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Abstract

A counterflow diffusion flame between gaseous hydrogen and liquid oxygen (LOx) is studied numerically at
1 and 2 bar pressures. Conditions at the liquid interface are modelled using the Clausius-Clapeyron relation and
the species profiles are evaluated with a one-dimensional numerical code. Complex chemistry and multicompo-
nent transport are employed. Thermodynamic and transport properties are taken from Chemkin and the corre-
sponding Transport packages. Typical species and temperature profiles are presented. The extinction strain rate
is evaluated as a function of the inlet hydrogen temperature. This varies from 1.2 X 10° s™* at a hydrogen
temperature of 20K to 6.0 X 10° s™* at a temperature of 310K, indicating that hydrogen/LOx flames are
extremely resistant to strain rate. The effect of the temperature gradient on the liquid side of the interface is
examined and found to be negligible. When applied to one aspect of the flame-holding in cryogenic rocket motors,
these results may be used to infer that extinction by strain rate is improbable in the injector near-field, even for
very low hydrogen stream temperatures. © 2003 The Combustion Institute. All rights reserved.

Keywords: Strained flames; Extinction; Cryogenic combustion

1. Introduction

The successful launch of arocket requires steady
thrust from the engine with awell controlled ignition
transient and a minimum level of vibration. High
performance is particularly important in order to put
an economically-viable mass into orbit. This is ob-
tained by using cryogenic propellants, despite the
considerable practical difficulties associated with
these substances. In many engines, gaseous hydrogen
and liquid oxygen are injected coaxialy through a
large number of injectors, that are mounted on the
back wall of the combustion chamber. The flame
stabilizes in the wake of the oxygen injector lip and
develops in the near vicinity of the oxygen stream.

* Corresponding author. Tel.: +33-1-41-13-10-83; fax:
+33-1-47-02-80-35.
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The experimental image shown in Fig. 1 indicates
that the flame edge is very close to the oxygen injec-
tor lip and that the flame spreads in the near vicinity
of the LOx stream. Figure 2 gives a schematic rep-
resentation of the flamein the near field and indicates
that the stabilization takes place in an initialy lami-
nar region near the lip and close to the oxygen
stream. This configuration has been investigated in
numerical [1], and experimental studies [2—4]. Under
normal operating conditions the flame is stable and it
spreads as a highly turbulent brush. Below a critical
hydrogen feed temperature, oscillations occur at fre-
quencies corresponding to the chamber's acoustic
modes [5]. Temperature seems to control the onset of
these oscillations which suggests that the flame could
lift off the oxygen injector making it more sensitive
to acoustic coupling. With appropriate feedback this
would lead to the observed oscillations. Given the
power generated by the motor, combustion oscilla-
tions can lead to payload damage or even cata
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Fig. 1. Image of the flame formed between liquid oxygen and gaseous hydrogen in a typica cryogenic fuel injector. A slice of
the average emission intensity isshown in color. The average oxygen jet position is shown in grayscale. The near-injector region

is expanded on the left.

strophic failure of the rocket. In this article, one
mechanism of flame lift-off is studied.

Once it is established, the flame runs approxi-
mately parallel to the hydrogen flow in the near-
injector region (Fig. 1). Although strain parallel to
the flame will not affect it, a turbulent eddy could
impinge directly onto the surface, pinching the flame
between the cold condensed oxygen and a fast per-
pendicular flow of cold hydrogen. It is known that
diffusion flames formed between two low tempera-
ture reactant streams extinguish relatively easily,
since heat |oss takes place on both sides of the flame.
This is unlike premixed flames which are backed by
hot gases. The proximity of the condensed oxygen
might significantly lower the strain rate at which this
occurs. Once a hole has been punched in the diffusion
flame an edge flame forms. The consequences of this
have aready been studied in a different context [6].
This edge flame does not then close up, even if the
strain rate is immediately reduced. This means that
holes will tend to grow if the extinction strain rate is

turbulent

laminar

Fig. 2. Diagram of the stabilization mechanism in the wake
of the lip of the liquid oxygen injector. The flow is laminar
in the hot zone just behind the lip. Conditions become
turbulent within a short distance. The flame can be pinched
between the cold hydrogen flow and the liquid oxygen
surface, which must evaporate in order to supply the flame.
These harsh conditions could lead to local extinction and
blow-off.

exceeded for even a short time, and the flame will
blow off, perhaps leaving a small pilot flame just
behind the oxygen tube lip.

