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STRUCTURE OF CRYOGENIC FLAMES AT ELEVATED PRESSURES
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This paper presents new experimental results on cryogenic jet flames formed by a coaxial injector at a
pressure of 70 bar, which approaches the pressures found in rocket engines. This element, fed with liquid
oxygen and gaseous hydrogen, is placed in a square combustion chamber equipped with quartz windows.
The flame is examined via spectroscopy, OH* emission, and backlighting, the aim being to provide basic
information on the flame structure. It is found that some of the OH* emission is absorbed by the OH
radicals present in the flame. A detailed examination of this effect is presented, in which it is shown that,
for this turbulent flame, the Abel transform gives the position of the intense reaction region, whether or
not absorption is signficant. The flame is attached to the oxygen injector, as at low pressure. At high
pressure, flame expansion is reduced compared with low pressure and is also less dependent on the mo-
mentum flux ratio between the hydrogen and the oxygen streams. An analysis of the relevant Damkshler
numbers suggests that this is because the rate of combustion is mainly controlled by large-scale turbulent
mixing at high pressure, and it is dominated by jet break-up, atomization, and vaporization at low pressures.
Jet break-up is particularly dependent on the momentum flux ratio. Finally, the mean volumetric heat

release rates and flame surface density in the experimental facility are estimated.

Introduction

The primary application of liquid oxygen (LOx)/
gaseous hydrogen coaxial jet flames is in high-per-
formance rocket motors, such as the Space Shuttle
main engine and the Vulcain motor of Ariane 5. In
each of the several hundred injectors, an annulus of
high-velocity hydrogen provides the energy for rup-
ture and turbulent mixing of a central oxygen jet.
The propellants burn in a sheet around the atomized
oxygen cloud. Typical chamber pressures of between
60 and 200 bar exceed the critical pressure of oxygen
at 50.5 bar. Cryogenic flames operating at such ele-
vated pressures differ from conventional spray
flames, but only a limited number of studies in the
literature relate to such flames. The objective of this
investigation is to provide basic information on the
flame structure as part of a large-scale research pro-
ject into cryogenic combustion.

Our previous work on cryogenic flames concerned
pressures up to 10 bar. A large set of images has been
collected via laser elastic scattering from the oxygen
jet, laser-induced fluorescence (LIF) of OH radicals,
natural emission of OH* radicals, and backlighting
[1-4]. This work was extended here to 70 bar, al-
though laser techniques were not attempted, since
excessive diffusion of the laser sheet and large col-
lisional quenching effects were anticipated. The
present analysis relied on OH* emission images
combined with visualizations of the liquid oxygen jet.
In scaling the injection conditions to different pres-
sures, the momentum flux ratio of the two flows was

conserved. This is defined as | = pp,Utr,/pro.Utox
and is an important factor in jet breakup [5]. To
avoid excessive change in the mixture ratio E =
1My ox/ T, the diameter of the hydrogen annulus was
slightly reduced. In this article, the flame and oxygen
jet shapes are compared with those obtained at low
pressure for the same two values of the momentum
flux ratio. While Refs. [6] and [7] already provide
some data on high-pressure cryogenic flames, these
results are the first published in which the pressure,
oxygen jet dimension, and momentum flux ratio ap-
proach those of actual rocket motors.

Experimental Facility

The experimental facility, developed and operated
by ONERA, was described in detail in Ref. [8] for
low-pressure studies and Ref. [9] for high pressure.
Oxygen at 80 K and hydrogen at 280 K were injected
coaxially into a combustion chamber of height and
width 10 X d} o, and length 100 X d}o,. A visual-
ization module, with windows of length 14 X dy oy,
can be placed at any point along the length of the
chamber. In this study, two positions were used: 0 to
14 X dyo,and 8 to 22 X dj o,. Injection conditions
are presented in Table 1 for our experiments be-
tween 5 and 70 bar.

