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a b s t r a c t 

The ignition of fuel sprays due to interaction with hot surfaces is an important phenomenon in the safety 

analysis of many engineering systems. We perform a parametric study of the hot surface ignition (HSI) 

of a fuel spray approaching a heated surface caused by the accidental leakage of a fuel line. To this end, 

we employ a one-dimensional Eulerian-Eulerian formulation with a non-equilibrium evaporation model 

and a realistic chemical mechanism to describe n -dodecane fuel chemistry. We first describe and ana- 

lyze the phenomenology of the unsteady processes leading to ignition using non-dimensionalized quan- 

tities. Through consideration of the temporal development of the most reactive mixture, we demonstrate 

that ignition occurs at a fuel-lean composition in a premixed region near the hot surface. Using non- 

dimensional parameters identified from the governing equations, we perform a parametric study of the 

time, location and local mixture composition at ignition and determine the ignition limits. We then iden- 

tify the most important parametric sensitivities for physical analysis using a data-driven classification 

method. Our analysis demonstrates a contraction of the ignition limits with increased Stokes number and 

a regime of parametric insensitivity of igniting mixture composition. We also show that at high Damköh- 

ler numbers, the ignition location conforms to the parametric behavior of the thermal boundary layer, 

whereas at low Damköhler numbers approaching the ignition limit it reaches a near-unity value of the 

quenching Peclet number. We then compare the demonstrated parametric dependencies to the results 

of the quasi-steady asymptotic ignition literature, showing that our results are consistent with those ob- 

tained analytically within the limitations imposed by the simplified formulation of the latter. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

In many engineering settings, including the automotive, 

erospace, chemical and petroleum industries, liquid fuel is sup- 

lied through pressurized lines near hot components. Accidental 

gnition is a key safety concern in such cases, since a localized 

tructural failure of a fuel line will result in a leakage, with the 

jected fuel posing a hazard of hot surface ignition (HSI). Under 

onditions where the fuel line is at high pressure and the local- 

zed failure is small, the ejected fuel will form a spray, result- 

ng in a secondary gas flow. A source of difficulty in the analy- 

is of such situations is that the leakage is accidental, introducing 

 wide range of variability in the operating and boundary condi- 

ions. Therefore, safety certification of the associated ignition haz- 

rd is supported by an improved understanding of the parametric 

ependencies of the interaction and ignition of a multiphase flow 

f fuel spray and air with a hot surface. 

By compiling experimental data from numerous studies, Col- 

ell and Reza [1] proposed a qualitative regime diagram for the 
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gnition of liquid fuels, shown in Fig. 1 for T w 

> T sat , where T sat is

he fuel saturation temperature and T w 

is the temperature of the 

ot surface for HSI and the vessel temperature for autoignition. 

he vertical axis denotes the fuel mass fraction resulting from the 

otal fuel injected into the system. The regime in which HSI oc- 

urs is bounded by the dotted line denoted “HSI limit.” The au- 

hors suggest that the ignition limits are determined by the ‘ide- 

lity’ of the conditions, up to a practically-achievable limit for au- 

oignition denoted by the dashed line labeled “AI limit”, beyond 

hich only forced ignition is possible. The minimum achievable 

utoignition temperature is standardized in the ASTM E 659 test 

2] , and is denoted T AI . This test is considered to create ‘ideal’ con-

itions for ignition by maintaining homogeneous and isothermal 

onditions on the walls of a cavity containing a flammable mix- 

ure under quiescent conditions with a residence time of ten min- 

tes. HSI presents a departure from these conditions through the 

resence of an evaporating spray, fluid strain, finite residence time 

nd wall heat transfer [3] . Large-scale experiments by Ulcay et al. 

4] and experiments by Johnson et al. [5] in a representative sec- 

ion of a military aircraft found a strong dependence of the mini- 

um surface temperature resulting in HSI on the air flow velocity, 

n agreement with the aforementioned notion of ‘ideality’. Quan- 
. 

https://doi.org/10.1016/j.combustflame.2022.111988
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Fig. 1. Qualitative regime diagram for the ignition of liquid fuels, re-created from 

Colwell and Reza [1] for T w > T sat . The fuel-rich and fuel-lean flammability limits 

(RFL and LFL, respectively) bound the forced-ignition regime, where ignition is only 

possible through a localized external energy source, from the non-igniting regime. 

The dashed line denoted “AI limit” indicates the practically-achievable limit for au- 

toignition standardized by ASTM E 659. The dotted line denoted “HSI limit” indi- 

cates the ignition limit for HSI, which varies depending on the conditions consid- 

ered. 
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ification of how ‘ideal’ the conditions are for HSI by determining 

he parametric dependencies of the ignition limit is an important 

oal of this study. 

The fundamental aspects of HSI have been examined through 

heoretical and numerical studies of a stagnation-point system. 

aw [6] employed a matched asymptotic analysis of the steady- 

tate one-dimensional gas-phase boundary-layer equations for a 

remixed stagnation flow assuming an inner diffusive-reactive 

one and an outer diffusive-convective zone. The study arrived at 

n ignition criterion which can be written in approximate form as 
A 
a exp (−T a /T w 

) > 1 , where T a is the activation temperature, a is the

lobal strain rate and A is the pre-exponential factor of the global 

eaction. This criterion identifies a clear competition between the 

ffect of the wall temperature through the heat flux into the fluid 

nd the fluid-dynamical strain. Recently, Kats and Greenberg [7] , 8 ] 

eveloped an ignition criterion for a two-phase stagnating flow by 

erforming an analysis similar to that of Law [6] , but included an 

ulerian representation of a dilute fuel spray in their formulation. 

heir formulation relies upon one-step chemistry and a number of 

ssumptions regarding spray evaporation to make the problem an- 

lytically tractable. They arrived at an ignition criterion which can 

e written in approximate form as AC n 

a n +1 exp (−T a /T w 

) > 1 , where C

s a characteristic evaporation rate and n > 0 . This criterion reveals 

hat in addition to the competing effects of wall temperature and 

train in gas-phase flows, the ignition of a multiphase flow is pro- 

oted by an increased rate of spray evaporation. 

Numerical work by Aggarwal and Sirignano [9] , 10 ] and Aggar- 

al [11] focused on the case of a quiescent mixture of n -decane 

roplets and air in a one-dimensional domain exposed on one side 

o a hot surface. They employed an Eulerian-Lagrangian approach 

ith one-step chemistry to model the multiphase system. These 

tudies demonstrated that in addition to T w 

, the overall equiva- 

ence ratio φ0 = Z l, 0 / f st , where Z l is the liquid-to-gas mass ratio 

nd f st is the stoichiometric fuel-air mass ratio, plays a key role 

n determining the ignition delay time. They also showed that the 

gnition delay is sensitive to the initial droplet diameter d 0 , but 

howed little sensitivity to the initial gas temperature. Critically, 

hey found that ignition behavior was both quantitatively and qual- 

tatively sensitive to the chemical mechanism employed. Lee et al. 

12] considered the steady-state one-dimensional equations to an- 

lyze the HSI of dimethyl ether/oxygen cool flames, and demon- 

trated that the minimum hot surface temperature for cool flame 
2 
gnition is strongly sensitive to catalytic surface reactions. Re- 

ently, large-eddy simulations of a three-dimensional configuration 

ere performed [13] considering a wall-impinging polydisperse n - 

odecane/air spray in an Eulerian-Lagrangian formulation using re- 

listic chemistry. This study demonstrated that for wall tempera- 

ures near the minimum HSI temperature, a low-temperature ig- 

ition significantly preceded high-temperature ignition and subse- 

uent rapid flame propagation throughout the domain. At higher 

all temperatures, the ignition delay was greatly reduced, result- 

ng in a diminished extent of flame propagation and a rapid transi- 

ion to a spatially compact steady-burning flame. In this work, we 

ill employ numerical simulations to consider the effects on igni- 

ion of key parameters identified systematically from the governing 

quations varied across broad ranges. 