The most severe scenario occurs when an eddy
arrives perpendicular to the surface. This can be mod-
elled as a counterflow flame above a condensed fuel,
as shown in Fig. 3. The flat flame formed in this
configuration is submitted to an external strain rate.
Extinction conditions may be studied by progres-
sively increasing the strain rate until the temperature
and reaction rate suddenly drop to vanishingly small
values. Under a standard transformation this config-
uration can be reduced to a one-dimensional problem.
While gaseous strained flames have been studied
extensively, the case of a gaseous stream impinging
on aliquid surface is less well documented. It isfirst
considered in an asymptotic analysis with finite rate
chemistry in the thermodiffusive limit [7]. It is dem-
onstrated in this reference that extinction occurs

Hydrogen

Temperature, T
Strain rate, €

Fig. 3. Configuration of the model problem in the (x,2) plane
(x axis horizontal). A counterflow hydrogen diffusion flame
is situated above a pool of condensed oxygen. This can be
reduced to a one-dimensiona problem from which the ex-
tinction strain rate can be calculated as a function of the
operating conditions.
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when a Damkohler number based on the flow time
divided by the chemical time is reduced below a
critical level. This Damkdhler number is proportional
to Ble, where B is the Arrhenius pre-exponential
factor, and e the strain rate. Vaporization processes
seem not to be influential, a fact which is confirmed
later in this article. The asymptotic analysis by
Hamins [8] provides away of calculating the extinc-
tion Damkohler number but comparison with exper-
iments shows that this method is not always accurate.
The problem is envisaged [9] in the infinitely fast
chemistry limit to evaluate the vaporization rate and
the flame position. This study also shows that when
the Lewis number is unity, the counterflow flame is
stable with respect to small fluctuations in strain rate
and thermodynamic parameters at the liquid surface.
It is assumed here that thisremainstrue in the general
case. With this assumption it is sufficient to calculate
the extinction strain rate in steady flow. This assump-
tion is backed up by the fact that the flame can
survive at even higher strain rates when it is un-
steady, but not pierced [10]. The situation is aso
considered in experiments [11,12], although neither
reference tests the influence of the liquid properties.
Other investigations of the structure of liquid oxygen/
hydrogen flames have been carried out [13,14] but
focus on the single droplet spherical flame problem
or on the counterflow spray configuration.

In summary, this paper examines a counterflow
diffusion flame between gaseous hydrogen and a
layer of liquid oxygen. A one-dimensional model
with complex chemistry and multi-component
transport is used to evaluate stationary solutions.
The strain rate varies from low values of 100 s™*
to the extinction strain rate and the hydrogen
stream temperature is assigned values between 20
K and 310 K. In this way the extinction limit strain
rate is evaluated as a function of the hydrogen
temperature. The temperature gradient on the lig-
uid side is also changed. As well as providing
practical information on extinction limits, the re-
sults presented here confirm some previously cited
analyses and highlight some aspects which could
be examined further in future work.

2. - . .
Boundary conditions and governing equations

The formulation of the governing equations in-
cluding complex chemistry and detailed transport is
straightforward. However, the boundary conditions at
the condensed phase require some care and this is
discussed first.

2.1. Formulation of subcritical vs. supercritical
problems

To one side of the flame is pure gaseous hydrogen
at constant temperature. This is an easy boundary
condition to model. The operating pressure of rocket
enginesis around 100 bar, above the critical pressure
of both fluids. However, during the ignition process
when oscillations have been observed, the pressureis
below oxygen’scritical pressure. The flamelies close
to this condensed oxygen. Therefore, particular atten-
tion must be paid to the boundary condition on this
side.

Below the critical pressure of pure oxygen, (P,
~5.0 MPa) aliquid/vapour interface will always ex-
ist. Conditions at this interface are expressed in terms
of the Clausius-Clapeyron equation (Eg. 1) which
relates the saturation pressure, p, to the surface tem-
perature, T

. <Ahv[1 1]) L
Ps(To) = po EXp 0, LT, @)

Here the point (po, To) lies on the liquid/vapour
phase equilibrium line, Ah, is the latent heat of va
porization and r 4 is the gas constant. From this rela-
tion, the composition at the surface can be evaluated.
The heat flux is also related to the mass flux, m, at the
liquid interface by Eq. 2.

dT . dT
)\v&|v - mAhv + )\I&h (2)
where A, and A, denote the thermal conductivities on
the vapour and the liquid sides respectively.

