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Edge Diffusion Flame Stabilization
Behind a Step over a Liquid Reactant

Matthew Juniper¤ and Sébastien Candel†
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The stabilization of a � ame behind a step over a liquid reactant is discussed. Dimensional analysis is performed
to highlight the parameters that could be in� uential. Simpler con� gurations are studied � rst, including a cross� ow
� ame and the � ame in a boundary layer over a liquid fuel without a step. From systematic numerical calculations
it is found that the most effective parameter regarding stabilization is the height of the step with respect to the
� ame’s thickness. If the � ame is thin, it tucks behind the step and is insensitive to the other parameters. If the
� ame is thick, it cannot remain in the slow-movingzone behind the step and is exposed to the freestream. It is then
very sensitive to the Damköhler number and is readily blown off. The numerical simulations are performed on a
con� guration that represents a cryogenic coaxial injector between gaseous hydrogen � owing at high speed and a
stream of low-speed liquid oxygen. Nevertheless, the non-dimensional results should be valid over a wide range of
scales and reactant combinations.

I. Introduction

T HE stabilization of nonpremixed � ames is often critically im-
portant in practical applications. One example is the holding

mechanism of the � ames in cryogenic rocket engines. In these en-
gines, several hundred coaxial injectors are employed, each with
a liquid oxygen core surrounded by an annulus of hydrogen. The
� ame that forms between the two reactants is stabilized on the lip of
the oxygen injector. If it is blown off, the � ame can either extinguish
entirely or become more susceptible to acoustic feedback. Both of
these effects are highly undesirable.

Detailed numerical simulations1 of this region have been per-
formed using complex chemistry and detailed transport properties
at a pressure exceeding the supercritical pressure of oxygen. Al-
though these show that the � ame is stabilized behind the liquid
oxygen (LOX) tube lip, their high computational cost prevents a
parametric study of the factors affecting extinction.

It has recently been shown that the strain rates typically encoun-
tered in a rocket motor are insuf� cient to punch a hole in a diffusion
� ame sheet formed between hydrogen and LOX.2 This means that
if the edge of this diffusion � ame sheet is stabilized behind the lip
of the oxygen injector, it cannot be extinguished downstream. The
question of stabilization is then reduced to the model problem of
a � ame edge behind a step over a liquid reactant. It is possible to
imagine various arrangementsof the streamlines and � ame geome-
try in the near � eld of the LOX injector.Six possible con� gurations
are represented in Fig. 1. In the � rst case (Fig. 1a), a recirculation
is formed near the step and the � ame originates from this region.
In the second case (Fig. 1b), the gaseous stream does not separate
from the step, mixing takes place between the two reactants, and the
� ame edge forms farther downstreamnear the liquid surface. In the
third scenario (Fig. 1c), the reactant streams meet at some distance
from the surface, and the � ame edge appears farther downstream.
In Fig. 1d, the gaseous reactant streamline separates from the step
while the vaporized reactant streamlines � rst follow the step before
bending in the downstream direction. The � ame forms in the near
vicinity of the step. Figure 1e shows a situation where vaporization
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takes place rapidly, and the liquid vapor velocity is of the order of
the gaseous reactant. A cross� ow � ame is formed around the con-
� uence of the two streams. The sixth geometry, in Fig. 1f, features
a double recirculation region and a � ame stabilized farther down-
stream.Systematiccalculationscarriedout in this paperwill be used
to determine which con� guration prevails.

Another objective is to determine the parameters that affect sta-
bilization of the � ame behind a step over a liquid fuel. The work,
which is theoretical and numerical, clearly shows the � ow� eld be-
hind the step. The results are compared with experimental data by
other authors.3 Previously it has been assumed that there is a recir-
culationzone behind the step, of the type found behind bluff bodies.
This turns out not to be the case, and a reinterpretationof previous
experimental results is necessary.

This study is performedfor a simple reactionmechanismthat rep-
resents hydrogen and oxygen at 1 bar. The choice of a single-step
chemistrymeans that the role of free radicals in the stabilizationpro-
cesscannotbe examined.However, the resultsare expressedin terms
of dimensionlessparameters,which means that they are valid for all
situations that are scale invariant and thermally controlled.The rel-
ative in� uence of these parameters is determined numerically. The
result is a criterion that de� nes stabilization conditions of coaxial
jet � ames or nonpremixed � ames formed behind a splitter plate.

A � ame stabilized behind a step over a liquid reactant is a com-
plicated situation. It has features in common with the simpler con-
� gurations in Fig. 2, which are a � ame in a cross-� ow and a � ame
in a boundary layer over a liquid fuel. It is worth considering these
situations and brie� y reviewing results obtained via dimensional
analysis. This review, carried out in Sec. II, serves to introduce the
main characteristicparametersof the problem.This is most success-
ful when applied to simple con� gurations, where the complete set
of variables affecting the system can be listed with con� dence.