Imaging Techniques
The emission spectrum of a slice of the flame was
recorded between 300 and 680 nm by a grating spec-
trometer with resolution 44 = 0.15 nm and expo-

sure time 1oy, = 1 s. The slice was perpendicular to
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TABLE 1
Operating Conditions under Investigation

Pressure 5 bar 10 bar 70 bar
Re; o 67000 67000 134000

] 14.4 6.5 145 6.5 11 6
E 3.0 4.5 2.1 3.2 1.6 2.2
Vioe(ms™h) 22 22 22 22 40 40
dy/dy o 24 24 24 24 20 20
Vi, (ms™1) 432 292 308 207 190 150

. . 9 S .
] is the momentum flux ratio: pyy, Ug1/proxUrox and E is
the mass flow ratio: my o,/ my,.

Wavelengths (nm)

FI1G. 1. Emission spectra of the flame at 25 and 70 bar.
The theoretical positions of the band heads are marked in
solid lines: 1 = band (0,0); 2 = band (1,1), 3 = band
(2,2), and 4 = band (0,1). The extension of band heads to
the intensities measured experimentally are marked in dot-
ted lines.

the axis of the flame, 1 mm thick and located 30 mm
from the injection plane. Only the part of the spec-
trum between 300 and 380 nm is shown here. This
near-UV region corresponds to the emission of the
OH* radical.

Spontaneous emission of the OH* radical was
viewed at 6 Hz with an intensified charge-coupled
device (CCD) camera with resolution 512 X 270
pixels. Two exposure times were used: 50 ns, to vi-
sualize instantaneous phenomena; and 3760 us, to
ensure smooth averaged images. These images were
treated by the Abel inversion, a process whose valid-
ity is discussed later.

The camera was then synchronized with a spark
flashlamp, placed at the focal point of a lens beﬁind
the chamber. Absorption by liquid oxygen, which oc-
curred between 327 and 330 nm, was weak. How-
ever, light was scattered by the strong refractive in-
dex gradients at the edge of the jet. At the surface
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of superecritical oxygen, the density changed from
1100 kg m =3 to 100 kg m~ 3 in somewhat less than
1 mm [10]. The light deviation angle was estimated
as 0 = an/dy = kap/d 41/ ~ 10° (from Gladstone’s law,
where k = 2 X 10~ m3 for oxygen at atmo-
spheric conditions). In the backlighting images, most
or all of the light passing through the jet did not
reach the camera, which collected light from the
flashlamp with deviation less than 3°, so the jet ap-
peared dark. Additionally, near the critical point, ap-
preciable density fluctuations of the same scale as
the wavelength of light gave rise to critical opales-
cence. The critical pressure of a mixture of O, with
H, or H,O is greater than the critical pressure of
pure O,, at 50.5 bar, so it is possible that parts of the
jet were opalescent at 70 bar. This had the same net
effect as light being scattered by the dense oxygen
jet. By applying a threshold to eliminate the weaker
refractive index gradients which were visible in the
gas, the position of the jet was found. The average
of all images gives the average time that the jet was
present along the line of sight, and, thus, an idea of
the rate of oxygen jet expansion.

The oxygen jet shielded emission from the rear
portion of the flame while also scattering some light
from other parts of the flame toward the camera. Its
effect was limited to the central portion of the Abel
inversion, corresponding to the predominant posi-
tion of the jet. There was little or no flame surface
there, and instead we concentrated on the more
relevant outer regions of the flame. In summary, nei-
ther critical opalescence nor scattering from the jet
interfered with the relevant parts of the Abel inver-
sion.

Results

Flame spectra were obtained at pressures of 25
and 70 bar (Fig. 1). The filter used in the emission
images isolates the bands of the A2X* - X217 elec-
tronic transition of the 306.4 nm OH system. From
330 nm onward, the Oy Schumann-Runge system
and a continuous background are detected. This
background comes most probably from ionization
and ion recombination processes [11]. However, it
is sufficiently weak to be neglected in the emission
images. As expected, the global intensity of the flame
increases with increasing pressure. Moreover, the
relative intensities of the bands with respect to each
other change. The (0,1) band becomes the strongest
in the transition, instead of the (0,0) band.