The liquid and gas phases can be simulated sep-
arately, with jump conditions at the interface linking
the two domains. This permits the use of an opti-
mized equation of state and multispecies transport
formulations in each phase. At the expense of some
accuracy, simulation of the liquid phase can be re-
placed by the assumption that it is pure oxygen. Thus,
only the gaseous phase needs to be simulated. It can
be checked a posteriori that the concentrations of
other species at the interface are quite small.

Above the critical pressure of pure oxygen (p >
P.), it cannot be assumed a priori that an interface
will exist and it is not possible in this case to split the
simulation up into liquid and vapour phases. Subcriti-
cal conditions are therefore assumed in this analysis.

2.2. Governing eguations

The planar (x,2) counterflow flame (Fig. 3) is
reduced to a one-dimensional problem aong the z
axis by assuming that the flow-field is of the form:

u=U(2)x, pv=V(2 3
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where u is the velocity in the x-direction, parallel to
the liquid surface and v is the velocity in the z
direction, perpendicular to the surface. The trans-
verse pressure gradient, J = —(1U/x)ap/ox, is un-
known but is assumed to be constant in the
z-direction. In the stationary case the balance equa-
tions for mass, momentum, species and energy take
the following form:

a(pv)
+—= 4
pU+———=0 (4
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The equation of state for a mixture of perfect
gases takes the form: p = p/r T, wherery, = R'Wand
W is the molar mass such that: YW = S (Y, /W).

In these equations, the mass density, p, the tem-
perature, T, and species mass fractions Y, are func-
tions of the spatial variable z. U (2) defines the profile
of u with respect to z, u and A respectively designate
the local mixture viscosity and conductivity. V, isthe
diffusion velocity of the k™ species, W, is the molar
mass of the k' species and o, represents its molar
rate of production. c, denotes the local constant pres-
sure heat capacity of the mixture and c,, is the con-
stant pressure heat capacity of the k" species. h, is
the specific enthalpy.

The diffusion velocity V, is computed from:

= - +V,
k Xk 9z c (8)

where D, isthe diffusion coefficient of the k' species
in the mixture, X, is the mole fraction and V, is a
correction velocity given by:

- ©

The radiation heat loss from the flame zone is
neglected. This may be significant at low strain rates
but it is negligible in the range of strain rates con-
sidered in this article. Only the subcritical case is
examined. This is acceptable if the extinction condi-

tions determined at low pressure are a lower bound
for the values at high pressures. This property is
found in the experimental results of [11] and is also
confirmed later for hydrogen/liquid oxygen flames.
Only the gaseous phase is simulated, assuming that
the liquid phase is pure oxygen. It is convenient to
choose a pressure of 1 bar (0.1 MPa) initialy, since
reaction schemes and transport data are well vali-
dated. The process is then repeated at 2 bar in order
to confirm the trend with increasing pressure. The
calculations at higher subcritical pressures will re-
quire that the pressure- dependence of rate constants
be taken into account. At supercritical pressures it
would be necessary to modify the boundary value
problem and consider the oxygen and hydrogen
streams simultaneously.

The numerical technique is similar to that em-
ployed in reference [15]. Transport properties are
obtained from the 'Transport’ package [16]. Complex
chemistry and thermodynamic properties are handled
with 'Chemkin’ software [17]. The corresponding
databases have been verified between 80 K and 3000
K. The reaction mechanism, taken from reference
[18] has 9 species and 14 reactions. For convenience
the ideal gas eguation of state is used, sinceit is very
close to the Soave-Redlich-Kwong (SRK) equation
of state in the gaseous phase at 1 bar.

