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Abstract

Wall-stagnating spray flames are of importance in a number of engineering applications, including accidental
leakage of liquid fuel from pressurized fuel lines as well as in direct-injected compression and spark-ignition
engines. The wall heat flux generated by such flames is an important consideration in the design and analysis
of affected components. To identify and analyze the key parametric dependencies of the flame structure
and wall heat flux, we carry out one-dimensional simulations of wall-stagnating spray flames employing an
Eulerian-Eulerian formulation and a realistic 54-species chemical mechanism for n-dodecane/air combustion.
Conjugate heat transfer is accounted for by considering a finite-thickness wall. We find that the configuration
permits three distinct flame structures, namely wall-stabilized, detached, and injector-stabilized flames. Since
the near-wall flame structure determines the wall heat flux, the parameter space is explored to identify points
of flame structure transition. We show that the Stokes number and the liquid mass loading play a key role in
controlling the transition in the flame structure and its non-linear coupling to the wall heat flux, the former
parameter by controlling the droplet evaporation time and the latter by affecting the amount of fuel able to
penetrate the flame. The wall boundary temperature has a direct effect on the wall heat flux, and we show
that it exhibits hysteresis in flame structure transition, with an associated change in wall heat flux of up to 30
percent.

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

The structure and associated wall heat flux of
stagnating spray flames is of importance to design
and analysis in a variety of engineering contexts in-
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volving liquid fuels. In many industries, the supply
of liquid fuel via pressurized lines near components
at elevated temperatures is a safety concern, since
a small fuel leakage can impinge on a nearby hot
surface. The risk of a fuel leakage event resulting
in ignition has thus received significant attention
[1,2]. However, once ignition occurs, the relevant
quantity of interest is the wall heat flux imparted by
the flame to the wall and sustained over long time
scales, as this has consequences for the structural
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integrity and operability of adjacent components.
A related problem exists in direct-injected internal
combustion engines, where the wall heat flux asso-
ciated with the interaction of the spray flame with
the cylinder liner (or piston bowl) has a significant
effect on pollutant formation [3,4].

Flame-wall interaction is a topic of consider-
able scientific inquiry [5] and has been studied in
the head-on quenching (HOQ) configuration us-
ing gas-phase wall-stagnating flames [6]. A number
of results from this gas-phase literature are rele-
vant to the present study of wall-stagnating spray
flames. Specifically, detailed experimental studies
of premixed methane/air flames by Mann et al.
[7] demonstrated that wall-stagnating flames were
largely planar and exhibited little radial variation
in either temperature or species profiles, nor conse-
quently in wall heat flux. A recent numerical study
of HOQ of a methane/air mixture by Luo et al.
[6] showed that increased strain rate and wall tem-
perature increased and diminished wall heat flux,
respectively. Wehrfritz et al. [4] performed a nu-
merical study considering parametric variations of
equivalence ratio and strain rate in a prevaporized
n-dodecane/air wall-stagnating flame. The authors
showed that the wall heat flux reached a maximum
at near-stoichiometric conditions and strain rates
close to the extinction limit.

Although spray combustion is less often stud-
ied in the wall-stagnating configuration, extensive
studies in the counterflow configuration, where the
fuel spray is carried by air in one stream against
an opposing air stream, have demonstrated a rich
variety of flame characteristics [8]. Two distinct
flames have been shown to form for sufficiently
large droplets [9]. Specifically, large droplets pen-
etrate the partially premixed ‘fuel-side’ flame and
continue vaporizing in the hot product gases, form-
ing an ‘oxidizer-side’ diffusion flame where the fuel
vapor meets the air of the opposing stream. Spray-
flame interaction, i.e., the simultaneous effects of
fuel vapor addition and sensible enthalpy reduc-
tion on combustion chemistry due to spray evap-
oration, have been shown to result in a number
of different flame structures [10]. Flame structures
have been shown to exhibit bifurcations through
both laminar one-dimensional [11] and turbulent
three-dimensional [12] studies.

The steady counterflow spray flame literature
has shown that spray evaporation and spray-flame
interaction have a first-order effect on the flame
structure [10]. Since the near-wall flame structure
ultimately determines the wall heat flux, assum-
ing the spray to be prevaporized as has been pre-
viously considered [4] neglects important features
of the flame. The present study addresses this gap
in the literature by performing simulations of wall-
stagnating spray flames using realistic models for
spray evaporation and combustion chemistry as
well as the consideration of conjugate heat trans-
fer in a finite-thickness wall, identifying key para-

metric dependencies of wall heat flux and analyz-
ing these dependencies in the context of the spray
flame structure. To this end, we consider a one-
dimensional multiphase stagnation flame coupled
to a conjugate heat transfer solver. The problem
configuration and mathematical formulation are
discussed in Section 2. Wall-stagnating spray flame
simulation results are presented and discussed in
Section 3. The manuscript closes with conclusions
in Section 4.