A key consideration in the analysis of ignition phenomena 

s precisely how ignition is defined. A common choice [6,14] is 

he adiabaticity or ‘van’t Hoff’ criterion, ( ∂ T /∂ x ) w 

= 0 . This crite- 

ion defines ignition as the condition where the temperature rise 

n the fluid due to reaction is sufficient such that there is no 

eat flux into the fluid from the hot surface. This criterion was 

hown [6] to be equivalent to the ‘S’-curve or Semenov-Frank- 

amenetski [15] criterion to leading order. The van’t Hoff criterion 

s amenable to ignition studies that employ continuation methods 

f the steady-state equations, since it does not require temporal 

nformation. Criteria based on the domain-maximum temperature 

 max have also been considered, where T max exceeding a certain 

emperature threshold in a given configuration is known to result 

n achieving a fully burning state [16] . If temporal information is 

vailable, a possible ignition criterion [17] is that of thermal run- 

way based on the inflection point in the temporal development 

f the largest temperature in the domain. It is important to note 

hat the steady-state equations provide information regarding the 

xistence of solutions, but not immediately of their stability [8,18] . 

pecifically, it has been demonstrated in studies of gas-phase stag- 

ating flames [19] and counterflow spray flames [20,21] that mul- 

iple burning solutions can exist for a given set of boundary con- 

itions, and the solution of the steady-state equations does not in- 

icate which of the solutions will be attained for a given set of 

nitial conditions. This information can be obtained from the solu- 

ion of the unsteady equations given a set of initial and boundary 

onditions. We take this approach in the present study in order to 

emonstrate unambiguously the effect of parameter variations on 

gnition behavior. 

Theoretical developments for HSI of impinging sprays have 

ielded important insights regarding some key parameters, but ne- 

essitate significant simplifications to maintain tractable solutions, 

n particular with regard to chemistry and spray evaporation. Their 

eliance on a quasi-steady framework as an indicator of ignition 

recludes any prediction of ignition delay or unsteady dynamics. 

teady-state one-dimensional numerical simulations employing re- 

listic chemistry have similar shortcomings. Full three-dimensional 

imulations provide more detailed descriptions of system dynam- 

cs, but their use for the evaluation of the broad parameter space 

s prohibitively computationally expensive. Therefore, in this work 

e perform a series of simulations employing an unsteady one- 

imensional formulation with realistic models for chemistry and 

pray evaporation. We do so to achieve sufficient physical fidelity 

o ensure that the unsteady system dynamics are well-described, 

hile maintaining adequate computational tractability to allow for 

 broad parametric study. With this approach, we are able to ex- 

mine the parametric dependencies of the ignition phenomenon 

nd quantify the aforementioned notion of ‘ideality’ in HSI. To the 

est of our knowledge, this is the first time this approach has been 

sed to study HSI of a wall-impinging fuel spray. 

The remainder of this manuscript is structured as follows. 

he governing equations and details of the finite-rate chemistry 
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Fig. 2. Physical configuration considered. 
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odel employed are presented in Section 2 . The physical configu- 

ation and parametrization considered in this work is described in 

ection 3 . Unsteady simulation results are first considered in space 

nd time to describe the phenomenology leading to HSI and subse- 

uent flaming in Section 4.1 , and effects of problem parameters on 

gnition behavior are then examined systematically in Section 4.3 . 

omparisons of the parametric results to a theoretical ignition cri- 

erion are discussed in Section 4.4 , and the manuscript closes with 

onclusions in Section 5 . 

. Methodology 

.1. Governing equations 

We consider the unsteady Navier-Stokes equations for chemi- 

ally reacting flows in axisymmetric cylindrical coordinates along 

he (x, r = 0) axis with the conventional assumptions for stagna- 

ion flows [22–24] , namely that the temperature, mass fractions, 

xial velocity and the radial velocity gradient vary only in the ax- 

al direction. The equations are augmented by solving an energy 

quation in the solid phase to consider inter-phase heat transfer. 

hroughout the rest of this manuscript, we will use asterisks to 

enote dimensional quantities. 

The configuration considered is that of a wall-stagnating multi- 

hase flow, shown in Fig. 2 . We define the following quantities: 

adial, axial and time coordinates r ∗, x ∗ and t ∗; gas-phase den- 

ity ρ∗, axial velocity u ∗, radial velocity v ∗, scaled radial velocity 

 

∗ = v ∗/r ∗, temperature T ∗, dynamic viscosity μ∗, thermal conduc- 

ivity λ∗, mixture-averaged diffusivity of the k th species D 

∗
k 
, iso- 

aric heat capacity c ∗p , reaction rate of the k th species ˙ ω 

∗
k 
, pres-

ure p ∗ and scaled radial pressure gradient �∗ = ( ∂ r p ∗) /r ∗; droplet 

ass m 

∗
d 
, spray-phase axial velocity u ∗

d 
, radial velocity v ∗

d 
, scaled 

adial velocity V ∗
d 

= v ∗
d 
/r ∗, temperature T ∗

d 
, liquid density ρ∗

l 
, heat

apacity c ∗
l 

and droplet relaxation time τ ∗
d 

. These quantities are 

on-dimensionalized as follows: 

r = 

r ∗

	 ∗
, x = 

x ∗

	 ∗
, t = 

t ∗

τ ∗
f 

, ρ = 

ρ∗

ρ∗
0 

, u = 

u ∗

	 ∗/τ ∗
f 

, 

v = 

v ∗

	 ∗/τ ∗
f 

, V = 

V ∗

a ∗
, T = 

T ∗

T ∗
0 

, μ = 

μ∗

μ∗
0 

, λ = 

λ∗

λ∗
0 

, 

D k = 

D 

∗
k 

D 

∗
0 

, c p = 

c ∗p 
c ∗

p, 0 

, ˙ ω k = 

˙ ω 

∗
k 

˙ ω 

∗
0 

, p = 

p ∗

p ∗
0 

, � = 

�∗

ρ∗
0 

a ∗2 
, 

 d = 

m 

∗
d 

m 

∗
d, 0 

, u d = 

u ∗
d 

	 ∗/τ ∗
f 

, v d = 

v ∗
d 

	 ∗/τ ∗
f 

, V d = 

V ∗
d 

a ∗
, T d = 

T ∗
d 

T ∗
0 

, 

ρl = 

ρ∗
l 

ρ∗
l, 0 

, c l = 

c ∗
l 

c ∗
p, 0 

, τd = 

τ ∗
d 

τ ∗
d, 0 

, 

(1) 

here the dimensional reference quantities ρ∗
0 , u 

∗
0 , T 

∗
0 , μ

∗
0 , λ

∗
0 , c 

∗
p, 0 ,

∗
l, 0 

and m 

∗
d, 0 

refer to quantities evaluated at the inlet to the do- 

ain of Fig. 2 , D 

∗
0 

is the mixture-averaged diffusivity of the fuel 

apor at the inlet and p ∗0 is the isobaric system pressure. a ∗ is 

he global strain rate and τ ∗
f 

= 1 /a ∗ is the convective time scale. 

he characteristic length 	 ∗ scales with the nominal boundary layer 

hickness through the strain rate as 	 ∗ = (μ∗
0 /ρ

∗
0 a 

∗) 1 / 2 [25] . ˙ ω 

∗
0 = 

 ̇ ω 

∗
CO 

+ ˙ ω 

∗
CO 2 

+ ˙ ω 

∗
H 2 

+ ˙ ω 

∗
H 2 O 

) 0 is the maximum reaction rate of the 

rogress variable for a stoichiometric free flame with unburned 

emperature T ∗0 . τ
∗
d, 0 

= 

ρ∗
l, 0 

d ∗2 

0 

18 μ∗
0 

is the characteristic droplet relax- 

tion time, where the initial droplet diameter d ∗0 is evaluated from 

 

∗
d, 0 

= 

π
6 ρ

∗
l, 0 

d ∗3 

0 
. Additional reference quantities are the fluid do- 

ain length L ∗, solid domain thickness L ∗s , solid thermal diffusivity 
∗
s and liquid heat of vaporization K 

∗
v . 
3 
Denoting source terms arising from the spray phase as ˙ S , the 

overning equations in the gas phase are [21,26,27] : 

 t ρ + 2 ρV + ∂ x ( ρu ) = 

1 

St 
˙ S ρ, (2a) 

∂ t V + ρV 

2 + ρu∂ x V = ∂ x ( μ∂ x V ) − � + 

1 

St 
˙ S ρV , (2b) 

c p ∂ t T + ρc p u∂ x T = 

1 

Pr 
∂ x ( λ∂ x T ) + Da ˙ ω T + 

1 

St 
˙ S ρe , (2c) 

∂ t Y k + ρu∂ x Y k = 

1 

Sc 
∂ x ( ρD k ∂ x Y k ) + Da ˙ ω k + 

1 

St 
˙ S ρY k , (2d) 

here ˙ ω T = −∑ N s 
i =1 

h i ˙ ω i is the heat release rate arising from com- 

ustion chemistry in the N s -species chemical mechanism with each 

pecies having specific enthalpy h i , and Y k is the mass fraction 

f the k th species. Non-dimensional groups are defined as fol- 

ows: Stokes number St = τ ∗
d, 0 

/τ ∗
f 
; Prandtl number Pr = μ∗

0 
c ∗

p, 0 
/λ∗

0 
; 

chmidt number Sc = μ∗
0 /ρ

∗
0 D 

∗
0 ; and Damköhler number Da = 

˙  ∗
0 
/ρ∗

0 
a ∗ = τ ∗

f 
/τ ∗

c , where τ ∗
c = ρ∗

0 
/ ̇ ω 

∗
0 

is the characteristic chemical 

ime scale. In this formulation, the scaled radial pressure gradi- 

nt � is constant in space and the axial momentum equation is 

ot explicitly time-advanced [22] . The ideal gas equation of state 

s employed. 