II. Review of Some Generic Flame Con� gurations
A. Cross� ow Flame

A simple model problem, recently introduced to the � eld of
combustion4 is the cross� ow � ame. This forms between two re-
actants that approach at 90 deg, perpendicular to the x and the
y axes, with identical velocity pro� les. One possible geometry is
shown in Fig. 2a, where the velocity pro� les are linear. Another
case of interest features � at velocity pro� les. Assume that the mass
stoichiometric coef� cient s is unity and that the reactants are pure,
then a � ame head propagates into the premixed region near the ori-
gin, trailing a diffusion � ame along the line y D x . This has many
features in common with an edge � ame formed between reactant
streams that are initially parallel.
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a)

b)

c)

d)

e)

f)

Fig. 1 Various possible � ow con� gurations of a � ame behind a step
over a liquid fuel: a) gaseousstream separates from step and � amestarts
in recirculating zone; b) gaseous stream follows step streamline, � ame
tip is next to liquid reactant; c) both streams meet half-way behind step,
where � ame forms; d) gaseous stream separates from step, vaporized
liquid reactant follows streamline of step, � ame forms at top of step;
e) liquid reactant vaporizes rapidly, cross� ow � ame forms above step;
and f) double recirculation zone forms behind the step, � ame stabilizes
downstream.

a) Oxidizer b) Oxidizer (liquid) c) Oxidizer (liquid)

Fig. 2 Flamecon� gurations:a)cross� ow � ame, inwhich gaseousreac-
tants impinge perpendicularly with identical velocity pro� les, b) � ame
in a boundary layer over a liquid fuel and c) � ame behind a step over a
liquid fuel.

Three parameters affect the standoff distance of a cross� ow
� ame.2 This distance is de� ned as being from the con� uence point
of the two streams to the point of maximum heat release. These pa-
rameters are a Damköhler number, a Zeldovich number, and a heat
release parameter. The last two are constant for any particular fuel.
The Damköhler number is de� ned as Da1 ´ A¡1=2¿

¡1=2
c for a strain

rate-controlled cross� ow � ame, which has inlet pro� les u D Ay
and v D Ax . It is de� ned as Da2 ´ D1=2U ¡1¿

¡1=2
c for a convection-

controlled cross� ow � ame, which has � at inlet velocity pro� les of
velocity U . In the previous expression D is the species diffusivity,
which also models thermal diffusivityand viscosity if the Lewis and
Schmidt numbers are taken to be unity. The chemical time ¿c can
be taken to scale with the ignition time of a homogenous mixture.

In the simple con� gurationof a cross� ow � ame, thenumberof di-
mensionlessparameters is small, and the relationshipbetween them
may be discoveredby experimentsor deduced from systematic cal-
culations. The numerical approach is particularly suitable because
a large set of calculations can be performed over a wide range of
operating conditions and with small increments in the variables.
This tends to the ideal method of performing dimensional analysis,
proposedby Weller.5 The only constraint is the speed of the numer-
ical code, which must enable large numbers of simulations to be
performed in a reasonable time span.

This methodology is explained in further detail in Ref. 4. The
Navier–Stokes equations are solved with second-order implicit
schemes included in the Fluent package. This solution is developed
onan unstructuredmesh,whichcanbe changedduringconvergence.

Only the dependenceon theDamköhlernumber is soughtbecause
the Zeldovichnumberand theheat releaseparameterare constantfor
a given set of reactants.The non-dimensionalstandoffdistancemay
be de� ned as the ratio of this distance LC to a typical � ame thickness
± f » .¿cD/1=2 .One � nds fromsystematiccalculationsthat the result-
ing dimensionlessgroup 5 ´ L c¿

¡1=2
c D¡1=2 is proportionalto Da¡2

for strainrate-controlledandDa¡3 for convection-controlled� ames.
In the � rst case, the standoff distance scales with Lc / AD1=2¿

1=2
c ,

which features a linear dependence with respect to strain rate. In
the second case the standoff distance scales with Lc / U 3¿ 2

c D¡1,
which indicates a cubic dependence on the injection velocity U .
This process and the results are explained in full detail elsewhere.2

B. Flame Above a Porous Plate
Cross� ow � ames can be formed when one reactant is blown

through a porous plate into a perpendicular stream of another re-
actant. Basic experimental data are available for this situation.3;6 A
further degree of freedom is introducedbecause the injection veloc-
ity Vw may differ from the freestreamvelocityU . This introduces a
further nondimensionalparameter,which can be taken to be Vw=U .
Two extinction mechanisms are observed.

1) If the injection velocity through the porous plate is high, the
� ame tip is situatedupstreamof the plate.As U increases, the � ame
edge moves downstream, in a similar manner to the convection-
controlledcorner� ame. When it is blown downstreamof the leading
edge of the plate, the � ame tip oscillates. This is because the � ame
propagates rapidly into the premixed region formed upstream but
is blown back when this region contains substantial burnt gases. At
higher U , the � ame blows off entirely.