2. Methodology

The configuration considered is that of a lami-
nar, wall-stagnating multiphase flow at ambient at-
mospheric pressure, shown in Fig. 1. Steady-state
conditions are considered, as this is most relevant
for the long time scales the aviation industry con-
siders for component damage due to direct inter-
action with a flame [13]. We employ n-dodecane as
a neat surrogate for kerosene-based fuels. Air and
n-dodecane droplets have equal initial axial veloc-
ity u* = u}, scaled radial velocity V'* = V = 0 and
temperature 7* = T/, where asterisks indicate di-
mensional quantities and the subscript d refers to
liquid-phase quantities, respectively. The spray is
modeled as monodisperse. Droplets have an initial
mass n1; and are injected with a liquid-to-air mass
ratio Z;. The multiphase flow is convected a dis-
tance L* from an injector toward a wall with in-
terface temperature 7* = T,* = T.*, where the sub-
scripts s and w refer to solid-phase quantities and
quantities evaluated at the fluid-solid interface, re-
spectively. As in previous studies of wall-stagnating
flames [4.6], the wall is taken as chemically inert.
The wall has finite thickness L} and external tem-
perature 7, = T".

We model the gaseous phase by considering
mass, momentum, energy and species conservation
equations for chemically reacting flows in axisym-
metric cylindrical coordinates along the (x, r = 0)
axis, applying conventional assumptions for stag-
nation flows [9,14]. We consider a multicontin-
uum, i.e., Eulerian-Eulerian approach to describe
the dilute monodisperse spray phase, solving equa-
tions for droplet mass, momentum, energy and
number density. The system is two-way coupled

L* T 0"
JT ?r

L*

S

1 T =1,

Fig. 1. Wall-stagnating spray flame configuration.
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for all conserved quantities, with inter-phase ex-
changes occurring due to evaporation, drag forces
and heat transfer. The governing equations for gas
and liquid phases were stated and described thor-
oughly by Franzelli et al. [14]. Evaporation is con-
sidered using the Abramzon-Sirignano model, dis-
cussed in the context of the one-dimensional for-
mulation by Darabiha et al. [15].

To consider inter-phase heat transfer through
the fluid-solid boundary, we augment the govern-
ing equations by solving an energy equation in the
solid phase. It has been demonstrated through de-
tailed experiments that axial wall heat transfer is
dominant in stagnation flames [7]. Heat transfer
in the solid phase is thus modeled by the one-
dimensional energy equation 0 = d*T}*/dx**. The
solid and fluid phases are coupled by enforcing the
fluid-phase wall heat flux ¢;, as a Neumann bound-
ary condition in the solid phase, and the solid-
phase wall temperature (7}"),, as a Dirichlet bound-
ary condition in the fluid phase, as suggested by
Radenac et al. [16], with both quantities matched in
both phases in the steady-state solution. Since the
solution in the solid phase is linear, (7}*),, is evalu-
ated analytically as (7;%),, = T, + Liq,/1}, where
A} is the solid-phase thermal conductivity.

Dimensional reference quantities evalu-
ated at the inlet of the domain are temper-
ature T* =400K, gas-phase dynamic vis-
cosity u* =23 x107Pa-s, isobaric heat
capacity ¢, =1.02kJ/(kg:K), thermal con-
ductivity A" =3.29 x 1072W/(m-K), density
p* = 0.878 kg/m? and mixture-averaged diffusivity
of fuel vapor into air D* = 8.66 x 10~ m?/s. Other
reference quantities are the fluid convective length
L*=20mm, liquid density p; = 669.4kg/m’,
heat of vaporization K =256.2kJ/K, solid
thickness L} = 6.35mm, solid thermal conduc-
tivity A¥ = 16.2W/(m-K), and the characteristic
reaction rate " = &g + &g, + @fy, + W0 =
773.0kg/(m3-s), taken as the maximum reaction
rate of the progress variable for a stoichiomet-
ric free flame with unburned temperature 7*.
Key time scales in the system are the convective
time scale 7y =1/a*, where a* =u*/L* is the
global strain rate; droplet relaxation time scale
T = ,o,*d*z/ (18*), where the droplet diameter d*

is obtained from m = rr,ol*d*3/6; and chemical
time scale t* = p*/o*.