Considering a multicontiuum (i.e., Eulerian-Eulerian) approach 

n non-dimensional form Xie et al. [21] , a dilute monodisperse 

pray phase in the same configuration as described above is gov- 

rned by the equations [21,27] : 

 t m d + u d ∂ x m d = 

1 

St 
˙ m d , (3a) 

 t u d + u d ∂ x u d = 

f 1 
St 

( u − u d ) 

τd 

, (3b) 

 t V d + V 

2 
d + u d ∂ x V d = 

f 1 
St 

( V − V d ) 

τd 

, (3c) 

 l ∂ t T d + c l u d ∂ x T d = 

1 

St 

(
˙ q d + 

1 

Ja 

˙ m d 

m d 

)
, (3d) 
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 t Z l + u d ∂ x Z l = 

1 

St 
Z l 

˙ m d 

m d 

, (3e) 

˙ 
 d = − Sh 

3 Sc 

m d 

τd 

H M 

, (3f) 

˙ 
 d = f 2 

Nu 

3 Pr 

c p 

τd 

( T − T d ) , (3g) 

here ˙ m d and ˙ q d are the droplet mass evaporation and heat trans- 

er rates, respectively, with ˙ m d < 0 indicating mass is lost by the 

pray and gained by the carrier gas. The non-dimensional groups 

u and Sh are the droplet Nusselt and Sherwood numbers, taken 

s 2 in this study, and f 1 is the Stokes drag correction [28] .

a = c ∗
p, 0 

T ∗
0 
/K 

∗
v is the Jakob number. A non-equilibrium Langmuir- 

nudsen model (model M7 in [28] ) is used to close the evaporative 

eat transfer correction f 2 and mass transfer potential H M 

. This 

vaporation model is well-validated across a range of droplet and 

arrier gas temperatures (see the detailed experimental compar- 

sons in [28] ) and employs a fully physics-based approach without 

ny arbitrary parameters to capture the transition in evaporation 

ate as unsaturated droplets reach saturation. An important feature 

f this model is that it ensures that the droplet temperature does 

ot exceed saturation in the presence of high-temperature gases, 

hich is a key consideration in the case of direct spray-flame in- 

eraction as will be considered in Section 4.1 . 

Source terms coupling the continua are [21,26,27] : 

˙ 
 ρ = −n l ˙ m d , (4a) 

˙ 
 ρV = −n l 

(
˙ m d + 

f 1 
τd 

m d 

)
( V − V d ) , (4b) 

˙ 
 ρe = −n l 

(
m d ˙ q d − ˙ m d 

(
c p, f ( T − T d ) + 

1 

Ja 

))
, (4c) 

˙ 
 ρY k = −n l ˙ m d δk,F , (4d) 

here c p,F is the fuel vapor heat capacity, n l = 

ρZ l 
m d 

is the droplet 

umber density, and δk,F is the Kronecker delta function, equal to 

nity when the k th species is identical to the fuel species. 

In this study, we consider one-way momentum coupling, and 

wo-way mass and energy coupling between gas and liquid phases. 

s will be discussed in the following section, we will consider u = 

 d and V = V d at the inlet. We thus approximate u = u d and V = V d 
hroughout the governing equations and consequently ˙ S ρV = 0 . The 

elocity difference arising from spray-gas slip can be approximated 

o first order as | u − u d | /u ∼ St [29] , and we will thus limit our

arametric study to consider St � 1 for all simulations. The droplet 

ime scale τd remains finite, since droplet diameter (and hence St ) 

s finite at the inlet. Consequently, droplets retain finite thermal in- 

rtia and vaporization times. This low- St approximation precludes 

mbiguities that arise in the modeling of direct spray-wall inter- 

ctions in an Eulerian-Eulerian formulation by ensuring that the 

roplets follow the gas-phase streamlines. However, this approxi- 

ation also has consequences in restricting complex flame struc- 

ures that have been observed when spray-gas slip is considered, 

uch as double flames [26] . 

Wall heat transfer is also considered in this study. Heat trans- 

er in the solid phase is modeled by the one-dimensional unsteady 

nergy equation 

 t T s = Fo ∂ 2 xx T s , (5) 

here T s is the solid temperature, Fo = τ ∗
f 
/τ ∗

s is the Fourier num- 

er and τ ∗
s = L ∗2 

s /α∗
s is the solid-phase thermal diffusion time scale. 
4 
.2. Finite-rate chemistry 

The chemical source terms in Eq. (2) are evaluated using finite- 

ate chemistry by employing a reduced chemical mechanism for 

 -dodecane/air combustion accounting for both low and high- 

emperature chemistry [30] . The reduced mechanism has 269 re- 

ctions and 54 species, of which 21 are quasi-steady-state (QSS) 

pecies identified using a level-of-importance criterion from the 

riginal skeletal mechanism [31] , which was developed from the 

SC-II detailed mechanism [32] and thoroughly validated in zero, 

ne and three dimensional settings. The reduced mechanism has 

een applied previously in simulations of HSI of wall-impinging 

uel sprays [13] . Further discussion of the present chemical mech- 

nism and its modeling of low-temperature chemistry is available 

n [33] . Compared to using a global one-step chemistry approach 

s has been considered in previous studies [7,8,11] , our choice of 

sing a well-validated mechanism derived from detailed chemistry 

llows for the analysis of minor species in Section 4.1 and lends 

reater confidence to the quantitative ignition results discussed in 

ection 4.1, 4.2 and 4.3 . 

.3. Numerical methods 

The governing equations are time-advanced using the implicit 

DE solver CVODE [34] . Coupling is achieved between the solid 

nd fluid phases throughout the course of the unsteady simula- 

ions by enforcing the fluid-phase wall heat flux ˙ q w 

= −(λ∂ x T ) w 

as 

 Neumann boundary condition in the solid phase, and the solid- 

hase wall temperature T w 

= (T s ) w 

as a Dirichlet boundary con- 

ition in the fluid phase, as suggested by Radenac et al. [35] . A 

nite-difference scheme is employed for spatial discretization, with 

econd-order central and first-order upwind stencils employed 

or the diffusive and convective operators, respectively. Chemi- 

al source terms are computed using the open-source combustion 

hemistry package Cantera [36] customized for use with reduced 

echanisms. 

. Physical configuration and parametrization 

The configuration considered in this study is motivated by the 

ocalized failure of a pressurized fuel line near a hot wall. A leak- 

ge flow is ejected from the failure point at a constant pressure 

nd mass flow rate. The leakage flow generates a secondary flow, 

nd the combined flow stagnates axisymmetrically at the hot wall. 

epending upon the conditions considered, this configuration can 

esult in the formation of an ignition kernel and subsequent flame 

ropagation. We model this configuration as an unsteady problem 

n one dimension, as shown in Fig. 2 . In the context of the liter-

ture, this configuration is most similar to that of Wehrfritz et al. 

37] , who also considered a wall-impinging n -dodecane flame in a 

ne-dimensional setting, but assumed a fully-premixed gaseous in- 

ow and employed a steady-state formulation motivated by flame- 

all interactions in internal combustion engines. 