2) The secondmechanismoccursas the injectionvelocitythrough
the porous plate decreases. In this case, the � ame approaches the
plate until it extinguishes through quenching.

It is expected that the � rst of these mechanisms also occurs over
condensed fuel layers. However, the second mechanism could be
different because, in the case of a condensed fuel, the injection
velocity Vw is a function of the � ame position.

C. Flame Above a Liquid Reactant
The situation just described is similar to the � ame stationed in

a convecting stream above a vaporizing (initially liquid) reactant,
a classic problem in combustion theory.7;8 When the porous plate
is replaced by a liquid fuel, no new independent variables are in-
troduced. This is because the velocity of evaporation from the fuel,
equivalent to Vw , is coupled to the heat release by

Vw D ¸

½1hv

@T

@y
» ¸

½1hv

.T f ¡ Ts/

L ref
(1)

where 1hv is the latent heat of vaporization of the liquid reac-
tant. The increase in temperature between the � ame and the surface
.T f ¡ Ts/ is given by q=cp . For the approximateexpressionto be re-
alistic, L ref must scalewith thedistancefrom the surfaceto the � ame.
A convenient length scale here, the only one which is independent
of the velocity � eld, is a � ame thickness, given by ± f » ¿

1=2
c D1=2.

Identifying ± f with L ref leads to

Vw=U D .¸=½cpD/
¡
D

1
2

¯
U¿

1
2

c

¢
.q=1hv/ ´ Le Da.q=1hv/ (2)

The � rst term on the right-hand side is the Lewis number, the
second is the Damköhler number, and the third is a nondimensional
parameter, which can be used in place of Vw=U . This parameter
is equivalent to the Spalding transfer coef� cient Bsp in the reacting
case. [See the de� nition given subsequentlyin Eq. (4).] The temper-
ature at the liquid surface is assumed to be uniform in the x direction
because it is at, or near to, the boilingpoint. A temperature gradient
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in the x direction would induce a � ow in the liquid due to a surface
tensiondifference.However, becauseof the temperatureuniformity,
there is no � ow here.

In a classical article, Emmons7 examines the effect of Bsp, as-
suming an in� nitely fast reaction rate. A Blasius-like analysis is
performed to reduce the Navier–Stokes equations to a simple form.
This yields an expression for the vaporization rate (mass per unit
time and per unit surface):

Pmv D 1
2 .¹1=x/

p
Rex f .Bsp/ (3)

where Bsp is given by

Bsp ´
cp.T1 ¡ Ts/ C qO2YO21

1hv

¼
qO2

1hv

(4)

The approximate expression on the right-hand side is in the limit
when YO21 D 1. In this case, the heat released per unit mass of
oxygen burned, qO2, far exceeds the enthapy difference in the gas
between the freestream and the liquid surface, cp.T1 ¡ Ts/.

Numerical calculations7 for the function f .Bsp/ in Eq. (3) show
that the results are well correlated by the following expression:

f .Bsp/ D
.1 C Bsp/

1:7B0:18
sp

(5)

An important and not intuitively obvious point is that Bsp only has
a signi� cant effect on the vaporization rate when Bsp < 10. With
combustion, Bsp is of order 100 for most fuels, and consequently,
it has little effect. This means, for example, that the latent heat of
vaporization has little in� uence on the burning rate and that the
� ame cannot quench on the liquid surface. This is because, even if
the latent heat of vaporization is very high, the � ame moves closer
to the surface to increase the vaporization rate. This is con� rmed
numerically.

The following work has not been reported elsewhere and is of
some interest. Its main purpose, however, is to provide background
for the discussion of a � ame behind a step over a liquid fuel. The
numerical formulation used to treat the cross� ow � ame problem is
adapted to study the � ame over a condensed surface.The domain is
lengthened,to provideroomfor the � ame upstreamof the condensed
surface. Furthermore, the velocity pro� le at the bottom boundary is
now calculated from the temperature gradient,

Vw D ¸s

½s 1hv

@T

@y

­­­­
y D 0

(6)

The unstructuredgrid used for this problem is shown in Fig. 3 along
with a single solution. The � ame head is located upstream from the
liquid layer. The � ame develops from the edge along a streamline
where the reactants meet in stoichiometric proportion.Product and
temperature distributions are similar. The oxidizer is located below
the � ame, whereas the fuel is essentially found above the � ame.
The latent heat of vaporization 1hv is initially chosen such that
the injection velocity is of the same order of magnitude as for the
cross� ow � ame. This solution acts as a base from which further
calculations are made.