We perform our analysis in a non-dimensional
setting, employing the non-dimensionalization of
the governing equations [14] derived by Xie et al.
[11]. Dimensionless groups are the Prandtl num-
ber Pr = WA Schmidt number Sc = u*/p*D*;
Jakob number Ja = T /Ky, Damkohler num-
ber Da = T/t Stokes number St = 7/} and
ratio of thermal conductivities r, = A*/A}. Non-
dimensional groups evaluated from reference quan-
tities are Pr = 0.72, Sc = 3.03, Ja = 1.60 and r;, =

2.03 x 1073, The values of Da, St, ¢y = Z;/ f;; and
T, are varied independently using numerical con-
tinuation to investigate their effects on the flame
physics, where ¢, is the total equivalence ratio
and f;; = 0.0671 is the stoichiometric mass ratio
for n-dodecane/air combustion. The ranges chosen
for the non-dimensional parameters in the ensu-
ing analysis correspond to fuel line pressures of
2 bar to 10 bar, leakage orifice diameters of 107> m
to 10~*m, fuel line-to-wall distances of 10~2m
to 107" m and surface temperatures of 600K to
1200 K. These values are chosen to be representa-
tive of the wide range of conditions encountered in
aircraft safety applications.

Given that the present formulation allows for
spray-gas slip, the largest value of St considered in
this study is limited to cases where the spray has
fully evaporated prior to reaching the wall. This
precludes considerations that arise in the model-
ing of direct spray-wall interactions in a multi-
continuum formulation, which are more accurately
captured in a 3D Eulerian-Lagrangian formulation
[2].

The governing equations are solved using a
modified implementation of the Cantera [17] one-
dimensional steady flame solver, which was aug-
mented to consider spray combustion and conju-
gate heat transfer. In a study of laminar gas-phase
wall-stagnating flames [18], results of Cantera sim-
ulations were compared directly with centerline ex-
perimental results. Close agreement was achieved
for temperature and minor species concentrations.

The chemical source terms are computed using
a skeletal chemical mechanism for n-dodecane/air
combustion accounting for both low and high-
temperature chemistry [19]. The mechanism con-
sists of 54 species and 269 reactions, and was val-
idated across a wide range of pressures, temper-
atures and equivalence ratios using experimental
measurements and comparisons to detailed mecha-
nisms. It has been applied previously in simulations
of prevaporized wall-stagnating flames [4] and
hot surface ignition of wall-stagnating fuel sprays

121.

3. Results

We consider wall-stagnating spray flames
formed by the flow of monodisperse n-dodecane
droplets and air against a hot surface of fi-
nite thickness. In this study, we discuss the
wall heat flux using the wall Nusselt num-
ber Nu, = (d\T),/(T,, — 1). We also define a
spray penetration distance £, = {r — {4, where
¢r = argmax,(7T) is the flame’s axial position
and ¢; = argmin,(m,) is the edge of the spray;
£, > 0indicates the spray has penetrated the flame.
Liquid-phase results will only be plotted for the
portion of the domain x > ¢, where m,; > 0.
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Fig. 2. Parametric dependence on Da, for St = 0.2, ¢y =
1.3 and 7, = 3.0. (a) Flame structure variation in physical
space; (b) Nu,, (solid line) and £, (dashed line), with tran-
sitions between regimes shown by dotted lines; (c) flame
structure in composition space, with the vertical dotted
black line indicating the stoichiometric condition.

1.0 0.8 0.6 0.4 0.2 0.0
T

Fig. 3. Parametric dependence on Da for gaseous flames,
i.e., St — 0, with ¢9 = 1.3 and 7, = 3.0.

3.1. Parametric analysis

We consider first the variation of Da across
two orders of magnitude and its resulting effect on
flame structure and wall heat flux in Fig. 2, holding
all other parameters constant at St = 0.2, 7, = 3.0,
and ¢y = 1.3. Three regimes of flame stabilization
are accessed in the range of Da considered. These
regimes of flame stabilization have been observed
through strain rate variations in stagnating gaseous
flames [20]. We include results for prevaporized,
premixed gaseous flames in Fig. 3 for comparison
to the spray flame results. We introduce the regimes

of flame stabilization here through Da variation to
demonstrate the similarity to the gas-phase flame
behavior, before discussing parametric variations
and physics specific to stagnating spray flames.

