðrhsÞ þ V$ðruhsÞ ¼ �V$jq þ _qchem (4)

p ¼ rRT; t ¼ m
h
Vuþ ðVuÞT

i
� 2
3
mðV$uÞI (5)

In Eqs. (1)e(5), r, p and T are the gas density, pressure and

temperature, u is the velocity vector, hs is themixture sensible

enthalpy, g is the gravitational acceleration, Yi is the mass

fraction of species, ji is the species diffusion flux, _ui represents

the rate of production/consumption of species, jq is the heat

flux, _qchem ¼ �PN
i¼1Dh

o
f ;i _ui is the rate of conversion of chemical

into thermal energy, Dho
f ;i is the enthalpy of formation of

species, R is the specific gas constant, m is the mixture vis-

cosity, and I is the identity matrix. Radiation is neglected in

the current numerical model.

The species diffusion term, ji, uses Fick's law for binary

mixtures. For multicomponent mixtures where one compo-

nent is present in large amounts (i.e. N2 for combustion in air)

all other species may be treated as trace species. Writing the

binary diffusion coefficient with respect to N2 yields:

ji ¼ �rDiVYi; with Di ¼ Dj;N2
(6)

where Di is the effective diffusion coefficient. In Eq. (6), ther-

modiffusion or Soret effect has been neglected.

We solve the mass conservation equation, Eq. (1), and only

for N�1 species equations, Eq. (3). The last species mass

fraction, N2, is obtained by writing YN2 ¼ 1�PN�1
i¼1 Yi and

absorbs all inconsistencies introduced by Fick's law. This error

is negligible when the last species, YN2 , is in a high concen-

tration as is the case for combustion in air [10].

The heat flux jq includes the effect of sensible enthalpy

transport by diffusion

jq ¼ � k

cp
Vhs þ

XN�1

i¼1

hs;i

�
ji þ

k

cp
VYi

�
(7)

where k and cp are the mixture averaged thermal conductivity

and specific heat, respectively. In Eq. (7), the Dufour effect (i.e.

energy flux due to a concentration gradient) has not been

taken into account [11]. Substituting Eq. 6 into 7 yields:

jq ¼ � k

cp
Vhs þ

XN�1

i¼1

hs;i

�
1� 1

Lei

�
k

cp
VYi (8)

where Le i ¼ k/(cprDi) is the Lewis number of species i. The

second term on the right hand side of Eq. (8) vanishes if the

Lewis numbers of all species are assumed to be unity. This

approximation is common in combustion codes but is not

justified in the present case [10].

The equations above are integrated in two dimensions

using the Open source Field Operation And Manipulation

(OpenFOAM) toolbox [12]. The spatial discretization of the

solution domain is performed using finite volumes. Specif-

ically, the convective terms were discretized using a second

order, bounded TVD scheme; the mass fractions were dis-

cretized using a linear centered scheme for scalars bounded

between zero and one. The diffusion terms were discretized

using the linear centered scheme together with a second

order, conservative scheme for the evaluation of the surface

normal gradients. The linear systems that result from the

discretization of the governing equations are solved through

iterative techniques [13]. The PBiCG (Preconditioned Biconju-

gate Gradient) method is used for all linear systems including

the chemical source terms preconditioned through the DILU

(Diagonal Incomplete-LU) technique, whereas the Poisson

equation for pressure is solved using the PCG (Preconditioned

Conjugate Gradient) preconditioned by the DIC (Diagonal

Incomplete Cholesky). The pressure-velocity coupling is ach-

ieved using the PIMPLE (PISOþ SIMPLE) algorithm [14]. Finally,

the time-step is dynamically adapted during the course of the

computation based on a specified Courant number to ensure

stability of the numerical scheme [15]. In the current study the

Courant number used is 0.2.

Chemical and transport models

The chemistry is modeled using M�evel's detailed mechanism

for hydrogen oxidation which includes 9 species and 21 re-

actions. This mechanism has been extensively validated, and

reproduces flame speeds and ignition delay times to a

reasonable degree of accuracy over a wide range of concen-

trations [16,17]. Among the available alternatives, M�evel's
model provides a soundmiddle ground. It is not the fastest nor

the slowest regarding ignition delay time predictions, which is

the quantity of interest in the current study. The Sutherland

Law, modified Eucken relation and JANAF polynomials are

used to account for the functional temperature dependence of

mixture viscosity (m), thermal conductivity (k) and specific
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