2.3. Boundary conditions

A strain rate e is imposed on the hydrogen side,
leading to the following boundary conditions at z
=+4ow: U =g, T =T,y,, Y, =1 for hydrogen, Y, =0
otherwise; du/dz =—e,,

The boundary conditions at the oxygen surface
are quite different. Assuming that the liquid oxygen
is at rest, the no-dlip condition is expressed as:

U=0 (10)

Oxygen is the only species which can cross the
surface. Its mass fraction is deduced from the Clau-
sius-Clapeyron eguation (Eq. 1):

W, Wipo {Ahv[l 1})

= —X,.= — — — _
W wWop rg LTy Ts

Yis
9

(11)

where X, = p./p is the mole fraction of gaseous
oxygen in the vicinity of the liquid surface. Close to
the surface, oxygen is the main speciesin the mixture
and it is possible to take W ~ W, and estimate r, by
R/W,. The heat balance at the surface is given by
expression (2).

The remaining constraints are expressed in terms
of the diffusion velocities V. The mass flux of oxy-
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Fig. 4. Temperature and mole fraction profiles for a counterflow hydrogen flame above a condensed oxygen surface.
Temperature and major species are plotted on the left, minor species on the right. The inlet hydrogen temperature is 100 K and

the strain rate is 6 X 10* s~* on the hydrogen side.

gen across the surface must equal the bulk mass flux
away from the surface:

(pY19)Vnet1 = pv (12)

where v,o; = (v + V,) isthe net velocity of species
1. This leads to:

Vi=v(1— Y)Yy

As would be expected, the oxygen diffusion ve-
locity V, tends to zero as Y, tends to 1. The net
velocities of the remaining species must be zero.
Hence:

(13)

V= —vfork=2N (29

The system of eguations is discretized using a
centered finite difference scheme. Integration is
achieved by combining a time-stepping scheme with
Newton iterations on an adaptive mesh [15].

3. Results

In rocket engines, oxygen is injected at ~80 K.
Theliquid surface temperatureis ~90 K. The first set
of simulations assumes that the amount of energy
used to heat up the liquid oxygen is negligible com-
pared with the amount required to transform it from
liquid to gas. Consequently the second term on the
right hand side of Eq. 2 is set to zero. This assump-
tion is later shown to be acceptable.

3.1. Species profiles in the flame

Typical profiles of temperature and mole fractions
of species are shown in Fig. 4. For comparison the
same profiles are displayed in Fig. 5 for a gaseous

H_/gaseous O, flame[19]. In both cases the hydrogen
temperature is 100K and the strain rate on the hydro-
gen side is e, =6.0 X 10* s . The major species
profiles are similar and the flames are about the same
width. The temperature profile differs on the oxygen
side in order to ensure that a temperature gradient
exists at the liquid surface. The maximum tempera-
ture is aso consistently higher, which reflects a
higher residence time in the flame front. It is inter-
esting to note that, in both cases, the temperature
profile does not coincide with the H,O profile, an
effect which is associated with the decomposition of
H,O to OH at high temperature. This can be com-
pared with the experimental results of [12] for a
heptane/air flame. All major features are qualitatively
identical but, for the hydrocarbon/air flame, the CO,
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Fig. 5. Temperature and mole fraction profiles for a coun-
terflow gaseous hydrogen/gaseous oxygen flame calculated
by Schreiber (19). Both gases are injected at 100 K. The
strain rate is 6 X 10% s~*. The axis position is arbitrarily
defined.
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Fig. 6. Maximum flame temperature as a function of strain
rate for a counterflow hydrogen flame above a condensed
oxygen surface. Theinlet hydrogen temperatures are shown
next to each curve.

and H,0 profiles are nearly coincident with the tem-
perature profile.

The flame thickness, &;, is defined as the distance
between the points where the temperature is 5% of its
minimum value. The flameis ~400 um thick and its
location, defined here by the position of the maxi-
mum flame temperature, isat L, = 200 uwm from the
liquid surface. This latter value is an order of mag-
nitude larger than that found in reference [9] and this
does not change when afaster chemistry is employed,
leading to athinner flame. The position of adiffusion
flame is determined to a great extent by the transport
properties of the reactant streams and this may ex-
plain the difference between results obtained with a
detailed model and estimates from a simplified anal-
ysis relying on a constant Lewis number approxima-
tion [9].

The oxygen mass fraction in the vicinity of the
surface is 0.986. This reinforces the assumption that,
in the neighbourhood of the interface, the amount of
gas mixed with oxygen is negligible. The remaining
fraction of 0.014 isamost entirely comprised of H,O
and a more rigorous analysis could consider this
binary mixture at the interface.