High wvalues of Da result in injector-
stabilization, labeled ‘I’ in Figs. 2 and 3, where
the flame is anchored on the injector. The injector
boundary is specified as isothermal and is not
affected by the flame. In this regime, the injector
incurs a non-negligible heat flux from the flame, as
can be seen from the gas-phase temperature profile
in the left panel of Fig. 2b. The flame location and
wall heat flux remain nearly constant, as identified
from the peak temperature and from the solid line
in Fig. 2b, respectively. In the spray flames, spray
evaporation begins immediately after injection,
but spray penetration of the flame is substantial,
with the spray mass source term remaining sig-
nificant from the injector to near the wall, shown
in the lower right panel of Fig. 2b. The spray
mass source term, as it appears in the governing
equations [14], is non-dimensionalized to S,/St,
where S'p = —mymy, ny = pZ;/my is droplet num-
ber density and 1, droplet evaporation rate. The
Bilger mixture fraction Z, consequently increases
monotonically throughout most of the domain,
shown in the upper right panel.

Reducing Da below approximately 220 causes
the spray flame to transition and detach from the
injector, labeled ‘D’ in Fig. 2. In this regime the
flame is similar to a freely-propagating configu-
ration and responds to parametric variations by
changing position, with lower values of Da result-
ing in the flame stabilizing nearer to the wall. The
same transition occurs at a Da value of approxi-
mately 40 in the gaseous flame. The flame position
is thus indicative of the consumption speed, since in
the unburned outer flow, the gas-phase axial veloc-
ity decreases linearly from the injector toward the
wall. In the spray flame, upstream of the flame loca-
tion, the spray mass source term remains small and
Z, consequently remains near zero. Once droplets
reach the flame, they quickly reach saturation and
Sp rises to its peak value. Considering the results
for temperature in composition space in Fig. 2c, we
find that the injector-stabilized and detached spray
flames have a structure resembling that of a diffu-
sion flame. In these high-Da regimes, once sufficient
fuel is vaporized, the flame is established at the sto-
ichiometric condition, with substantial spray evap-
oration across compositions. The resemblance to a
diffusion flame structure is due primarily to the in-
crease in evaporation rate with temperature across
the flame, shown in Fig. 2c¢.

Reduction to Da =~ 140 results in the spray
flame transitioning to the wall-stabilized regime,
labeled “W’ in Fig. 2. This transition occurs at
a Da value of approximately 10 in the gaseous
flame. This transition in topology causes a sub-
stantial increase in the wall heat flux, as seen
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in Fig. 2b. Wall heat flux continues to increase
with decreasing Da until extinction, which is in
agreement with the established behavior of gas-
phase stagnating flames [4]. Extinction is labeled
‘E’ in Fig. 2, occurring at Da = 20 for the spray
flame. The results in composition space show that
the wall-stabilized spray flames have a partially-
premixed structure. Composition is limited to fuel-
lean and near-stoichiometric values, with signifi-
cantly lower temperatures and spray evaporation
rates at highly fuel-lean compositions compared
to the other regimes shown. Furthermore, we ob-
serve that in the wall-stabilized regime ¢, < 0.1,
with substantially less spray penetration of the
flame than in the detached and injector-stabilized
regimes, where £, > 0.4. Thus, despite the ratio of
convective and droplet relaxation time scales being
held constant through St in the spray flame, we find
an important coupling of the spray vaporization
and the spray flame behavior across regime tran-
sitions. ]

The variation in £, and S, within the regimes of
flame stabilization and across their transitions indi-
cates that spray evaporation behavior has an impor-
tant role in determining the spray flame topology
and consequently the wall heat flux — considera-
tions which are not present in gas-phase flames. We
therefore consider the effect of the Stokes number
on the flame structure and wall heat flux in detail
in Fig. 4, while holding other parameters constant
at Da = 100, ¢ = 1.3 and T, = 3.0. We note that
varying St independently of Da has the effect of
varying the Lefebvre number Lf = t)/7, where ¢*
is the characteristic droplet evaporation time scale,
since t} ~ 7 and thus Lf ~ Da St [21].

Gas-phase temperature, shown in the left panel
of Fig. 4a, shows that varying St results in a
traversal of the flame stabilization regimes iden-
tified above through Da-variation. Low values of
St < 0.06 result in injector stabilization, where the
temperature profile indicates flame anchoring. In
this regime, the droplet relaxation time scale is
small compared to that of convection, and the so-
lution thus approaches the topology of a prevap-
orized gaseous flame downstream of the injector.
The lower-right panel of Fig. 4a demonstrates this
point clearly, where for St = 0.02 it is seen that
the peak vaporization rate occurs near x = 0.95,
with the spray fully vaporized by x = 0.9. This is
a key difference from the injector-stabilized regime
observed at high values of Da in Fig. 2a, where
spray penetration of injector-stabilized flames ex-
tends to near the wall. Considering Fig. 4b, we
find that increasing St results in a small increase in
£, and a 30% increase in Nu,, across the injector-
stabilized range considered. Increasing St results in
larger time scales associated with droplet heating
and evaporation, which delays the formation of the
flame. The delayed formation of the flame results in
a reduced thermal gradient at the injector, and the
associated reduction in heat loss to the injector re-