The system under consideration is open to ambient condi- 

ions at a pressure of p ∗0 = 1 atm . The distance between the in-

et and the wall is L ∗ = 20 . 0 mm , and we consider strain rates of

 

∗ = [1 , 100] s −1 . We consider the gas and liquid-phase axial ve-

ocities at the inlet to the domain to be equilibrated as u ∗ = u ∗
d 
,

here u ∗0 = a ∗L ∗, and without radial inflow velocity gradients V ∗ =
 

∗
d 

= 0 s −1 . The liquid-phase mass flow rate can be parametrized 

y the inflow liquid-to-gas mass ratio Z l = Z l, 0 = [0 . 03 , 0 . 77] . We

ake the gas and liquid-phase inflow temperatures equal to that 

f the fuel line, T ∗ = T ∗
d 

= T ∗
0 

= 400 K . We model the leakage

ow as a monodisperse n -dodecane spray with an inflow diam- 

ter of d ∗ = d ∗0 = [8 , 346] μm . We limit the scope of our study to

 -dodecane/air combustion as it is a relevant neat surrogate for 
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Table 1 

Summary of dimensional reference quantities constrained by the physical configuration considered. 

L ∗ [ mm ] T ∗0 [ K ] p ∗ [ atm ] ρ∗
0 [ kg/m 

3 
] μ∗

0 [ Pa ·s ] c ∗p, 0 [ kJ / ( kg ·K )] λ∗
0 [ W / ( m ·K )] 

20 . 0 400 1 . 0 0.878 2 . 30 × 10 −5 1.02 3 . 29 × 10 −2 

D ∗0 [ m 

2 / s ] ˙ ω 

∗
0 [ kg/(m 

3 ·s) ] f st [ −] ρ∗
l, 0 

[ kg/m 

3 
] K ∗v [ kJ/K ] L ∗s [ mm ] α∗

s [ m 

2 /s ] 

8 . 66 × 10 −6 773.0 0.0671 669.4 256.2 3.0 3 . 8 × 10 −6 
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afety applications in diverse industries handling jet, diesel and 

ther kerosene-based fuels. For n -dodecane/air combustion, f st = 

 . 0671 . At these inflow conditions, liquid n -dodecane has den- 

ity ρ∗
l, 0 

= 669 . 4 kg / m 

3 and heat of vaporization K 

∗
v = 256 . 2 kJ / K .

he hot wall has a thickness L ∗s = 3 mm and constant material 

roperties corresponding to stainless steel, with thermal diffusiv- 

ty α∗
s = 3 . 8 × 10 −6 m 

2 / s , with isothermal exterior wall tempera- 

ure T ∗s = T ∗e = [110 0 , 130 0] K . The domain between the fuel line

nd the hot wall consists initially of quiescent air with a lin- 

ar temperature profile between the fuel line temperature T ∗0 and 

he interior wall temperature T ∗w 

, and between the wall interior 

nd wall exterior at T ∗e , with the interface temperature T ∗w 

com- 

uted dynamically as noted in Section 2.1 . The reference proper- 

ies ρ∗
0 = 0 . 878 kg / m 

3 , μ∗
0 = 2 . 30 × 10 −5 Pa ·s , c ∗p, 0 = 1 . 02 kJ / ( kg ·K ) ,

∗
0 

= 3 . 29 × 10 −2 W / ( m ·K ) , D 

∗
0 

= 8 . 66 × 10 −6 m 

2 / s are computed

sing the properties of air at temperature T ∗
0 

and pressure p ∗
0 
, and 

˙  ∗0 = 773 . 0 kg/(m 

3 ·s) using the definition given in Section 2.1 . The 

eference quantities constrained by the configuration considered 

re summarized in Table 1 . 

The following non-dimensional groups present in the govern- 

ng equations of Section 2.1 are readily evaluated from the ref- 

rence quantities: Pr = 0 . 72 , Sc = 3 . 03 , and Ja = 1 . 60 . The ranges

pecified for d ∗
0 
, a ∗, T ∗e and Z l, 0 result in the following ranges for

he non-dimensional quantities to be considered parametrically in 

his study: T e = [2 . 75 , 3 . 25] , φ0 = [0 . 5 , 11 . 5] , St = [0 . 001 , 0 . 3] and

a = [9 , 900] . Given the constraints considered, Fo ∼ Da and is 

hus not treated as an independent parameter of the problem. 

ince our study is motivated by safety applications, we seek to 

onsider broad ranges for the above-identified quantities as they 

re not known a-priori in the context of the failure of a pressur- 

zed fuel line. Hence, we consider St and Da over two orders of 

agnitude, as well as a range of fuel-lean and fuel-rich condi- 

ions. The Eulerian-Eulerian formulation employed in this study as- 

umes a small liquid mass fraction αl < 10 −3 . Since the liquid mass 

raction is expected to be maximum at the inlet, it follows that 

his limits the total inflow equivalence ratio to φ0 < αl 
ρl 
ρ

1 
f st 

≈ 11 . 5 .

iven that our focus is on ignition, we limit our study to T ∗e above

he empirical minimum for HSI of liquid n -dodecane of approxi- 

ately 950 K [13] . Considering heat transfer within the solid phase, 

o = [0 . 004 , 0 . 4] for the range of Da considered in this study. Tem-

erature changes within the solid are thus expected to be negligi- 

le over multiple convective time scales, i.e., T w 

≈ T e for time scales 

elevant to ignition. Heat transfer within the solid phase is retained 

n the formulation for generality. 

. Results 

.1. Ignition phenomenology 

Prior to performing a parametric study, we consider a single 

ase in order to describe the ignition phenomenology and demon- 

trate the variables we will use in the parametric analysis. The case 

onsidered has the following parameter values: T e = 3 . 25 , φ0 = 1 . 0 ,

t = 0 . 1 and Da = 124 . As noted in Section 1 , a number of igni-

ion criteria have been considered by other authors. In the present 

onfiguration, it is possible that initial exothermicity due to a 
5 
ow-temperature ignition is quenched without leading to a high- 

emperature ignition and subsequent flaming. To distinguish be- 

ween low and high-temperature ignition and focus on the latter 

ecause of its greater relevance to safety, we apply a temperature 

hreshold criterion [13] . We have found this to be more reliable 

han other criteria. We define the time and location of ignition 

s: 

 ign = argmin t 

∣∣∣max 
x 

(θ ) − θign 

∣∣∣, (6a) 

 ign = argmin x 

∣∣θ (x, t ign ) − θign 

∣∣, (6b) 

here θ (x, t) = (T − 1) / (T ad − 1) and T ad = 5 . 82 is the adiabatic

ame temperature evaluated for a stoichiometric mixture at T = 1 . 

ign was taken as 0.6 based on a sensitivity analysis of the igni- 

ion results for the configuration considered in this study. Using 

his criterion, ignition occurs at x ign = 1 . 26 and t ign = 1 . 89 for the

ase considered in this section. The time and location of ignition 

re shown by a star in Fig. 3 . In this case, 1 / Fo = 16 . 9 � t ign , and

ence the wall is effectively isothermal with T w 

≈ T e for time scales 

elevant to ignition and flame propagation. 

The development of the fluid dynamical structure is shown in 

ig. 3 a using the scaled radial velocity V . Beginning with initially 

uiescent conditions, the flow moves toward the wall at x = 0 . A 

elocity profile is established, with a viscous boundary layer near 

he wall. In the present non-dimensionalization, the thickness δ
f the viscous layer in a stagnation configuration can be approx- 

mated as δ ≈ 2 . 0 [25] , which is in reasonable agreement with the 

esults seen in the figure. The viscous layer is seen to reach its 

teady profile by approximately t = 1 , prior to ignition. A key ob- 

ervation is that ignition occurs within the boundary layer, i.e., 

> x ign . The subsequent flaming results in the rapid reduction of 

ost-flame density and thus an acceleration of the radial flow. 

Droplets are transported toward the wall by the gas-phase flow, 

s seen by the development of the local liquid equivalence ratio 

l = Z l / f st in Fig. 3 b. In Fig. 3 c showing T d , areas where φl < 0 . 1 

re grayed out, as T d is not a meaningful quantity where there is 

o spray. Since spray transport is purely convective, prior to igni- 

ion, the carrier gas temperature remains near the inlet tempera- 

ure T = 1 . The droplet temperature therefore remains near T d = 1

n most of the domain, with some reduction in droplet tempera- 

ure due to the latent heat of vaporization. However, at the leading 

dge of the spray front (shown in the figures as a dashed green 

ine), T d increases due to heat exchange with the carrier phase. 

evertheless, prior to ignition, droplet temperature remains below 

aturation in the diffusion-dominated evaporation regime. After ig- 

ition, interaction of the spray with the flame away from the wall 

esults in the rapid local increase of T d to the saturation tempera- 

ure for n -dodecane of T sat = 1 . 22 . Spray evaporation in this region

hus increases, resulting in rapid spray consumption, as seen from 

he post-ignition evolution of φl in Fig. 3 b. 