3.2. Effect of strain rate

The maximum flame temperature is plotted as a
function of strain rate, €, in Fig. 6. It is shown for
five values of theinlet hydrogen temperature between
80 K and 310 K. The maximum flame temperature
decreases as strain increases since the increased gra-
dients in the flame lead to a higher heat flux away
from the flame. When the flame temperature is re-
duced below 1600 K, chain-breaking reactions over-
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Fig. 7. Heat release rate per unit surface as a function of
strain rate for a counterflow hydrogen flame above a con-
densed oxygen surface. The inlet hydrogen temperatures are
shown next to each curve. At low strain rates, the heat
release rate increases as €22 in line with calculations in the
infinitely-fast chemistry limit. When the flame thickness is
of the same order as the flame stand-off distance, the slope
becomes nearer to €2'°.

take chain-branching steps and the flame is extin-
guished.

The heat release rate per unit area (§, = —
S h Wi, d2) is shown in Fig. 7 as a function of
gtrain rate. In steady state, the heat release rate is
proportional to the oxygen evaporation rate. The heat
release rate varies with €2 in the gas/gas counter-
flow situation according to the infinitely fast chem-
istry theory. The same dependence is obtained for the
flame above a liquid fuel in the infinitely fast chem-
istry limit [9]. It is interesting to see if this result
holds in the finite chemistry case. The numerical
simulations presented here are interesting, since they
show that the heat release rate evolves from a eX2
dependence at low strain rates, where the flame is far
from the surface to a €2’® dependence at high strain
rates, where the flame is close to the surface. When
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Fig. 8. Heat release rate as a function of strain rate for a
flame above aliquid surface. Complex chemistry is replaced
with a single step reaction and the parameters are chosen to
give a thin flame with a similar value of heat release. The
heat release rate increases as 22 in line with calculationsin
the infinitely-fast chemistry limit.

the reaction expression is altered to make the flame
thinner, as in figure 8, the dependence on €22 is
retained over a wider range of strain rates. Thus, it
appears that, when the ratio of flame stand-off dis-
tance to flame thickness L /&; is small, the classical
relationship between reaction rate and strain rate is
dtered by effects of vaporization at the liquid/gas
interface.

The numerical values of the heat release rate
found here are close to those obtained for a purely
gaseous oxygen/hydrogen diffusion flame [19]. The
heat release increases with strain rate up to the point
of extinction because the species and temperature
gradients become steeper, leading to faster mass dif-
fusion to the flame. As the inlet hydrogen tempera-
ture decreases, the heat release per unit area in-
creases. This is due to the higher density, which isa
consequence of the lower flame temperature at a
given strain rate.

The flame stand-off distance (defined as the dis-
tance from the oxygen surface to the point of maxi-
mum temperature) is shown as a function of strain rate
in Fig. 9. This distance is proportional to e, Y2, which
agrees with the results in reference [9].

3.3. Effect of inlet hydrogen temperature on
extinction strain rate

The extinction strain rate plotted as a function of
inlet hydrogen temperature is shown in Fig. 10. The
solid line represents conditions under which the ther-
modynamic and transport data have been verified for
all species. The dotted line represents the results at

-
o
™

Flame stand-off distance (microns)

>

10° 10
Strain rate, (s")

Fig. 9. Flame stand-off distance as a function of strain rate
for a hydrogen flame above a condensed oxygen surface. It
is proportional to e Y2 in line with predictions in the
infinitely fast chemistry limit. The hydrogen temperatures
are, from the top to the bottom curves: 310, 220, 160, 120,
and 80 K.

lower inlet hydrogen temperatures. The correlations
for the thermodynamic and transport data have been
checked in this temperature range only for pure hy-
drogen. At the outer edge of the convection/diffusion
zone other species are present below 80 K in very
small concentrations. The transport correlations for
these species are reasonable in this range and, a-
though they are not strictly valid, the error islikely to
be minimal.