Figure 2 shows instantaneous images (7.,
ns) of the flame and the jet and an '1velr'1ge(i3 1mage
of the flame. The instantaneous images are highly
turbulent, but the average image is symmetric about
the axis, leading one to assume axisymmetry of the
mean flame structure. Already, much can be de-
duced from these images. They can also be treated
further if the effect of absorption by species in the
flame is considered.
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F1G. 2. Top: Instantaneous OH* emission image, Ty, =
50 ns. Middle: Instantaneous backlighting image, 7., < 50
ns. Bottom: Average image of OH* emission, compiled
from 30 images with exposure time 3760 us.
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FIG. 3. Emission profiles calculated via the Abel inver-
sion of a flame with various degrees of self-absorption,
which is quantified by Z. As absorption increases, the ap-
parent radius of maximum intensity increases, as does the
apparent intensity in the central region.
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Of the predominant species in the chamber (H,,
Oy, Hy0, and OH), only LOx and OH absorbed
within the range 300-380 nm [12,13]. Absorption by
LOx was limited to the jet and has already been dis-
cussed. To estimate the absorption by OH radicals,
the Bouguer-Lambert relation was used: I/, =
exp(—kp [iXoudl), where k;(4) is the OH absorp-
tion coefficient, p is the pressure, Xoy is the molar
fraction of ground state OH, and [ is the path length.
Ref. [13] gives k,(4) for the (0,0) band of the A—X
system of OH (at 306 nm), derived from shock-tube
experiments for a mixture of Hy/Oy/Ar at 60 bar and
1735 K. The hi%hest k;, occurring at 306.47 nm, was
20 atm™! em L.

Absorption in the burned gases can be neglected,
with Xop = 3 X 10~? (value at equilibrium calcu-
lated via CHEMKIN) and [ equal to the size of the
chamber, I/I, = 90%. However, in the flame front,
Xog is much higher. The OH profile, which depends
on the strain rate and pressure, is not known pre-
cisely at 70 bar for Hy/O, at high strain rates. For
this reason, it was varied in the following simulations,
each being characterized by Z = [ Xoudl across the
entire flame front, even though only emission from
the back of the flame has this optical path length.

Each simulation calculated the image that a cam-
era would see when viewing a thin cylindrical self-
absorbing flame from the side. The signal S(y) was
calculated via equation 1, where y is the vertical dis-
tance from the centerline, R is the outer radius of
the flame, 7, is the optical efficiency of the appa-
ratus, io(x, y) is the emission intensity, and Xog(x, y)
is the mass fraction of absorbing species at position

(x, y).
A o
_ \/lfyz iO(x> y)
B
ol

S(y) = Nopt

kApXOH(x’,y)dx’>dx (1)
The emission and Xoy profiles were assumed to fol-
low the same Gaussian distribution. For ease of
demonstration, the flame thickness and emission in-
tensity were held constant while the maximum Xy
value changed for each simulation, thus simulating
different values of Z. Then the Abel inversion of this
image was calculated. With zero absorption, this was
identical to the radial emission profile. Results with
absorption are shown in Fig. 3. As absorption in-
creases, the apparent flame position shifts to a larger
radius. This is because, with appreciable absorption,
the camera only sees the outer edge of the nearest
half of the flame. The resulting image is similar to
half the full axisymmetric distribution but with the
flame shifted outward, which is reflected in the Abel
inversion. Also, the apparent intensity of the central
portion rises slightly because the absorption path
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FI1G. 4. Top: | =~ 11. Bottom: | ~ 6. Color levels (adjusted to obtain the maximum range): Abel transform of the time-
averaged natural OH* emission images at 70 bar. The top and bottom halves of each image are processed separately, so
they do not match at the axis, where the inversion is particularly sensitive to error. Gray levels: Average time that the jet
was present along the line of sight, from 100% in black to 25% of the time in light gray. Jet position data were available

only in the region 0 to 12 X dyq,.

length is greater at the top and bottom of the circular
flame than at the center.