The thermo-chemical evolution of the gas phase is shown in 

ig. 3 d–g. As discussed in Section 3 , the temperature profile in the 

nitially quiescent gas phase is linear between the inlet and the 

all. Considering Fig. 3 e, this initial temperature profile evolves 

nto a thermal boundary layer due to the stagnating flow. Through 
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Fig. 3. HSI of a wall-impinging fuel spray. The intersection of the thin dashed lines at the star indicates the time and location of ignition. The dashed magenta line shows 

the location of the maximum fuel mass fraction x F , and the dashed green line shows the spray front. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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nteraction with the spray phase, the evaporating droplets produce 

uel vapor, shown in Fig. 3 d. At all times prior to ignition there

s a spatial location x = x F of maximum fuel vapor mass fraction, 

ndicated by the dashed magenta line. Considering again Fig. 3 b 

or the liquid equivalence ratio φl and comparing it to Y C 12 H 26 
, we 

ee that x F (dashed magenta line) closely follows the spray front 

dashed green line) across time. Although the case is globally sto- 
6 
chiometric, we find that the spray evaporation results in locally 

ean mixtures, even at x F . The spray evaporation also causes a lo- 

al reduction in gas temperature, resulting in a minimum temper- 

ture of approximately T = 0 . 99 , as has been observed in studies

f counterflow spray flames [21] . 

In considering Fig. 3 d, we find that x ign < x F (t ign ) ≈ 2 . 5 . Defin-

ng the gas-phase equivalence ratio at (x ign , t ign ) as φign = 

Z 
f st (1 −Z) 

, 
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Fig. 4. Unsteady temperature profiles in composition space, with equivalent val- 

ues of mixture fraction Z and equivalence ratio φ shown on the lower and upper 

horizontal axes, respectively. For each time shown, circles, crosses and squares in- 

dicate (Z| max (T ) , max (T )) , ( max (Z) , T | max (Z) ) , and (Z, T ) MRM respectively. The profile 

at t = 1 . 89 corresponds to t = t ign . The inset figure shows the time-evolution of the 

ignition delay for the most reactive mixture, t MRM . 
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Fig. 5. Wall heat flux Nusselt number Nu w , where the dashed line shows the time 

of ignition and the dash-dotted line indicates Nu w = 0 . 
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here Z is the Bilger mixture fraction [38] , we have φign = 0 . 22 ,

hereas at the same time instant the equivalence ratio at x F is 

F (t ign ) = 0 . 56 . The ignition kernel thus forms nearer to the wall

nd at a much leaner condition than that of x F . This can be under-

tood by considering the ignition process in gaseous composition 

pace, shown in Fig. 4 . At t = 0 . 93 , a full convective time scale has

ot yet elapsed and the fuel vapor formed by the incoming spray 

as thus not yet reached the wall. The maximum temperature in 

he domain occurs at Z| max (T ) = 0 . 0 , with max (T ) = T w 

, since suffi-

ient heat release has not yet occurred to raise the gas temperature 

eyond T w 

. At t = 1 . 57 , fuel vapor has reached the wall such that

| max (T ) > 0 . 0 , but the maximum temperature remains T w 

. By t =
 . 85 , sufficient heat release has occurred such that max (T ) > T w 

,

nd the ignition criterion is met at t = 1 . 89 . As has been discussed

n the literature in the context of both homogeneous reactors and 

igh-fidelity simulations [39,40] , the most reactive mixture compo- 

ition is a function of the mixture temperature. The most reactive 

ixture for high-temperature n -dodecane/air mixtures in particu- 

ar has been shown to be fuel-lean [40] . In the present case, both

emperature and composition profiles are developing in time due 

o the combined effects of convection and spray evaporation, and 

he most reactive mixture thus varies with time as well. For each 

nstantaneous Z − T profile, we can determine the most reactive 

ixture present in the domain (Z, T ) MRM 

by considering the mini- 

um homogeneous reactor ignition delay time among all mixtures 

ithin the profile, denoted t MRM 

. (Z, T ) MRM 

and t MRM 

are shown 

sing square symbols in the unsteady profiles and inset of Fig. 4 , 

espectively. The highest Z in the domain, denoted by the cross 

ymbols for each profile and which correspond to x F and φF , oc- 

urs at a relatively low temperature compared to T w 

in each pro- 

le. The most reactive mixture, however, occurs consistently on the 

upper’ branch, between (Z| max (T ) , max (T )) and ( max (Z) , T | max (Z) ) .

or a given Z, the high-temperature upper branch is consistently 

ore reactive than the lower branch. Since the upper branch cor- 

esponds to x < x F and φ < φF , ignition ultimately occurs nearer to 

he wall and at fuel-leaner conditions than x F and φF . This is a key 

nsight into the phenomenology of HSI of wall-impinging sprays, 

nd will be revisited in the parametric study of Section 4.3 . 

In Fig. 3 f, we employ the Takeno flame index ξ = ∇Y C 12 H 26 
·

Y O 2 [41] to identify premixed and non-premixed regions, as has 

een applied in previous studies of spray combustion [42,43] . Pos- 

tive and negative values of ξ respectively indicate premixed and 

on-premixed regions, and ξ ≈ 0 indicates regions with negligible 

uel and/or oxidizer gradients. The color map has been saturated 

o clearly identify the different regions. The figure shows that prior 
7 
o ignition, the location of maximum fuel mass fraction x F delin- 

ates a transition in the Takeno index, with x < x F corresponding 

o a premixed region, whereas x > x F is non-premixed. As was dis- 

ussed above, x ign < x F , and thus in the case considered, ignition 

nd initial flame propagation occur in a premixed region. 

Of the two flames resulting from ignition, the flame propagat- 

ng upstream produces fuel vapor through increased spray evapo- 

ation due to its interaction with the spray phase, as was shown in 

ig. 3 b. The upstream flame continues to react exothermically and 

ventually stabilizes near the inlet, as seen from the OH mass frac- 

ion in Fig. 3 g. By contrast, the flame propagating toward the wall 

s exposed to yet fuel-leaner mixtures, with no spray available for 

vaporation. This flame therefore rapidly quenches on the wall, as 

een from the sudden reduction in OH mass fraction near the wall. 

he system ultimately reaches a steady-state with the flame stabi- 

ized near the inlet at t ≈ 3 . 

A key consideration for safety analysis is the wall heat flux im- 

arted by an ignition event. We consider wall heat flux through 

he wall Nusselt number in Fig. 5 , computed as 

u w 

= 

( ∂ x T ) w 

( T w 

− 1 ) /L 
, (7) 

here Nu w 

> 0 indicates heat flux from the fluid into the wall. Ini- 

ially Nu w 

= −1 , since the initial temperature profile is linear and 

he gas phase is initially quiescent, as discussed in Section 3 . Con- 

ection results in Nu w 

becoming more negative. As ignition is ap- 

roached, Nu w 

changes sign, as seen from the blue line crossing 

he dash-dotted gray line at Nu w 

= 0 . Shortly after ignition at t ign ,

hown by the dashed black line, Nu w 

reaches a maximum as the 

ownstream-propagating flame quenches on the wall in the man- 

er discussed above. Similar temporal variation in wall heat flux 

fter HSI was demonstrated in high-fidelity simulations [13] . Here, 

e can clearly identify the wall heat flux behavior as resulting 

rom head-on quenching [44] . As was shown above, the region 0 < 

 < x F is identified as premixed using the flame index, and further- 

ore it was found that x ign < x F . We thus conclude that the wall-

mpinging fuel spray results in the formation of a region of pre- 

ixed fuel vapor inside the thermal boundary layer corresponding 

o the most reactive mixture in the domain. The ensuing ignition 

n this region produces two flames, the downstream-propagating 

f which quenches on the wall, producing a peak in the wall heat 

ux. Nu w 

subsequently remains positive as the high temperature 

ombustion products generated by the upstream flame are con- 

ected toward the wall. 

.2. Parameter importance ranking 

The key interest of this work is in analyzing the parametric de- 

endencies of ignition behavior, and furthermore in verifying and 
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Fig. 6. Permutation importances for the ignition classifier, with mean values shown 

by the dashed black lines. 