The velocity and temperature pro� les in a boundary-layer
� ame above a condensed hydrocarbon have been measured
experimentally.9 The results found in the current analysis are quali-
tatively similar, as can be seen in Figs. 4 and 5. A quantitativematch
between calculations and experiments was not attempted because
it would have required an excessively large computational domain.
This can be seen by noting that the transverse dimension of the do-
main scales like U 1=2 . It is then interesting to use higher velocities
and at the same time reduce the chemical time ¿c to diminish the
axial length scale. Axial and transverse length scales are, therefore,
not comparable but the general shapes of velocity and temperature
pro� les are comparable. It is dif� cult to de� ne reference lengths
for the two situations so they are left in dimensional terms. The
vaporization pro� le of the simulations is compared in Fig. 6a with

that predicted by Eq. (3), which is proportional to x¡1=2. The small
jumps in the simulation’s pro� le arise from changes in the grid size
around these points, which alters the apparent thermal diffusivity
and, hence, the vaporization rate. The agreement is quite good. In
Fig. 6b, Vw=U is plotted as a function of Bsp at a point 0.5 mm
downstream from the � ame tip. This shows that Vw does not vary
greatlywhen Bsp is aboveapproximately10,which is the case in any
situation involving combustion. Systematic calculations also show
that the vaporization rate increases in proportion to D1=2 and U 1=2

in accordance with Eq. (3).
In the case of the cross� ow � ame, it was easy to de� ne and mea-

sure the � ame stand-off distance from the numerical simulations.
For the � ame above a condensedphase, this is harder because both
the x positionand the y positionof the � ame head change.One pos-
sibility is to measure the distance along the line of stoichiometric
mixture fraction. Two nondimensional parameters may affect this
standoff distance: Bsp and Damköhler number Da. The � ame head
lies upstream of the liquid fuel. Its location could only be in� u-
enced by Bsp if Bsp altered the vaporization rate, which does not
occur. Consequently, the Damköhler number is the only parameter
likely to affect � ame stability.

A selection of � ow� elds near the � ame tip is presented in Fig. 7
for various � ow conditions. These demonstrate the same behavior
as that observed experimentally. When the � ame head is upstream
of the liquid fuel, numerical convergence is achieved and yields a
stationary solution. However, when the Damköhler number based
on the freestreamvelocitydecreases,the head of the � ame is pushed
downstream of the edge of the liquid reactant. When this happens,
convergence to a steady state can no longer be achieved, and the
� ame gradually exits the domain. This probably corresponds to the
oscillations found experimentally, although this was not veri� ed
with a time-dependentnumerical calculation.

III. Stabilization Behind a Backwards-Facing Step
The addition of a backwards-facing step just upstream of the

liquid reactant changes the behavior qualitatively.3 This is already
apparent in studies of the gaseous diffusion � ame behind a thick
splitter plate.10 The step height hs is introduced, requiring a further
nondimensionalparameter. The reference length in this situation is
the � ame thickness± f » ¿

1=2
c D1=2. The new dimensionlessgroup is,

therefore, 9 D hs ¿
¡1=2
c D¡1=2.

Numerical simulations and experiments have been performed10

on the � ame formed behind a splitter plate between nonpremixed
gaseous hydrogen and gaseous oxygen � ows. The initial stream
velocities and densities are UH2 , UO2 , ½H2 and ½O2 , respectively
and the velocity pro� les are essentially � at. When the momentum
� ux ratio J ´ ½H2 U

2
H2

=½O2 U
2
O2

of the two � ows is unity, a double
recirculationzone is found that is characteristicof the wake behinda
bluff body. However, this is the exceptionrather than the rule. There
is usuallyno recirculationzonebehindthe splitterplate.Evena small
departure of J from unity leads to a situation where the � ow with
high-momentum� ux separatesat the cornerof the splitterplate, and
the � ow with low-momentum� ux follows the curvatureof the plate.
The diffusion� ame is situatedtoward the � owwith high-momentum
� ux because the reactants � rst meet on that side. Despite the fact
that there is no recirculation zone, the plate thickness is crucial. It
gives the � uid with low-momentum � ux some time to heat up, and
it ensures that the � ame edge remains in a region of relatively low
velocity, which aids stabilization. When the thickness of the plate
tends to zero, the reactants require a great deal of preheating for
� ame attachment to occur.10

The � ow over a porous plate behind a backwards-facingstep has
been studiedexperimentally.3 It is indicatedin the precedingsection
that with no step the � ame edge is situated just upstreamof the edge
of the porous plate, or oscillates just downstream of this edge, or is
blown out completely. With the backwards-facingstep upstream of
the porous plate, two new modes of stabilization appear: lifted and
step stabilized.These limit the occurenceof oscillationsand replace
blowout in the range of parameters studied.3 These are shown in
Fig. 8. The plate-stabilized and the oscillating modes can also be
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a) Unstructured grid

b) Heat release rate (maximum= 2.67££ 1010 J ¢ s¡1 m¡3 and stream-
lines

c) Temperature (maximum= 2770 K)

d) Product mass fraction

e) Oxygen mass fraction

f) Fuel mass fraction

Fig. 3 Unstructured grid and numerical results for the simulation of a � ame over a liquid fuel. Results are shown from the domain outlined by a
dashed line on the grid in Fig. 3a: pro� les shown below and to the left of each part are taken, respectively, from the bottom and the left boundaries of
the entire domain.

observed when the step is not present. In the lifted-� ame mode, the
� ame is positionedhalfwaybetween the plate and the top of the step.
In the step-stabilized mode, which occurs at higher gas velocities,
the � ame is stabilized on the lip of the step. As the step increases in
size, these modes of stabilization are obtained more readily.