A cross section of the turbulent cryogenic flame
can be considered as a circle with a wrinkled circum-
ference. The flame is much thinner than the distance
over which its radial position fluctuates. Even if the
camera only sees the outer layer of the flame, on
average the effect of this displacement is negligible
compared with the effect of the turbulent fluctua-
tion. Thus, the position of maximum intensity on the
Abel-inverted average image will be the same with
or without absorption. However, it will still be the
case that the absorption path length is, on average,
higher at the top and bottom of the flame than in
the middle. Therefore, the Abel inversion on the av-
eraged images will yield higher intensities in the cen-
tral region than are actually present in the radial in-
tensity profile.

Figure 4 shows the Abel-transformed average
emission images with the average jet position super-
imposed. The images vary little between different
values of the momentum flux ratio. To provide more
detail on flame stabilization, the optical apparatus
was zoomed on the near-injector region (Fig. 5).

The average jet position expanded from the injec-
tor at a constant angle of around 3°. The flame was

attached to the oxygen tube lip, although the time-
averaged intensity here was low. Between 1 X dy o
and 7 X dy ¢,, the time-averaged intensity increased
rapidly and passed a maximum between 2 and 4 X
dy 0y The width of the time-averaged reacting re-
gion, which lies just outside the jet, also increased.
At 7 X dyo, the reacting region thickened and
bloomed away from the jet. The total intensity at a
given cross section increased to a maximum at 12 X
dy oy After 12 X dy o, the reacting region was thick,
but extended to smaller and smaller radii, so the total
intensity at a given cross section decreased. Little
can be inferred from the data in the central region
since the error in the Abel transform was at its great-
est.

Effect of Pressure

At low pressures, ligaments and droplets existed
at the edge of the jet. These were no longer evident
at 70 bar (Fig. 2), where the dense oxygen was in
the form of packets with indistinct edges, similar to
the observation in Ref. [7]. The spectrum shows that
the global intensity of the flame increases by a factor
3.5 when the pressure changes from 26 to 70 bar.
Low-pressure images can be found in Refs. [1-4].
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F1G. 5. Color levels: Abel trans-
form of the time-averaged natural
OH* emission images at 70 bar. In
black: Contours of the averaged jet
position. In the central gray region,
the jet is present along the line of
sight all the time, at the next contour
seven-eighths of the time and at the
outer contour, which lies within the
time-averaged reaction zone, one-

eighth of the time.

— 1bar ’ . 1
o3 [ 5par —
S 2 |~ 10bar et
81 — N
811 =
o , .

F1G. 6. Position of the maximum
E intensity of the Abel-transformed
~ images for cryogenic flames at dif-
R ferent pressures but similar momen-
tum ratios (] = 14.5 at 1, 5, and 10
bar, J = 11 at 70 bar). At 70 bar, the

10
Axial distance, x/d

At low pressures, the time-averaged emission inten-
sity was greatest at the oxygen injector lip, whereas
at 70 bar, it was greatest at 24 X djo,. A useful
indication of average flame shape is the position of
the maximum time-averaged emission intensity,
which is shown in Fig. 6. At low pressures, the flame
follows the surface of the cylindrical liquid jet for 1—
2 X dj oy before blooming out rapidly. At 70 bar,
with a smaller hydrogen tube diameter, the flame
expands progressively but slowly up to 7 X djo
where it blooms slightly.

Effect of Momentum Flux Ratio

According to Ref. [5], the momentum flux ratio,
J, is an important factor controlling jet breakup,
since a well-dispersed liquid phase aids rapid vapor-
ization. However, the results of Ref. [1] for a coaxial
cryogenic flame showed that as the pressure in-
creased, | had increasingly less effect on the flame
shape, and this tendency was noted here at 70 bar.
However, at high ], where hydrogen is more in ex-
cess, the flame extended to a marginally smaller ra-
dius after x/d = 12.