Table 2 

Feature importance rankings for all output variables considered. Mean permutation 

importances are shown in parentheses, indicative of the change in model accuracy 

for an output variable when a given feature is shuffled. 

log 10 ( Da ) log 10 ( St ) T e φ0 

Ignition 1 (0.23) 4 (0.03) 3 (0.15) 2 (0.16) 

t ign 1 (1.15) 4 (0.09) 3 (0.17) 2 (0.51) 

x ign 1 (1.60) 4 (0.01) 2 (0.73) 3 (0.04) 

φign 2 (0.85) 4 ( < 10 −3 ) 1 (1.45) 3 (0.30) 
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uantifying the parameters identified empirically in Section 1 as 

ritical in controlling HSI. We proceed by quantifying the paramet- 

ic dependencies of the HSI event on the system parameters iden- 

ified in Section 3 in order to identify the most important relation- 

hips. We do so by employing a data analysis method, namely the 

ermutation importances of random forest classifiers/regressors 

45] . Random forests have recently been applied successfully to 

roblems in data-assisted combustion modeling [46] and other ap- 

lications. Here, we consider random forests due to their inter- 

retability when considered in the context of permutation impor- 

ances. This involves the training of a random forest model for 

ach output variable and then considering the change in model 

core caused by the shuffling (i.e. permutation) of feature values 

n the test set. The mean permutation importance of a feature for 

 particular output variable is the average decrease in model score 

hen that feature is randomly shuffled. The relative magnitude of 

he mean permutation importance is thus a measure of the impor- 

ance of a given feature in determining the output, allowing the 

eatures to be ranked in order of importance for each output, so 

ong as the features are statistically independent. We consider the 

ystem parameters T e , φ0 , log ( St ) and log ( Da ) in the ranges noted

n Section 3 as features , and simulation results for t ign , φign and 

 ign as well as whether ignition occurred as outputs , with the lat- 

er output a Boolean value to be classified , and all others real val-

ed quantities to be regressed . We define the ignition limit to be 

he boundary of a Boolean variable in parametric space between 

arameter values resulting in ignition, i.e. ‘igniting’, and those that 

o not, i.e. ‘non-igniting’. In each simulation, the same criterion 

iscussed in Section 4.1 is used to identify ignition. A case was 

etermined to be non-igniting if it did not achieve the ignition 

riterion by t ∗ = 3 . 0 s , which was 30% larger than the largest t ∗
ign 

bserved in this study. A dimensional criterion was used to en- 

ure consistency across simulations, since non-dimensional time is 

ffected by a given case’s parameters through the inflow velocity. 

he features are independent by construction, as per the problem 

arametrization of Section 3 . The use of the logarithms of St and 

a results in an improvement in model accuracy by reducing data 

parsity since these parameters vary across two orders of magni- 

ude, but the feature importance rankings were found to be robust 

o this choice. The model score is evaluated for classification us- 

ng model accuracy, i.e., the fraction of correct predictions, and for 

egression using the coefficient of determination. Since the coeffi- 

ient of determination can be negative, permutation importances 

an be greater than unity for regressors. 

Prior to evaluating the relative feature importances, random 

orests were trained and tested to ensure their predictive accuracy. 

he ignition feature classifier was trained and tested on the full 

ata set of 925 simulations, and the regressors for t ign , φign and 

 ign were trained and tested on the igniting subset of 4 4 4 simu- 

ations. We employed an 80% / 20% split between training and test 

ata for all outputs and considered random forests with 100 trees. 

raining set accuracy for all random forests was greater than 95% , 

nd test set accuracy was greater than 90% . 

The results of the permutation importance analysis of the igni- 

ion classifier are shown as a box-and-whiskers plot in Fig. 6 . Since 

e are interested in the most important parametric relationships, 

e rank the features in order of importance using the mean per- 

utation importance values, shown as dashed black lines in the 

gure. However, the figure shows that there is substantial variation 

bout the mean value. This is a consequence of the non-linearity of 

he problem considered, in that the quantitative effect of a given 

arameter on an output variable is dependent on the value of that 

nd all other parameters, thus yielding a range of permutation im- 

ortances. The feature importance rankings resulting from the per- 

utation importance analysis of all output variables are summa- 

ized in Table 2 . The rankings are based on the mean permutation 
8 
mportance values, which are also provided. Although the rankings 

ere found to be robust to statistical variation emanating from the 

andom selection of the training and test sets, the mean permu- 

ation importance values themselves exhibit some variation due to 

he smallness (by machine learning standards) of the data set used. 

or t ign , x ign and ignition classification, Da is found to be the most 

mportant parameter, substantially so for the former two quanti- 

ies. By contrast, St is ranked last for all outputs and only has a 

ignificant effect on t ign and ignition classification, with almost no 

ffect on x ign and φign . A greater importance would be expected 

or St if droplets were not prescribed to follow gas-phase stream- 

ines, as noted in Section 2.1 , since the present formulation pre- 

ludes complex behaviors associated with spray-gas slip observed 

n counterflow configurations [26,47] . Although φ0 is ranked sec- 

nd or third for all outputs, it has little quantitative effect on x ign 

hen its mean permutation importance is compared to those for 

a and T e . We also see that unlike all other outputs, the most im- 

ortant parameter determining φign is by far T e , followed by Da , 

ith φ0 having little quantitative importance. 

The parameter importance rankings indicate the leading re- 

ationships present in the highly-coupled non-linear system in 

 quantitative and statistically robust manner for the parameter 

anges considered. Motivated by the observed parameter impor- 

ances, the following section considers a number of relationships 

etween system parameters and ignition behavior through physi- 

al analysis. 

.3. Parametric analysis 

As was noted in Section 1 , previous experimental studies have 

nvestigated parametric dependencies and ‘idealness’ of HSI behav- 

or for wall-impinging sprays, but did not do so systematically in 

he present canonical configuration. Theoretical studies [7,8] have 

ndeed considered the parametric dependencies systematically, but 

ere limited to qualitative analyses due to the assumptions re- 

uired for analytical tractability, and focused only on the ignition 

imit due to the quasi-steady formulation employed. Here, we con- 

ider the effects of the independent non-dimensional parameters 

dentified in Section 3 on the ignition limit, as well as the time, lo- 

ation and local composition of ignition using unsteady numerical 
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Fig. 7. Parametric ignition results for St = 0 . 1 . Left column: Da = 70 , right column: Da = 35 . Gray indicates non-igniting conditions, and the dashed magenta line indicates 

φ0 = 1 . 

s

a

l  

I

t

p

t

c

f

T  

s

m

c

u  

s  

p

d

H

t

s

d

T

d

b

T

i

f

s

r

t

a

p

i

b

b

s

t

imulations. We do so in order to analyze parametric dependencies 

nd to quantify the notion of ‘ideality’ of conditions for HSI. 

We consider first the results for constant St in Fig. 7 , with the 

eft column showing results for Da = 70 and the right for Da = 35 .

n all panels, the extent of the colored contours indicates the igni- 

ion limit, with the gray areas not resulting in ignition. By com- 

aring the results for the different Damköhler numbers, we see 

hat the reduction of Da by a factor of two results in a signifi- 

ant contraction of the ignition limit toward high temperatures and 

uel-rich inflow conditions. At Da = 35 , ignition is only achieved at 

 e > 3 . 0 , even for the richest φ0 considered. Fuel-lean and near-

toichiometric inflow conditions also become non-igniting, with a 

inimum φ0 for ignition of approximately 1.8. This behavior is in 

lose agreement with the qualitative regime diagram for HSI of liq- 

id fuels of Colwell and Reza [1] shown in Fig. 1 . Across all igniting

imulations considered in this study, | T w 

− T e | < 0 . 01 . Thus, for the

urpose of comparison to the figure, T w 

≈ T e , as expected from the 

iscussion in Section 3 . 

Figure 1 shows that less ‘ideal’ conditions result in the limit for 

SI shifting to fuel-richer conditions and higher surface tempera- 
9 
ures, with increasingly less ‘ideal’ conditions yielding a more re- 

tricted regime of parameters resulting in HSI. In Fig. 7 , we have 

emonstrated this phenomenon through simulations for φ0 < 11 . 5 . 

he key parameter for quantifying the notion of ‘idealness’ of con- 

itions for HSI at a given φ0 and T e is thus Da , as is supported 

y the permutation importance rankings for the ignition limit in 

able 2 , where Da was shown to be the most important parameter 

n determining ignition. This is supported by the ignition literature 

or counterflow flames, where it is well-established that for con- 

tant thermo-chemical conditions in the inflow streams, the strain 

ate (parametrized here by Da ) is the key parameter determining 

he boundary between autoignition and extinction (e.g., [4 8,4 9] ) 

nd influencing the development of the ignition kernel [50] . The 

resent configuration has a further parameter, St , whose effect on 

gnition and ‘idealness’ will be discussed in the context of Fig. 8 

elow. 