-
(=}

X

N W o (4] [<2]
N

Extinction strain rate, (s™")

-

0 50 100 150 200 250 300 350
Ambient hydrogen temperature (K)

Fig. 10. Extinction strain rate plotted as a function of inlet
hydrogen temperature. The solid line represents the region
in which thermodynamic and transport properties of all
species have been verified. The dotted line represents the
region in which only hydrogen properties have been veri-
fied.
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In any casg, it is apparent that the extinction strain
rates are in excess of 10° s~*. These values are much
larger than the strain rates which may be expected in
the jet flames formed by coaxia injectors in typical
rocket motors. A rough estimate of the maximum
aerodynamic strain rate may be obtained, for exam-
ple, by considering a hydrogen eddy at 100 ms*
impinging perpendicularly onto the oxygen surface
and decelerating to a stagnation value within | ~1
mm. This would yield a strain rate of e, ~10° s %,
which would still not be sufficient to extinguish the
flame. Real conditions are less severe than this. The
scalel is estimated by assuming that it is of the order
of atypica dimension of the injector. The LOx tube
diameter is afew mm and the hydrogen annulusiis of
the order of a mm. Another possibility would be to
estimate the scalar dissipation in the hydrogen jet,
which could then be compared with the critical scalar
dissipation inducing extinction.

3.4. Effect of a temperature gradient in the liquid
oxygen

Heat conduction into the liquid oxygen core only
affects the flame when it is of the same order of
maghitude or greater than the vaporization hesat flux.
The simulations show that the latter is greater than
10° Wm™2 for strain rates above 10* s, Given that
the thermal conductivity of liquid oxygenisA = 0.16
Wm~K ™1 a temperature gradient of at least 10°
Km~? is required for the flame to be affected. The
oxygen's surface temperature is ~10 K higher than
its core temperature. A thermal boundary layer will
exist between the surface and the core. For ease of
demonstration, one can assume a linear temperature
profile. For the flame to be affected, this layer must
be less than 10 wm thick. This is confirmed in Fig.
11. where the maximum flame temperature is shown
as a function of thermal boundary layer thickness at
a dtrain rate of 1.4 X 10% . The flame is only
affected when the layer is <10 um thick and extin-
guisheswhen it is 0.5 um thick. A thermal layer this
thin will not last for any appreciable distance beyond
the injection plane. Consequently, it is reasonable to
neglect heat conduction into the liquid oxygen.

3.5. Effect of pressure

The effect of pressure on strained laminar diffu-
sion flames is studied via an asymptotic analysis in
appendix A, assuming infinitely fast chemistry, equal
diffusivities, p?D independent of temperature and D
« p~*. The analysisindicates that the hest release per
unit surface is proportional to (ep)*'? . The fact that
the heat release rate increases with pressure while the
thermal conductivity remains approximately constant
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Fig. 11. Maximum flame temperature as a function of ther-
mal boundary layer thickness at the condensed oxygen sur-
face. The temperature drop across the layer is 10 K and the
profile is assumed to be linear. The strain rate is
1.4x10% 2. It can be seen that the thermal layer needs to
be unrealistically thin before it can have an effect on the
flame.

suggests that the extinction strain rate will also in-
crease with pressure. This is consistent with experi-
mental results [11] which show that the extinction
strain rate increases asymptotically to a maximum
between 3 and 10 bar for a heptane/air flame.

The 1-D simulations were repeated at 2 bar to
check this tendency. The flame is thinner and is
dlightly closer to the condensed surface at a given
strain rate. Figure 12 shows the heat release rate as a
function of strain rate. In accordance with the asymp-

10 T T

==-1bar
— 2bar

Heat Release Rate (kWcm™2)
o
>

10* 10° 10°
Strain rate, (s™')

Fig. 12. Heat release rate per unit areaas afunction of strain
rate for ahydrogen flame above a condensed oxygen surface
at 1 bar and 2 bar pressure. The inlet hydrogen temperature
is 310 K. The extinction strain rate increases by a factor of
2.
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totic analysis, the heat release increases (although in
proportion to €X?p*%) and the flame withstands
higher strain rates before extinction. It is not possible
to predict how the pressure dependence law will
evolve as pressure is increased but this aspect de-
serves further consideration.

4. Conclusions

Flame stabilization is critical for the successful
operation of rocket motors, which often use liquid
oxygen and gaseous hydrogen. The flamelies close to
the LOx surface and a possible extinction mechanism
is via excessive strain against the cold liquid surface.
The most severe scenario arises when an eddy im-
pinges perpendicularly to the surface. This corre-
sponds to a counterflow diffusion flame above a lig-
uid reactant and constitutes a model problem in
combustion science.