Discussion

In the cryogenic jet flame, oxygen must first evap-
orate, then be transferred to the flame front by large-
scale turbulent structures, where it burns. The

hydrogen tube is 2 X dy o, diameter
instead of the 2.4 X dj o, at lower
pressures.

20

mechanisms involved are complex, and, rather than
consider these in detail, a comparison of character-
istic times is proposed in order to highlight the gen-
eral tendencies. These characteristic times are the
Vaporization time 7,, the large-scale mixing time 7,,
= L/ (U Uy), and the chemical time 7, =
Do, /st. L is a characteristic distance, Do, the dlffu—
smty and s; the laminar flame speed.

Ref. [3] showed that the chemical Damkohler
number, Da, = 7,,/7. is typically between 10 and
100 at 1 to 10 bar, which we confirmed at 70 bar.
Thus, the chemical reaction rate is not a limiting
factor. The vaporization Damkshler number, Da, =
7,,/7,, compares the large-scale turbulent mixing
time with the vaporization time. At subcritical pres-
sures, 7, can be estimated via the model of an iso-
lated droplet in a gas at rest: 7, = d*p/ [8Dg,p, In(1

B)]. The droplet size, d, is typically 10 to 80 xm.
The ambient gas is taken to be water vapour at 1000
K. The Spaldlng transfer number, B = C oIy —
T1ox)/Ly, = 10. Thus, at 1 to 10 bar, Da, is between
0.01 and 2, meaning that evaporation is the slowest
and therefore dominant mechanism. At 50 bar, Da,
is between 0.1 and 14, which is less conclusive. How-
ever, around and above the critical pressure, surface
tension diminishes. As a result, Delpanque and Sir-
ignano [14,15] proposed that aerodynamic instabili-
ties on the surface of a droplet are undamped and
grow rapidly. Consequently, the outer layer of the
liquid strips off and mixes with the surrounding gas
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in a gasification process analogous to vaporization,
dependent also on small-scale turbulent structures.
According to their numerical simulations, the gasi-
fication rate is larger than the vaporization rate at
the same pressure by at least an order of magnitude.
This brings the new gasification Damkshler number,
Day, to between 1 and 140. Furthermore, the Rey-
nolds number increases with pressure leading to fas-
ter small-scale mixing. These two effects combine to
suggest that large-scale turbulent mixing becomes
the slowest and therefore most influential parameter
when the pressure is higher than the critical pressure
of the liquid.

The rate of large-scale turbulent mixing is pro-
portional to the relative velocity of the two fluids. To
retain the same momentum flux ratio at high pres-
sure, this relative velocity was reduced in our exper-
iments, diminishing the turbulent mixing. This may
explain why the flame expanded less at high pres-
sure. We can now explain why the flame was less
sensitive to the momentum flux ratio at higher pres-
sure: The momentum flux ratio affected jet breakup,
which affected vaporization. However, at 70 bar the
flame was in a regime limited by the subsequent mix-
ing of the gases rather than by vaporization and jet
breakup.

It was possible to obtain some first-order estimates
of the mean volumetric heat release rate and the
flame surface density. The oxygen mass flow rate was
0.05 kg s~ ' at 10 bar and 0.10 kg s~ ! at 70 bar. The
volume containing the flame surface was estimated
from the emission images to be 170 cm® at 10 bar
and 100 cm?® at 70 bar. Given that 15 X 10° ] are
released when 1 kg of oxygen combusts, the mean
volumetric heat release can be estimated as 50 X
10 W m ™2 at 10 bar and 150 X 108 W m ™2 at 70
bar. To a first approximation, the consumption of ox-
ygen per unit flame surface was that of a strained
flame between streams of oxygen and hydrogen. Ref.
[3] calculated the rate of oxygen consumption per
unit flame surface at 1 bar to be approximately 1 kg
m~2 s7% This quantity is proportional to p\/D{;S,
where D is the species diffusivity and g is the strain
rate, assumed to be proportional to the relative ve-
locity of the two fluids. Mass diffusivities of oxygen
in an oxygen/water vapor environment were calcu-
lated from the information gathered in Ref. [16].
The quantity p\/Dss, relative to that at 1 bar, was
found to be 1.82 at 10 bar and 3.80 at 70 bar. This,
combined with the mass flow rate and the volume
occupied by the flame, gave an estimate of the flame
surface density: 160 m~ ! at 10 bar and 261 m ™" at
70 bar. In a real motor, the flame surface density may
take even higher values due to close packing of the
injectors.