The parametric variation of t ign is demonstrated in Fig. 7 a. For 

oth Da considered, t ign is shortest at high T e , as expected on ba- 

ic thermo-chemical grounds, but also at highly fuel-rich condi- 

ions. The ignition delay increases rapidly as the ignition limit is 
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Fig. 8. Parametric ignition results. Left column: ignition results for φ0 = 3 . 0 ; St = 0 . 01 (�) , St = 0 . 1 (+) . Right column: Ignition results for St = 0 . 01 ; φ0 = 0 . 7 (� ) , φ0 = 3 . 0 (�) . 

T e = 2 . 75 , T e = 3 . 0 , T e = 3 . 25 . 
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pproached, as is also the case in autoigniting counterflow flames 

49] . It is noteworthy that, although the homogeneous reactor igni- 

ion delay time varies by more than an order of magnitude across 

he temperature range considered [13] , the HSI delay time varies 

y less than a factor of three at constant Da . Furthermore, the de- 

rease in t ign with increasing φ0 cannot be immediately explained 

rom the reduction in homogeneous reactor ignition delay time, as 

he ignition kernel does not form at the same composition as the 

nlet. In fact, from Fig. 7 b, it is evident that the inlet composition

as little effect on the ignition kernel composition, being deter- 

ined by T e and Da . Similarly, at Da = 70 the location of ignition 

ernel formation is found to be insensitive to φ0 and is determined 

rimarily by T e , as confirmed by the permutation importance rank- 

ngs of Table 2 . At constant Da and φ0 , the dependence on T e can

e understood by considering the role of the thermal boundary 

ayer on the ignition process, as noted in Section 4.1 . Absent any 

eat release and at a constant Da (and thus a constant strain rate), 

t higher T e the highest fluid temperatures will extend further 

way from the wall. It would thus be expected that ignition would 
10 
lso occur at an increased distance from the wall, since we are us- 

ng a temperature-based ignition criterion. In Section 4.1 we noted 

hat in the present non-dimensional formulation, the boundary- 

ayer thickness is approximately constant at δ ≈ 2 . 0 , and is thus 

ot expected to vary with Da . However, at Da = 35 and plotting on 

he same color scale, it is evident that for constant T e and φ0 , x ign 

s substantially reduced relative to the higher Da results. We will 

iscuss this in greater detail in the context of Fig. 8 c. The relative

ariation in x ign at the lower Da condition is also diminished, with 

 difference between the maximum and minimum values for x ign 

n the Da = 35 panel of Fig. 7 c of only approximately 20% , whereas

he variation in the Da = 70 panel is greater than a factor of two. 

In Fig. 8 we plot results from a limited number of simulations 

hat resulted in ignition in parametric ranges that are illustrative 

f some of the effects discussed above. The sensitivity of t ign to φ0 

s seen in the right panel of Fig. 8 a. A reduction of φ0 from 3.0 to

.7 is seen to result in an increase in t ign by approximately a factor 

f two, as well as a contraction of the ignition limit toward larger 

a , as was also demonstrated in Fig. 7 . The left panel of Fig. 8 a
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learly shows the increase in t ign with decreasing Da as the ignition 

imit is approached. Similar behavior was observed and discussed 

n the context of Fig. 7 a when the ignition limit was approached 

t constant Da through variation in φ0 and T e . The effect of St on 

 ign and on the ignition limit can be seen from the left panel of 

ig. 8 a. Larger values of St result in a contraction of the ignition 

imit to larger Da , and moderately larger t ign near the ignition limit. 

f note, however, is that the order of magnitude variation in St 

esults in virtually no change in t ign at higher Da away from the 

gnition limit. In the present formulation which assumes droplets 

ollow gas-phase streamlines, ignition behavior has low sensitivity 

o initial droplet diameter. Variation in St is found to be primarily 

f importance at low Da near the ignition limit. In particular, an 

ncreased value of St results in less ‘ideal’ conditions for HSI in the 

ontext of Fig. 1 , though its effect is quantitatively less important 

han that of Da , as shown in Table 2 . Consideration of spray-gas 

lip would likely increase the importance of St for HSI and lead to 

ore complex behavior, as discussed in Sections 2.1, 4.2 . 

If the processes leading to HSI of the impinging fuel sprays con- 

idered were linearly coupled, then t ign could be estimated as t est 
ign 

≈
 + τ ∗

e /τ
∗
f 

+ τ ∗
0 D 

/τ ∗
f 
, i.e., the sum of convective, evaporative and ig- 

ition non-dimensional time scales. Here, τ ∗
e is a characteristic 

roplet evaporation time and τ ∗
0 D 

is the ignition delay time of a ho- 

ogeneous adiabatic isobaric reactor at φ = φ0 and T ∗u = T ∗w 

≈ T ∗e . 
or the range of T e and Da considered in this study, τ ∗

0 D /τ
∗
f 
� 0 . 1 .

e can define an evaporation Damköhler number Da e = τ ∗
f 
/τ ∗

e , and 

se the definition of St to obtain Da e = 

1 

St 

τ ∗
d, 0 
τ ∗

e 
. From Eq. (3f) , we 

an approximate τ ∗
e ∼ 3 Sc 

Sh 

τ ∗
d, 0 

H M 
, from which it follows that Da e ∼ 1 

St 
nd that Da e is independent of Da . This shows that the choice of 

t � 1 directly affects how close to the wall the spray will reach 

rior to fully evaporating. Since τ ∗
e /τ

∗
f 

= 1 / Da e ∼ St , for constant 

t , T e and φ0 , linear coupling would result in a near-constant t est 
ign 

ith respect to Da . The up to four-fold increase in t ign observed in 

he range of Da considered in Fig. 8 a and its commensurately high 

ermutation importance is thus evidence of the highly non-linear 

oupling of the multiphase physics in the present configuration. 

Figure 8 b demonstrates the parametric behavior of φign and 

hows that the ignition kernel composition is nearly independent 

f both St and φ0 . Both parameters have permutation importances 

ubstantially lower than Da and T e . This is an interesting result, 

ince φ0 determines the total fuel availability and St directly af- 

ects the rate at which liquid fuel is converted to vapor and de- 

osited in the gas phase. The figure also shows that φign is nearly 

ndependent of Da . It remains at a constant fuel-lean value until 

he ignition limit is approached, where it increases substantially, 

s was also seen in Fig. 7 c. 

In analyzing results for all cases in which ignition occurred, we 

nd that 0 . 04 < x ign /x F < 0 . 76 . This key aspect of the ignition phe-

omenology discussed in Section 4.1 is thus found to be consistent 

cross the entirety of the parameter range considered, namely that 

gnition occurs at locations x ign < x F and compositions φign < φF . 

urthermore, we find that x F consistently delineates an upstream 

on-premixed region from a premixed region between x F and the 

all. Initial flame kernel formation and propagation is found to oc- 

ur consistently in the latter region, which was explained through 

onsideration of the most reactive mixture in the context of Fig. 4 . 

We find in Fig. 8 c that x ign is nearly independent of φ0 , except

t the highest Da considered where a reduction in φ0 is found to 

esult in a moderate increase in x ign . In a dimensional setting, an 

ncrease in strain rate would be expected to cause ignition ker- 

els to form nearer to the wall, with the first-order effect of in- 

reased strain being the reduction of the boundary layer thickness 

ithin which ignition kernels have been shown to form. In the 

resent non-dimensional formulation, this first-order effect is ac- 
11 
ounted for, resulting in δ ≈ 2 . 0 as noted above. However, as was 

lso seen in Fig. 7 c, x ign is still found to vary substantially with Da .

n Fig. 8 c, we show the estimated steady-state thermal boundary- 

ayer thickness δT ≈ 2 . 0 Pr 0 . 4 using a black dashed line, as de- 

ived for non-reacting, constant property flows [25] . An estimate 

f non-dimensional laminar flame thickness is made by consider- 

ng a laminar premixed flame with T ∗u = T ∗
0 

and φ = 1 . 0 and com-

uting δ∗
F ≈ (T ∗

ad 
− T ∗0 ) / max (∂ T ∗/∂ x ∗) [51] . The non-dimensional

hickness δF = δ∗
F 
/	 ∗ is shown in the figure using a black dash- 

otted line. At high Da , ignition kernel formation is seen to oc- 

ur near the edge of the thermal boundary layer, particularly for 

igher values of T e . However, at lower Da and up to the ignition 

imit, x ign reduces and is seen to approach a value near δF . We 

hus find in the present case that ignition kernels, which consis- 

ently form in a premixed region, do not form closer to the wall 

han the order of the flame thickness, with lower Da instead ul- 

imately resulting in the system becoming non-igniting. Consid- 

ring the flame-wall interaction literature for head-on quenching 

remixed laminar flames propagating into isothermal walls, these 

ave been shown to quench at Pe δF 
∼ 1 [52,53] with Pe δF 

≡ x/δF 

s a quenching Peclet number, indicating that for isothermal walls 

ames cannot propagate closer than the order of the laminar flame 

hickness. We find, therefore, that only in the low- Da regime near 

he ignition limit does the location of ignition kernel formation in 

SI exhibit similar behavior to that of the quenching distance in 

 head-on quenching configuration; in the high- Da regime, it con- 

orms more closely to the thermal boundary layer, and there exists 

 transition region between these regimes for intermediate values 

f Da . 