Rohmat et al.3 interpret these modes of stabilization in terms of
a recirculating vortex behind the step, although there is no direct
experimental evidence for this. A more likely explanation is that
the � ows have similar features to the � ow behind a gas/gas splitter

plate described at the beginningof this section.10 At low freestream
velocities, the upper � ow follows the curvature of the step, leading
to a plate-stabilized� ame. At high free-streamvelocities, the upper
� ow separates instantly from the edge of the step, leading to a step-
stabilized � ame. The lifted � ame corresponds to a � ow somewhat
between the two.

Without a step, the parameter Bsp has very little in� uence on
a � ame above a liquid fuel.7 However this might no longer apply
when there is a step becausethe boundary-layerapproximationused
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a) b)

Fig. 4 Qualitatively similiar velocity pro� les for a � ame above a liquid fuel: a) from a simulation similar to that shown in Fig. 3 and b) from
experimental measurements by Hirano and Kinoshita.9 (Reproduced from Ref. 9 with permission.)

a) b)

Fig. 5 Qualitatively similiar temperature pro� les for a � ame above a liquid fuel: a) from a simulation similar to that shown in Fig. 3 and b) from
experimental measurements by Hirano and Kinoshita.9 (Reproduced from Ref. 9 with permission.)

in Emmons’s analysis7 is no longer valid. One then has to consider
the effect of three dimensionless groups: Damkohler number Da,
Bsp, and 9. Finally, note that the geometry in Ref. 3 features a
distance b between the step and the fuel, whereas in the following
analysis the liquid reactant surface begins immediately at the step.
Thus, some of the stabilizationmodes in Fig. 8 will be irrelevant in
the following study. The distance b between the step and the fuel is
not included in the present study because it does not appear in the
injection con� guration that motivates this analysis.

A. Numerical Approach
Numerical simulation is used to pursue the analysis because the

problem is not easily described by theoreticalmeans. This relies on
a second-order � ow solver included in Fluent, combined with the
simple reactionand transportschemereviewedbelow.The Reynolds
number (based on the freestream hydrogen velocity, the lip height,
andgaspropertiesin thehot regionbehindthe lip) is around103. This
is typical of that characterizing rocket motor injectors. This means
that laminar transport can be assumed without the introduction of
turbulence models. Transport properties are assumed to vary with
temperature as indicated in Table 1. Evaporation from the liquid is
modeled, but the interface itself is assumed to be aerodynamically
undisturbed by the gaseous stream in this region. According to the
results of Oefelein,11 this is a valid approximation. Steady-state
solutionsare sought, but some unsteadysimulationsare also carried
out when there is no steady � ow solution.

The practical problem that motivates this study involves reac-
tion between oxygenand hydrogen.A simple reactionand transport
scheme must be developedto reduce the overall calculation time. A
perfectmatch cannotbe obtainedbetweensimple and complex reac-
tion/transport models and so it is necessary to match certain factors
by assuming a � ame-holding mechanism. Experimental results12

indicate that the � ame is stabilized in a slow-moving zone behind
the lip of the oxygen injector. Consequently a balance between a
residence time and an ignition time seems pertinent. However, it is
important to ensure that the premixed laminar � ame speed is not
considerably different from the true value. Assume a constant heat
capacity, then power law expressions for ¸, ¹, and D can be used
that give constant Lewis, Schmidt, and Prandtl numbers. Given an
activation energy,13 one obtains the following result by approxi-
mately matching the heat release, ignition time, and adiabatic � ame
temperature to a H2/O2 � ame under similar conditions2:

k D B[H2][O2]
1
2 exp.¡Ea=RT/

with the values given in Table 1. The preexponential factor B is
adjustedto obtain the same ignition time as a stoichiometricmixture
brought to an initial temperature of 1000 K. Concentrations are in
kilomole per cubic meter.

Four values of lip thickness are studied, from 0.2 to 0.4 mm.
The meshes are un-structured to permit a high resolution in the
in� uential region just behind the lip. Injection conditions of the
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Table 1 Operating conditions for the base cases

Parameter Value

Preexponential factor B 2.53£ 109 kmol¡1=2 ¢ m3=2 s¡1

Activation energy Ea 9.61£ 107 J ¢ kmol¡1

Universal gas constant R 8314 J ¢ kmol¡1 ¢ K¡1

Speci� c heat capacity cp 5.35 kJ ¢ kg¡1 ¢ K¡1

Heat release on reaction q ¡1.81£ 108 J ¢ kmol¡1

Diffusivity D 2.41£ 10¡9 T 1:76 ¢ m2s¡1

Conductivity ¸ 8.26£ 10¡4T 0:76 ¢ Wm¡1 ¢ K¡1

Viscosity ¹ 1.55£ 107T 0:76 ¢ N ¢ s ¢ m¡2

Lip height hs 0.2–0.4 mm
Temperature of H2 and lip TH2 , Tlip 350 K
Hydrogen velocity UH2 150 ms¡1

LOX temperature TLOX 90 K
LOX velocity ULOX 2 ms¡1

Fig. 6a Liquid vaporization pro� le.