Conclusions

The structure of a single cryogenic flame was ex-
amined at a pressure of 70 bar using spectroscopy,
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OH* emission, and backlighting. The aim was to
provide basic information on the flame structure at
conditions close to real rocket engines, above the
critical pressure of oxygen at 50.5 bar.

Spectra in the visible region indicated strong OH*
emission. The relative intensities of emission bands
changed, and the global intensity increased with
pressure. Backlighting images showed that, at high
pressure, the jet had an indistinct edge and broke
up into packets, whereas at low pressure, ligaments
and droplets were visible. Emission images of OH*
showed that the flame was attached to the lip of the
oxygen injector, although the intensity here relative
to the rest of the flame was lower at 70 bar than at
1 to 10 bar. Scaling from low to high pressures was
achieved by retaining the same value of ], the mo-
mentum ratio of the two fluids. The flame expanded
less at high pressure, and this expansion was less de-
pendent on the momentum ratio.

The effect of absorption of OH* emission by spe-
cies present in the chamber was also investigated.
The only significant absorption arose from OH rad-
icals in the flame. Since the exact OH profile was
not known, the effect was calculated over a range of
profiles. It was shown that the Abel inverted average
images gave the position of the intense region
whether or not absorption was significant. However,
under very high self-absorption, the central region
may show artificially enhanced intensities.

Analysis indicated that the rate of combustion
changed from being strongly dependent on the va-
porization rate at low pressure to being dependent
on the turbulent mixing rate at high pressure. The
former was strongly influenced by jet breakup and
J, whereas the latter was more dependent on the
velocity of the hydrogen flow. This explains why |
had less effect on the flame at high pressure.
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COMMENTS

Josette Bellan, Jet Propulsion Laboratory, USA. T am in-
trigued by your identification of the excited OH radical
regions with the flame under supercritical conditions. Un-
der subcritical conditions, we know that the radical is very
active in the flame; the elementary kinetic schemes show
this. It is not obvious to me that the same situation exists
under supercritical conditions; in particular, there are no
equivalent kinetic schemes at high pressure. Therefore, I
am wondering if you base your inference of identification
of the flame with the excited OH radical upon established
spectroscopic information, or if this inference is a mere
extrapolation from the subcritical information.

Author’s Reply. This question highlights the lack of work
on high-pressure reaction mechanisms in the literature.
However, we believe that there are two pieces of evidence
which allow us to identify the flamefront with the excited
OH radical. First, our spectra show that the predominant
emission, both at ambient and at high pressure is in bands
associated with this radical. Furthermore, our instantane-
ous images show that this emission is localized in a thin

front. Second, at high pressure, the production rates and
mole fraction profiles of an Hy/O, flame with complex
chemistry have been calculated [1]. H, O, and OH are all
localized around the flamefront. Due to the lack of other
evidence, we have to extrapolate from reaction mechanism
data at ambient pressure [2], which indicates that OH* is
created only from H, O, and OH. Once created, OH* re-
leases a photon typically within 1.5 us or is de-excited by a
collision. This is considerably shorter than typical convec-
tion or diffusion times in the chamber, allowing us to as-
sume that OH* created within the flamefront will emit
within the flamefront.
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