1 - 1o

St
—0.02 0.05 —0.07 —0.11

0.20 —0.29

Fig. 4. Parametric dependence on St, for Da = 100, ¢y =
1.3 and 7, = 3.0. (a) Flame structure variation in physical
space; (b) Nu,, (solid line) and £,, (dashed line), with tran-
sitions between regimes shown by dotted lines; (c) results
in composition space, with the vertical dotted black line
indicating the stoichiometric condition.

¢o is constant, the total heat loss to spray evapo-
ration is unchanged. The higher peak temperature
thus results in a greater wall heat flux.

Increasing St beyond 0.06 and thereby further
increasing the delay in spray evaporation results
in a transition in flame topology to the detached
regime. As was the case in the context of Fig. 2,
in this regime the flame responds to parametric
variation by changing position. In the present case,
the increased droplet time scale is balanced by the
shift in flame position to locations of greater resi-
dence time. This can also be viewed as a decrease
in the flame consumption speed, resulting in sta-
bilization closer to the wall where gas-phase ax-
ial velocity is lower. Peak gaseous temperature and
consequently Nu,, remains nearly constant, until
the flame transitions to the wall-stabilized regime
at St = 0.18. We observe in Fig. 4b that £, drops
from 0.22 to near zero across this transition and
subsequently increases in the range considered. We
also observe that Nu,, increases by 40% across the
transition, and then decreases with increasing St.
Similar mechanisms are at play in determining the
wall heat flux of the injector and wall-stabilized
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regimes. In the former, increased St delays estab-
lishment of the reaction zone. This pushes the flame
downstream, reducing heat losses to the injector
and thereby increasing the heat flux on the stagna-
tion wall. In the latter, increased St forces the re-
action zone closer to the wall, but in this case the
coupled effects of wall heat loss and spray penetra-
tion cause a reduction in peak temperature and wall
heat flux. Further increasing St beyond the range
shown ultimately results in extinction, but these re-
sults are not shown as the present formulation is not
suitable for analysis in the St ~ 1 regime, as noted
in Section 2.

The dependence of the spray flame topology on
St demonstrates why it was found that when Da was
varied parametrically, the topology transitions of
the gaseous flame occurred at lower values of Da
compared to the spray flame for equal values of ¢y
and T,. At low values of St, we found that the flame
approaches a prevaporized structure and results in
the flame anchoring at the injector. In the gaseous
flame, the inflow stream is fully prevaporized, and
thus also tends to anchor at the injector. Achiev-
ing topology transition away from the injector and
into the detached and wall-stabilized regimes thus
requires higher strain rates, i.e., lower values of Da.
Hence, the same topology transitions are observed
in Figs. 2 and 3, but in Fig. 3 they occur at lower
values of Da.

In Fig. 4c, we consider the flame structures
in composition space. The top panel of the fig-
ure shows that the wall-stabilized flame exhibits
a partially-premixed structure limited to fuel-lean
compositions. The detached and injector-stabilized
flames have structures comparable to results shown
in Fig. 2c. However, unlike the behavior observed
in varying Da, we find that the changes in compo-
sition with St are non-monotonic: the largest val-
ues of Z, are reached in the detached rather than
injector-stabilized flame regime. In the lower panel
of Fig. 4c we analyze the differences in chemical
composition of flames across regimes. For all flame
structures, oxygen is almost entirely consumed at
fuel-lean values of Z,. Compared to the detached
and injector-stabilized flame structures, the wall-
stabilized flame results in much higher combustion
efficiency, with little production of CO. The struc-
tures obtained at lower values of St are seen to
produce approximately equal mass fractions of CO
and CO,, with most CO production occurring at
fuel-rich compositions. We note that although the
inflow composition is held constant at ¢y = 1.3,
the droplet number density n; varies throughout
the domain due to the radial spreading of droplets
away from the centerline. In the present quasi-one-
dimensional formulation, the strain caused by stag-
nation results in a radial spreading of the gas phase.
Droplet drag forces then generate a radial spread-
ing of the spray, reducing n; along the centerline.
The greater the reduction in #,, the less spray mass