Fig. 6b Vaporization rate as a function of Bsp evaluated from numer-
ical simulations and compared with that predicted by Emmons.7

base cases are summarized in Table 1. A typical result is shown
in Fig. 9. The � ame structure is close to that shown in Fig. 1d.
There is no recirculation,thevaporizedoxygenreachesthehydrogen
stream, and a diffusion � ame is formed near the stoichiometricline.
The � ame edge is close to the step in a region of low velocity.
It features a single premixed branch on the gas side of the gaseous
reactant.All numericalsimulationsare carriedout at 1 bar.At higher
pressures, the � ame is thinner and more intense,1;11 but the general
� ow structure is that shown schematically in Fig. 1d. The effect
of pressure can be encapsulated within the chemical time, which
affects both 9 and the Damköhler number. The results here will
be applicable to all situations that are scale invariant with respect
to these simulations. We anticipate that this will be the case up
to the critical pressure of pure oxygen. Above this pressure the

a) U1 = 3.5 ms¡1 U1 = 14 ms¡1 U1 = 23 ms¡1 (*)

b) B = B0 B = 0.30B0 B = 0.25B0(*)

c) Twall = Tliq = 500 K Twall = Tliq = 120 K Twall = Tliq = 100 K(*)

d) Tgas = 500 K Tgas = 300 K Tgas = 100 K

Fig. 7 Numerical simulations of a � ame above a liquid fuel: shading,
heat release rate; ——, streamlines; and (*), unstable solutions.

a)

b)

c)

d)

Fig. 8 Position of the � ame head behind a step over a liquid fuel or
porous plate, from Ref. 3: a) plate-stabilized, b) oscillating, c) Lifted,
and d) step stabilized.

physicspertainingto vaporizationchangesas the gas/liquidinterface
vanishes,increasingthe factor Bsp. However, thishas no effect on the
� ame stabilization process and is unlikely to affect the pertinence
of 9, which is the ratio of the lip thickness to the � ame thickness.

B. Effect of Nondimensional Step Height ª
Intuitively,one would expect9 to be the most in� uentialparame-

ter. In the limit 9 ! 0, the situationwithout a step is recovered.The
other limit, 9 ! 1, corresponds to an in� nitely thin � ame sheet
that can readily tuck behind the step. In the � rst set of simulations,
both the � ame thickness and the step height are varied to check
scale invariancewith respect to 9. The � ame thickness scales with
¿

1=2
c D1=2, so that either the chemical time or the diffusivity can be
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a)

b)

c)

d)

e)

Fig. 9 Hydrogen � ame above condensed oxygen tucked behind a
step of height 0.4 mm; UH2 = 190 ms¡1, TH2 = 350 K, TLOX = 90 K,
and p = 1 bar: a) streamlines and volumetric heat release (maxi-
mum = 1.2 ££ 1011 J ¢ m¡3s¡1), b) mass fraction of H2 , c) mass fraction
ofO2, d)mass fractionofH2O, ande) temperature (maximum= 3200K).

a) ª = 1.25 b) ª = 1.0 c) ª = 0.71

Fig. 10 Flow con� gurations at different values of ratio of step height
hs to � ame thickness ±f where UH2 = 150 ms¡1 and TH2 = 350 K.

changed. This risks changing the Damköhler number because in
these simulations,U is held constant: Da D D1=2U ¡1¿

¡1=2
c . D is in-

creased here because increasing ¿c risks causing extinction via a
mechanism involving the Damköhler number.

For each value of hs , simulations are performed at four values of
D. The other molecular transport coef� cients, º and ¸, are changed
so that the Lewis and Prandtl numbers are unity. Rather than rely on
the relation ± f » ¿

1=2
c D1=2 , which is only approximate, the � ame’s

thickness across the trailing diffusion � ame is measured from the
results. It is de� ned as the distance between the points where the
heat release rate is 5% of the maximum.

A sample of the results with hs D 0:20 mm is shown in Fig. 10.
In all cases at this high value of UH2 , the hydrogen stream sep-
arates from the edge of the step. There are two types of results,
depending on 9. For 9 > 1, the � ame tip is tucked into a slow-
moving region behind the step. For 9 < 1, the � ame cannot support
itself in this region. It becomes exposed to the freestreamand blows
off. When the step is thick (Fig. 10a), the � ame can tuck into the

Fig. 11 Flame standoff distance as a function of ª for four values of
the step height hs, where UH2 = 150 ms¡1 and TH2 = 350 K.

slow-moving region behind the step. The temperatures and mass
fractions corresponding to this situation are shown in Fig. 9. This
is similar to results in the literature.10;11 However, when the step is
small (Fig. 10c), the � ame is forced out of this zone and becomes
similar to the situation without a step. It then � nds itself exposed
to the main stream and is very sensitive to the Damköhler number.
When using the steady-state � ow solver, the latter type of solution
is stable only for low hydrogen velocity (high Damköhler number).