A counterflow diffusion flame between a hydro-
gen stream and a surface of condensed oxygen has
been studied at pressures of 1 and 2 bar using a
one-dimensional numerical formulation. Species pro-
files are similar to those found in gaseous diffusion
flames. The temperature profile is also similar but it
features a gradient at the surface, which isrequired to
evaporate the oxygen. The flame structuresarealsoin
qualitative agreement with results in the infinitely-
fast chemistry limit [9] where the extinction limit
strain rate cannot be determined. The present calcu-
lations provide numerical values for the rate of heat
release per unit flame surface, the flame stand-off
distance, the extinction strain rates and extinction
temperatures.

The extinction strain rate decreases as the ambient
hydrogen temperature decreases but it remains ex-
tremely high. It is an order of magnitude greater than
the highest strain rates found in jet flames formed by
typical rocket motor injectors. This means that if a
flame edge exists in the wake of the oxygen injector
lip, the subsequent diffusion flame cannot be extin-
guished downstream. This reduces the question of
flame stabilization to a study of the zone behind the
lip, which can be approached via numerical calcula-
tions [4].

Heat conduction into the liquid oxygen is negli-
gible compared with the heat flux required to vapor-
ize it. This suggests that the temperature of the oxy-
gen jet is not a critical factor.

Around and above the critical pressure of oxygen,
the oxygen surface boundary condition of this one-
dimensional model is no longer valid. In this case a
rapidly changing density layer is found between the
hydrogen and oxygen streams. This must be resolved
by a well-chosen equation of state. However, this

study implies that the extinction strain rate increases
with pressure. Since conditions at the surface seem
relatively unimportant, it is afair assumption that the
extinction strain rate is even higher at supercritical
pressures than at subcritical pressures.
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Appendix A. Consumption rates in strained
laminar diffusion flames

A counterflow diffusion flame is considered be-
tween two reactants, labelled 1and 2. Let G, and D,
represent the consumption rate and diffusivity of re-
actant « [15]. The mass stoichiometric ratio s char-
acterizes the single step chemical reaction F + sO —
P. An asymptotic analysis at constant strain rate, e,
in the limit of infinitely fast chemistry and with p°D
independent of temperature gives:

2Daoes) 2 ap A1)
1- erf(naf)

where 7 is a transformed spatial coordinate and the
subscript f denotes the flame position. The flame
positions 7, are solutions of the trancendental equa-
tion:

Ga = pYaO(

oy L= () _
1+ ef(nuB)
where the globa mixture ratio, ¢, compares condi-

tions prevailing at infinity to the mass stoichiometric
ratio:

¢ = SY1o/ Yoo (A.3)

B designates the square root of the diffasivity ratio: g

= (D:LO/DZO)]’/2 , which means one can write 1,; =
Bmys If B = 1 then the consumption rates are given
by:

Bo (A2)

2
1+ (;b( Des) o

G, = leOT 20 (A9
DSS Ve .2
Gy = pYao(l + ¢) o e ™ (A.5)

with n; defined implicitly by erf(n) = (1 — ¢)/(1 +
¢). (A crude approximation of the error function
when n; =~ 0 issimply erf(n,) ~ 2n/ \]7_7 ). It is now
necessary to evaluate pD as a function of pressure:

p’D(p,T) = p*(p,T)D(p,T)

However, p?D is supposed independent of tempera-
ture and can be evaluated at a reference temperature.
Keeping the pressure constant one may write:

pzD( pr) = Pz( plTrEf) D( prref)

Now D is inversely proportional to pressure:

Pr
D( prTref) = fD( prefvTref)
Thus
p
p?D(p,T) = p2<p,T,ef>ff D(Pren Trer)
or
P\ Pres
D(p,T :< >#D e Tr
pD(p,T) Tw p (Pren Trer)
Pref )2 p
=| =) — D(Prens T¢
(rTref pref (pef ef)
One may aso write:
p
p°D = —[p"Dlres
pref
The final result is:
Y2 Y2
D, € p
G = prefYaoll + d))(z_dS) <_> eXP(—nfz)
™ Pres

(A.6)

from which it can be seen that the consumption rate
and the heat release rate are proportional to the prod-

uct (esp)]’/2 . This indicates that the consumption rate

per unit flame surface increases with the square root
of the pressure.
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