is available for evaporation. A similar effect of fluid
dynamics on the local composition was reported by
Continillo and Sirignano [9] in the context of lam-
inar counterflow spray flames using a Lagrangian
formulation. The wall-stabilized flames reach the
lowest values of n;, which results in lower values of
Z, in the reaction zone, shown in physical space in
the upper-right panel of Fig. 4a. Thus, we find that
the difference in chemical structure between the
wall-stabilized and other regimes can be attributed
to the former undergoing locally fuel-leaner com-
bustion. The latter are substantially fuel-richer due
to coupling with the fluid dynamics, causing the
observed incomplete combustion. In a counterflow
configuration, a second reaction zone can form as
a diffusion flame between the incomplete combus-
tion products and the counterflowing air, but the
presence of the wall precludes this here.

The foregoing discussion demonstrated the sen-
sitivity of the flame structure to the local compo-
sition. We now consider the total equivalence ra-
tio ¢y parametrically, as this quantity parametrizes
the liquid mass loading and directly affects the
composition throughout the flame. In Fig. 5, we
show that varying ¢, from fuel-lean to highly fuel-
rich values results in a traversal of the previously
identified stabilization regimes, as was the case in
varying St above. Fuel-lean values of ¢, result in
wall-stabilization and little spray penetration of the
flame. We note that the result corresponding to
¢o = 1.3 is the same as that corresponding to St =
0.2 in Fig. 4. Increasing ¢, from fuel-lean values
up to 1.35 causes an increase in the flame stand-
off distance and an increase in the wall heat flux to
a maximum at the transition. The small values of
£, indicate that the entirety of the spray is vapor-
ized and consumed near the reaction zone of the
wall-stabilized flame. The continuous increase in ¢,,
from globally fuel-lean values of ¢, to a maximum
at slightly fuel-rich conditions is in agreement with
the prevaporized literature [4].

Beyond ¢, = 1.35, the flame transitions to the
detached regime. The wall heat flux decreases by
50% and decreases further with increasing ¢, across
a monotonic transition to injector-stabilization at
¢o = 4.3. Spray penetration plays a pivotal role
under these globally fuel-rich conditions. Whereas
decreasing St affects the total spray evaporation
through the time scales of individual droplets, in-
creasing ¢ results in an increase in total spray evap-
oration through 7;. In both cases, the flame stabi-
lizes closer to the injector. However, for the former
the spray was seen to be substantially consumed
in the flame due to the rapid droplet time scales,
whereas in the latter we find that £, increases from
0.5 in the detached regime at ¢y = 1.5 to approach
0.9 at ¢y = 5.6. Consideration of droplet diameter
normalized by the initial diameter dj in the right
panel of Fig. 5b shows that the edge of the spray is
in fact nearer to the wall in the injector-stabilized
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Fig. 5. Parametric dependence on ¢, for Da = 100, St =
0.2 and 7, = 3.0. Gas and liquid phase quantities are
shown in physical space in (a) and (b), respectively; (c)
Nu,, (solid line) and £, (dashed line), with transitions be-
tween regimes shown by dotted lines; (d) results in compo-
sition space, with the vertical dotted black line indicating
the stoichiometric condition.

cases than those that are wall-stabilized. This sub-
stantial penetration of the spray results in reduced
gas-phase temperatures downstream of the flame
due to the combined effects of heat losses to evapo-
ration and endothermic pyrolysis chemistry. The re-
duced post-flame temperatures ultimately result in
lower wall heat flux, approaching zero at ¢y = 5.6.
Results for higher liquid mass loadings are not pre-
sented due to the limitations of the present mul-
ticontinuum formulation. Since gas and liquid are
injected at a temperature 7 = 7, = 1, the droplet
temperature initially decreases due to the latent
heat of vaporization, then rises to saturation as
the flame is approached, shown in the left panel of
Fig. 5b. However, for cases where the spray signif-
icantly penetrates the flame, the droplet tempera-
ture again decreases due to vaporization and back-
coupling to the reduced temperatures in the gas
phase.
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Fig. 6. Parametric dependence on ¢ for gaseous flames,
i.e.,, St — 0, with Da = 100 and T, = 3.0.