Results from all simulations at all step heights are summarized in
Fig. 11. For 9 > 1 the � ame stabilizes just behind the step and L c

is measured along the stoichiometric contour. For 9 < 1 the � ame
is exposed to the main stream. These solutions are unstable and
eventually exit the domain. The transition from a “tucked” � ame
to an unstable “exposed” � ame is seen very clearly at 9 D 1. The
four simulations in the inset in Fig. 11 are at the same Damköhler
numberbuthavedifferentvaluesofhs . The � ame standoffdistanceis
approximatelyconstant,which demonstrates that 9 has a relatively
small effect except around 9 D 1. One can see that, at a given value
of hs , the reduced standoffdistance5 diminishesas 9 is decreased,
but this is only because, in these simulations with U constant, the
Damköhler number increases when 9 is reduced.

C. Effect of Spalding Transfer Number Bsp

Because Bsp ¼ q=1hv , either the latent heat of vaporization,1hv ,
or the heat release of reaction, q, can be altered to vary Bsp. In
these simulations, 1hv is changed to keep a constant heat release
parameter and, hence, a constant adiabatic � ame temperature.

With hs D 0:4 mm, Bsp is varied over three orders of magnitude.
The Stefan � ow velocity Vw is measured at a distance of 0.6 mm
from the lip, where the pro� le has become � at. This is plotted as a
functionof Bsp in Fig. 12. The transfernumber Bsp is approximately
60 in typical cryogenic injectors. It can be seen from Fig. 12 that
for such values Bsp has some effect on Vw=U . However, increasing
Vw has little effect on the � ame position and no effect on the � ame
thickness. Consequently in the range found in cryogenic injectors,
Bsp does not affect � ame stabilization.

D. Effect of Damköhler Number via Changing Hydrogen Velocity
As indicated in Sec. II, a cross� ow � ame can be described by a

convection Damköhler number or a strain-rateDamköhler number,
depending on the type of velocity pro� le in the con� uent streams.
When the � ame is tucked behind a step, it is not clear which
Damköhler should be used or on which velocity it should be based.
In this section, the effect of the freestream velocity is examined at
four step thicknesses:0.2, 0.25, 0.3, and 0.4 mm. At medium to high
UH2 , the tip of the � ame remains tucked in a region of slow � ow
behind the lip, relatively unaffected by the freestream velocity. At
very low UH2 , one obtains the � ame shape in Fig. 1e.
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Fig. 12a Stefan � ow velocity.

Fig. 12b Distance between liquidand center of trailing diffusion � ame
as function of Bsp for hydrogen � ame above condensed oxygen behind a
step: step height= 0.4 mm, UH2 = 150 ms¡1 , TH2 = 350 K, TLOX = 90 K,
and p = 1 bar.

This effect is quanti� ed for the case where the step height is
0.4mm.Variablesare extractedalongthecontourofmixturefraction
that passes through the center of the � ame. (When the � ame is close
to the liquid core, this is slightly different from the stoichiometric
mixture fraction contour.) The � ame standoff distance is de� ned
as the position along this contour where the reaction rate passes
a certain threshold. This is plotted in Fig. 13a, and the velocity
magnitude at this point is plotted in Fig. 13b. Whereas the velocity
at the � ame edge is proportionalto UH2 , the � ame stand-offdistance
is affected very little by UH2 .

When the velocity is increased further, the � ow solver does not
convergeto a stablesolution.This is due to aerodynamicinstabilities
that would lead to vortex shedding off the step in an unsteadysimu-
lation. This feature is studied later. It does not affect the main point
of this section, which is that � ame stability is relatively unaffected
by the hydrogen velocity.

E. Effect of Damköhler Number: Varying Hydrogen Temperature
The chemical time in the Damköhler number can be approxi-

mated by the ignition time of a homogenousmixture, in which case
it dependson TH2, which is generallythe hotter reactant. In the situa-
tion behind a step, the � ame’s thickness becomes a crucial variable.
One must ensure that, when one alters the Damköhler number, one
does not cause the parameter 9 to increase above unity, because
this induces a qualitative change in the � ow. The � ame thickness

Fig. 13a Flame standoff distance.