.4. Comparison to theory 

It was noted in Section 1 that the problem of HSI has been 

tudied theoretically using matched-asymptotic analysis. Here, we 

onsider the ignition criterion of Kats and Greenberg [7] for a two- 

hase stagnating flow and compare it to the simulation results of 

his study. Since it is derived from the steady-state equations, this 

heoretical criterion cannot provide information regarding t ign or 

ther unsteady behavior, but does provide a prediction of the para- 

etric dependencies of the ignition limit. The nature of the dis- 

ussion in this section is restricted to being qualitative [8] due to 

he number of simplifying assumptions made in the development 

f the theoretical criterion in order to maintain an analytically 

ractable formulation that are not made in the numerical simula- 

ions, including the use of one-step global Arrhenius chemistry and 

 constant droplet evaporation rate. In producing the theoretical 

esults, we consider an activation energy of E ∗a = 2 . 0 × 10 5 J / mol

nd a pre-exponential constant of A 

∗ = 1 . 0 × 10 10 s −1 to approxi- 

ate the behavior of large alkanes undergoing stoichiometric com- 

ustion at atmospheric pressure [54] . 

We noted in Section 4.1 that we can approximate a character- 

stic droplet evaporation time from Eq. (3f) as τ ∗
e ∼ 3 Sc 

Sh 

τ ∗
d, 0 

H M 
. Ap- 

roximating the evaporation rate as C ∗ ∼ 1 /τ ∗
e , we can express 

he evaporation Damköhler number introduced in Section 4.3 as 

a e = τ ∗
f 
/τ ∗

e ∼ C ∗/a ∗. Since we showed previously that Da e ∼ 1 / St , 

he effect of the parametric variation of St on the ignition limit in 

he present study can thus be compared to the inverse variation 

n Da e in the theoretical criterion. We show that this is indeed 

he case in Fig. 9 . For a constant φ0 and St , both the simulation

esults and theoretical criterion yield a near-linear ignition limit 

hen plotted on log-linear axes for the parameter ranges shown. 

he simulation results show that an increase in St results in a con- 

raction of the ignition limit, as discussed in Section 4.3 . The the- 

retical criterion predicts that a reduction in Da e also results in 

 contraction of the ignition limit. This is in agreement with the 
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Fig. 9. Qualitative comparison of ignition limit parametric dependencies for φ0 = 

1 . 0 . Solid lines: present numerical study, St = 0 . 01 , St = 0 . 1 ; dashed lines: 

solution of the theoretical criterion of Kats and Greenberg [7] , Da e = 2 . 0 , Da e = 

4 . 0 . 
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oregoing analysis, since within the approximations of the theoreti- 

al criterion, a reduction in Da e is proportional to an increase in St . 

he relationship between Da e in the theoretical criterion and St in 

he simulations is not quantitative, however, since in the theoreti- 

al formulation Da e enforces a constant evaporation rate through- 

ut the domain. By contrast, St is defined based on the inflow con- 

ition in the simulations, but droplet diameters, temperatures and 

vaporation rates (and thus local Stokes numbers) are allowed to 

ary across time and space to conform to the gas phase. Thus, al- 

hough a reduction in Da e is expected to have the same qualita- 

ive effect on the theoretical ignition limit as that of an increase 

n St on the numerically-obtained limit, the magnitudes of these 

hanges are not quantitatively comparable, as seen in Fig. 9 . 

The qualitative agreement between the theoretical and numer- 

cal models indicates that within the parameter ranges consid- 

red, the assumptions used to derive the theoretical criterion are 

easonable and preserve many of the key parametric dependen- 

ies of the ignition limit. This lends credence to the use of such 

echniques for the analysis of limit phenomena in spray combus- 

ion and for developing an understanding of the underlying phys- 

cal processes. However, even within the limits of a qualitative 

omparison, a steady-state theoretical formulation cannot recover 

mportant information regarding unsteady behavior, including the 

gnition delay time, location and local composition discussed in 

ection 4.1,4.3 , for which the present unsteady numerical formu- 

ation employing detailed models for chemistry and evaporation is 

eeded. 

. Conclusions 

HSI of a wall-impinging fuel spray was analyzed using an un- 

teady one-dimensional formulation. The chemical source terms 

ere modeled using finite-rate chemistry with a realistic chemical 

echanism for n -dodecane/air combustion and spray evaporation 

as considered using a non-equilibrium model. The present study 

emonstrates the system dynamics leading to ignition, recovers 

patio-temporal and chemical details of ignition kernel formation 

nd precludes ambiguities due to possible solution bifurcations 

hich arise in steady-state formulations. The configuration consid- 

red is relevant to the safety of industrial systems, namely that of 

he accidental leakage of a pressurized fuel line near a hot sur- 

ace. Through non-dimensionalization of the governing equations, 

e identified the following key controlling parameters: Damköhler 

umber based on the global strain rate, wall temperature, inflow 

tokes number, and inflow total equivalence ratio. 

By analyzing the phenomenology of the unsteady processes 

eading to ignition in the present configuration, we showed that 
12 
pray evaporation resulted in the formation of non-premixed and 

remixed regions within the domain, identified using the Takeno 

ndex. We found that ignition occurred in the high-temperature 

egion near the wall, at a location 0 < x ign < x F and composi-

ion φign < φF , corresponding to a premixed region. Our analysis 

howed that the location and composition at which ignition oc- 

urred were due to the most reactive mixture lying at all times 

rior to ignition at a location x < x F because of the combined ef- 

ects of convection and spray evaporation. We found that the tem- 

oral peak in the wall heat flux resulted from the quenching of a 

ownsteam-propagating flame after ignition. Another flame simul- 

aneously propagated upstream into the fuel spray, resulting in sat- 

rated droplet temperatures and increased evaporation rates which 

ustained the flame. 

The importance of the non-dimensional parameters considered 

n determining the ignition limit, t ign , x ign and φign was shown 

uantitatively by analyzing the permutation importances obtained 

rom random forest classifiers and regressors trained on the sim- 

lation data. It was found that the ignition limit contracted and 

hifted toward richer φ0 and higher T e at lower Da . Although re- 

uction of St by an order of magnitude only resulted in a small 

xpansion of the limit, this result is influenced by the present for- 

ulation’s assumption that droplets follow gas-phase streamlines; 

his assumption should be relaxed and its implications considered 

n future studies. The ignition kernel composition was found to be 

early independent of the inlet composition, and was determined 

rimarily by T e . We also showed that x ign was bounded by the ex- 

ent of the thermal boundary-layer thickness δT , reaching a near- 

onstant minimum value on the order of the premixed flame thick- 

ess at low Da near the ignition limit. In comparing our results to 

he qualitative HSI regime diagram proposed in the experimental 

iterature, we quantified the notion of ‘ideality’ of conditions for 

SI of wall-impinging fuel sprays across broad ranges of the con- 

rolling parameters. 

We compared the results of the present study for the para- 

etric behavior of the ignition limit to those of a recent matched 

symptotic study. Qualitative agreement was achieved for the para- 

etric dependence of the ignition limit on Da and T e , and the ef- 

ect of St was shown to be reasonably approximated by an evapo- 

ation Damköhler number. The comparison highlighted the impor- 

ance of the present numerical simulations to study the unsteady 

ynamics and the details of the HSI process. The code developed 

nd used in this study is publicly available through our GitHub 

epository: https://github.com/IhmeGroup/sprayHSI 
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