In considering Fig. 4, we showed that St vari-
ation indirectly controlled the total mass of fuel
available for consumption, affecting Z, and thereby
altering the flame’s chemical structure. In Fig. 5a,
we show that ¢, directly affects Z, throughout the
flame, as is expected. However, due to spray pene-
tration, we find that the reaction zones of the glob-
ally fuel-rich flames considered have substantially
fuel-leaner local compositions than the nominal in-
let conditions. This effect is most clearly demon-
strated in composition space, shown in Fig. 5d.
The line corresponding to the wall-stabilized case
at ¢o = 0.9 shows a partially premixed structure:
the peak temperature occurs at a gaseous equiva-
lence ratio ¢ = 0.9, with all spray evaporation oc-
curring at compositions ¢ < 0.9. By contrast, the
detached and injector-stabilized results shown in
the figure have characteristics of a diffusion flame
structure, in that the peak temperature associated
with the reaction zone occurs near stoichiometry,
with spray evaporation occurring throughout the
range of lean and rich compositions spanned by
the system. This behavior is qualitatively similar to
that observed for St variation in Fig. 4c. However,
the variation in the range of Z, accessed is substan-
tially greater, since varying ¢ has a direct effect on
Z,, whereas St was shown to have an indirect effect
through coupling with the gas-phase fluid dynam-
ics.

As was the case for the parametric variation of
Da, we also consider the effect of ¢, variation on
the structure of gaseous flames in Fig. 6 for the
same values of Da and 7, as were considered in
Fig. 5. Comparing the gaseous and spray flames,
we find that decreasing ¢, has the same effect of
causing the flame to transition from the injector-
stabilized to the detached regime, with the transi-
tion occurring at a value of ¢y of approximately
0.55. However, unlike in the case of the spray flame,
we find that the gaseous flame does not achieve
wall-stabilization. Instead, for the present choice of
Da and T,, reduction of ¢, below approximately
0.47 causes the gaseous flame to transition from the
detached regime directly to extinction.
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Fig. 7. Parametric dependence on 7, for St = 0.2, Da =
100, and ¢ = 1.3. (a) Flame structure in physical and
composition space; (b) hysteresis in wall heat flux ¢, and
£, shown with solid and dashed lines, respectively.

The analysis presented thus far has considered
a constant external wall temperature 7,. 7, var-
ied only due to conjugate effects, which were found
to be small in the present configuration: 7,, — T, <
0.03 across all cases considered. 7, is of practical
importance since systems are often characterized
by a known thermal boundary condition. Due to
its first-order effect on the thermal gradient at the
wall, the effect of wall temperature has been stud-
ied in the gas-phase HOQ literature [6]. In Fig. 7, we
analyze the effect of 7, on wall heat flux and flame
structure. Because of the presence of 7, in the de-
nominator of the definition of Nu,, we present
the wall heat flux in dimensional form in Fig. 7b
to clearly demonstrate the effect of the paramet-
ric variation. The figure shows that within a given
stabilization regime, increasing 7, has the expected
effect of decreasing the wall heat flux. However,
we find that for 7, > 3.0, both detached and wall-
stabilized structures can be established, with an as-
sociated difference in wall heat flux of up to 30%.
Considering the flame structure in physical space in
the left panel of Fig. 7a, we see that within a given
flame regime, changing 7, has little effect on the
topology upstream of the near-wall region. Unlike
the other parameter variations considered above,
here we find that although the location of the tem-
perature peak changes, the extent of the region with
T > 1 remains approximately constant in both de-
tached and wall-stabilized regimes. However, the
structure in composition space, shown in the right
panel, shows qualitatively similar results to those
obtained through St variation in the wall-stabilized
and detached flame regimes. Quantitatively, the de-
tached regime shows a greater reduction in gaseous
temperature in the fuel-rich near-wall region down-
stream of the reaction zone due to the reduced wall
temperature.

0.02 0.05 0.1 0.2 0.5
(a) St

Fig. 8. Flame structure regime diagrams, with approx-
imate boundaries between regimes indicated by black
lines. Red, blue and green symbols indicate the injector-
stabilized, detached and wall-stabilized flame structures.
(a) Da = 100, T, = 3.0; (b) Da = 100, ¢y = 1.3. (For in-
terpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this arti-
cle.)

As noted in Section 1, counterflow spray flames
have been shown to exhibit multiple solutions for
certain parameter ranges. In Fig. 7, we demon-
strate hysteresis in solution behavior due to the di-
rection of 7, variation. We find that in decreasing
T,, a transition from the wall-stabilized to the de-
tached topology occurs at T, = 2.5, whereas in in-
creasing 7, the flame remains detached throughout
the range of T, considered. The parametric depen-
dence of ¢}, on T, is the same in both flame regimes,
and the magnitude of change in ¢}, across the tran-
sition is thus nearly equal throughout the range
where multiple solutions are found. Increased heat
loss in the near-wall region from the flame to the
wall with reducing 7, results in the wall-stabilized
structure only being accessible at large values of
T.. The detached structure, however, can persist at
large values of T,, since the reduced heat loss in
the near-wall region causes little change in the up-
stream flame structure. The presence of hysteresis
can have implications for practical purposes. Safety
designers and analysts seeking to size components
for exposure to wall heat flux should take care to
employ the values relevant to the more conserva-
tive regime of wall heat flux.