Fig. 13b Velocity at � ame tip as function of freestream hydrogen ve-
locity: step height = 0.4 mm, Bsp = 60 ms¡1 , TH2 = 350 K, TLOX = 90 K,
and p = 1 bar.

a) TH2 = 300 K b) TH2 = 230 K c) TH2 = 150 K

Fig. 14 Heat release rate and streamlines for a hydrogen � ame above
condensed oxygenbehinda step; step height = 0.20mm,UH2 = 150ms¡1,
TLOX = 90 K, and p = 1 bar.

a) TH2 = 300 K b) TH2 = 230 K c) TH2 = 150 K

Fig. 15 Heat release rate and streamlines for a hydrogen � ame above
condensed oxygenbehinda step; step height = 0.40mm,UH2 = 150ms¡1,
TLOX = 90 K, and p = 1 bar.

scales with ¿
1=2
c D1=2. Note that, although this particular chemical

time has the usual B¡1 dependence, it has little dependence on TH2

and should not, therefore, be equated to the ignition time. Con-
sequently, altering the preexponential factor B changes the � ame
thickness, whereas altering TH2 does not. For this reason, TH2 was
altered and B was held constant in the following simulationson step
sizes of 0.4 and 0.2 mm. The temperature of the step is held at the
freestream temperature.

Results are shown in Figs. 14 and 15 for hydrogen temperatures
between 150 and 310 K. When the step is large, the � ame po-
sition changes very little as TH2 changes, and the � ame remains
tucked within a region of slow � ow. With a smaller step, the
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standoffdistance increasesslightly as the inlet temperature reduces.
In both cases, reducing TH2 reduces the viscosity, which increases
the Reynolds number. Below 150 K, there is no stationary solution,
due to aerodynamic instabilities, and the � ow solver does not con-
verge to a steady solution. By arti� cially increasing the viscosity,
one can achieve a stable � ame once more, even at low inlet temper-
atures, which suggests that the � ame can remain stabilized below
150 K. However, this cannotbe taken to be a rigorousdemonstration
of this proposal.

Fig. 16 Heat release rate and pressure contours in an unsteady simulationof a hydrogen � ame above a condensed oxygen surface behind a step; step
height= 0.20 mm, UH2 = 150 ms¡1 , TH2 = 130 K, TLOX = 90 K, p = 1 bar, and ¢t = 0.50 ms: where – – –, of negative gauge pressure, are vortex cores.

Fig. 17 Heat release rate and pressure contours in an unsteady simulationof a hydrogen � ame above a condensed oxygen surface behind a step; step
height= 0.40 mm, UH2 = 150 ms¡1 , TH2 = 100 K, TLOX = 90 K, p = 1 bar, and ¢t = 0.10 ms: where – – – , of negative gauge pressure are vortex cores.

To study this feature further, two unsteadynumerical simulations
were performed, one with a step of 0.20 mm and the other with a
step of 0.40 mm. The hydrogen inlet temperature was reduced to
130 K for hs D 0:20 mm and to 100 K for hs D 0:40 mm. Frames
from theseunsteadysimulationsare shown in Figs. 16 and 17. In the
� rst situation, the � ame is almost as thick as the step and, at this low
temperature, starts at the downstream end of the slow-moving zone
behind the step. Vortices released from the back of the step interact
stronglywith the � ame head, and this eventually leads to extinction.
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In the second situation, the � ame is much thinner than the step, and
the tip remains well inside the region of slowly moving � uid despite
the fact that the step is at a low temperature.The � ame is to one side
of the line of vortices shed from the step and is unaffected by them.
This behavior is seen in a � ame to one side of a mixing layer.14

Vortex shedding has also been described in a detailed numerical
study of the stabilization zone of a cryogenic � ame,11 and simi-
larly, the � ame is relatively unaffected when situated far from the
vortices.

The crucial point here is that if the step is large with respect to
the � ame thickness, the � ame can remain in the region just behind
the step, unaffected by vortex shedding, even at low Damköhler
numbers. On the other hand, if the step is small, the vortices that are
shed interact strongly with the � ame tip and can lead to extinction.
Consequently, this study of the effect of the Damköhler number
highlights once again the importance of the parameter 9.

IV. Conclusions
The � ame behind a step over a liquid fuel is examined.This con-

� guration is approached systematically, by the use of dimensional
analysis to guide a numerical study. Simpler situations, which con-
tain some features common to this � ame, are reviewed � rst. These
include a cross� ow � ame and the � ame in a boundary layer over a
liquid reactant or porous plate. Three parameters are examined in
particular: a Damköhler number, the Spalding transfer number, and
the nondimensional step height 9. Other parameters that could be
in� uential are the Zeldovichnumber and the heat release parameter.
However, these two are constant for a given set of reactants and,
consequently, are not examined here.

The most in� uential parameter is the nondimensionalstep height
9 . When this is large, the � ame tucks behind the lip and is affected
very little by the Damköhler number. When this is small, the � ame
is exposed to the freestream and is very sensitive to the Damköhler
numberor to vortexsheddingfrom the step. In both cases, the Spald-
ing transfer number has little effect on stabilization.

This result can be applied to � ames stabilized behind splitter
plates or on the lips of coaxial injectors. For reliable stabilization,
the plate thickness must be greater than the � ame’s width.
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