3.2. Regime diagrams

The analysis of Section 3.1 showed that the
regimes of flame stabilization could be traversed
by varying each of the system parameters consid-
ered. However, the physical processes leading to
changes in flame structure are themselves coupled.
We therefore consider the joint effects of parame-
ter variation through two-dimensional regime dia-
grams in Fig. 8. We showed in Section 3.1 that ¢y
and St both affect the flame structure through S,,.
Increased values of ¢ provide a greater total mass
of droplets for evaporation, allowing injector sta-
bilization, while increasing St slows droplet evapo-
ration and causes wall-stabilization. These quanti-
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ties thus have competing effects on the flame struc-
ture. In Fig. 8a, we find that highly fuel-rich values
of ¢, delay the injector-stabilized/detached transi-
tion to large values of St. The injector-stabilized
regime is found not to extend into globally fuel-
lean conditions in the range of St considered. In the
near-injector region, lean mixtures have the same
effect as delayed evaporation, precluding stabiliza-
tion. We find the transition to wall-stabilization
to be more sensitive to ¢, than the injector-
stabilized/detached transition. Wall-stabilization is
only possible if sufficient evaporation has not oc-
curred upstream of the near-wall region to sus-
tain the flame, thus necessitating large values of
St to reach the detached/wall-stabilized transition.
This was observed in Fig. 6, where for gaseous
flames, i.e., St — 0, wall stabilization could not be
achieved. In reducing ¢y, the gaseous flames exhib-
ited only a transition from injector stabilization to
the detached topology; further reduction in ¢, re-
sulted in the detached flames transitioning directly
to extinction.

We noted in the context of Fig. 7 the practical
relevance of T,, and we thus consider the regime
diagram for 7, and St in Fig. 8b. To avoid ambi-
guity in the diagram caused by hysteresis, we tra-
verse the parametric space using St. We find the
injector-stabilized/detached transition to be insen-
sitive to 7. This is expected, since 7, has little ef-
fect on the system dynamics outside of the near-
wall region, unlike St, which affects the composi-
tion throughout the domain by controlling evap-
oration. The detached/wall-stabilized transition is
similarly insensitive at high values of T, but we find
that wall-stabilization is not achieved for 7, < 2.3
in the range of St considered. It is well-established
in the HOQ literature [6] that reduced wall temper-
ature increases £y, and thus we find that at reduced
wall temperatures, flame stabilization in the near-
wall region is no longer possible and the flame re-
mains in the detached regime.

4. Conclusions

The structure and resulting wall heat trans-
fer of stagnating n-dodecane/air spray flames were
analyzed using one-dimensional simulations. We
showed that three distinct flame structures were
possible in this configuration depending on bound-
ary conditions, namely wall-stabilized, detached,
and injector-stabilized flames. These structures
have important consequences on wall heat flux.
We found that reduced and delayed fuel vapor
production through evaporation resulted in wall-
stabilization, with little spray penetration of the
flame. Thus, high values of St and 7, and low val-
ues of ¢y and Da tend to result in wall-stabilization.
Analysis in composition space showed that flames
in this regime have a partially-premixed struc-
ture. Detached flames, i.e., stabilized outside the

near-wall region, and injector-stabilized flames at
globally near-stoichiometric conditions did not
achieve complete combustion and produced sig-
nificant CO compared to wall-stabilized flames of
the same global composition due to radial spread-
ing effects coupled to the gas-phase fluid dynam-
ics. Injector-stabilized flames exhibited substantial
spray penetration, except when injector stabiliza-
tion was achieved through reduction of St, which
approached prevaporized behavior downstream of
the injector.

Transitions between the flame structures were
analyzed through parametric variation of bound-
ary conditions, which yielded significant changes
in wall heat flux. Flame structure transition was
found to exhibit hysteresis when varying 7,, with
an associated change in wall heat flux of up to
30%. Wall heat flux varied non-monotonically with
all parameters considered except Da due to flame
structure transitions and variations within regimes.
Through regime diagrams, we analyzed the joint
effects of key parameters on the observed flame
structures. The understanding of stagnating spray
flames provided by this work can serve to inform
the design and safety analysis of systems where
wall-stagnating spray flames can occur.
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