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Investigation of Cryogenic Propellant Flames
Using Computerized Tomography of Emission Images

Gerald Herding,* Ray Snyder,* Carlos Rolon,{ and Sébastien Candeli
Centre National de la Recherche Scientifique, Chdtenay-Malabry F-92295, France

Cryogenic propellant combustion is investigated in this paper. It is shown that the mean flame structure
may be obtained by applying computerized tomography principles to oxygen—hydrogen (OH) emission
images obtained from experiments on a shear coaxial injector. The data correspond to injection conditions
typical of those found in rocket motors, but to lower operating pressures of 1, 5, and 10 bar. The trans-
formed emission images yield the mean volumetric OH emission distribution. This quantity may be
roughly interpreted as the mean volumetric rate of reaction. The data provide the location of the mean
flame zone and confirm that stabilization takes place in the immediate vicinity of the injection plane.

I. Introduction

IQUID oxygen-gaseous hydrogen rocket engines have

been used for a number of years because they yield the
high specific-impulse values needed in space propulsion
applications. Cryogenic propellants thus diminish the cost
per mass of payload in orbit, but pose specific storage,
handling, and operating problems. Current rocket motor design
relies on extensive experience and technological expertise. The
detailed processes involved in cyrogenic combustion are, how-
ever, not yet fully documented. An improved understanding of
the mode of flame stabilization and of the flame structure in
the near field of the injector head would be quite
valuable. This information could be used to improve design
methodologies and enhance reliability of operation. Such
information would be useful for more accurate predictions
of heat transfer rates to the engine walls. In this context,
knowledge about whether the flame is stabilized right on the
injector lip or at a distance as a lifted flame is of considerable
interest.

The stabilization region is specifically investigated in this
paper on the basis of experiments carried out on a cryogenic
model scale combustor designated as Mascotte. This facility,
operated by ONERA, is dedicated to basic research and tech-
nological studies. Data gathered at this facility include planar
laser-induced fluorescence (LIF), planar laser light scattering,
and emission imaging. Simultaneous recording of light elastic
scattering and hydroxyl radical (OH) fluorescence images has
allowed identification of the flame stabilization. When the lig-
uid oxygen (LOX) is injected by a central tube and is sur-
rounded by an annulus of high-speed gaseous hydrogen, it is
shown' that the flame is established in the outer boundary of
the LOX jet, where the hydrogen stream velocity is low. It is
also found that the laser-induced OH - fluorescence signal level
remains in the same range over the zone visualized, with little
change in the signal amplitude as a function of the axial dis-
tance. However, the emission images of the excited OH radical
appear to yield a different picture of the flame stabilization
region. The emission amplitude is low close to the injector and
increases rapidly at a distance. From these specific features
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one may be led to conclude that a pilot flame exists in the
inner boundary of the oxygen tube, as proposed by Mayer and
Tamura® from their observations at a different cryogenic facil-
ity. This pilot flame would then be followed by an intermediate
region of weak reaction rate and a rapid increase of combus-
tion at a distance from the injector.

It is shown in this paper that new insight into this problem
may be obtained by applying computerized tomography prin-
ciples to the time-averaged emission images. Using an Abel
transformation, one obtains radial profiles of volumetric light
emission from the axisymmetric line-of-sight (LOS) images.
This technique was previously applied to radiant emissions
from flames® and to emission images of cryogenic combus-
tion.* The deconvolution method* forms the basis of our own
method of computerized tomography. Using this processing
tool, we examine the structure of typical cryogenic flames. The
computer-transformed images reveal that the mean volumetric
light emission stays in the same range over the whole visual-
ization zone. This result is consistent with the fluorescence
images, confirming that the flame begins in the immediate vi-
cinity of the injector. In this investigation, the raw data are
constituted by the light radiated by OH radicals. This light
originates from thermally excited OH molecules in equilib-
rium, or by chemically excited OH*. It is generally admitted
that thermal emission from OH at typical flame temperatures
is negligible compared with chemiluminescentemissions.’ One
may then interpret emission from OH radicals as a signature
of the reaction zone. Thus, the mean volumetric OH* emission
may be interpreted roughly in terms of the mean heat release
in the flame. The numerically transformed images may then
be used to determine the mean flame position and its axial
evolution. The influence of operating conditions defined by
dimensionless groups may be investigated on this basis. The
data indicate that flame shapes in the injector near field are
governed by atomization. This has been shown by Snyder et
al.” and the processed images confirm the previous results. To
begin with, Sec. II reviews the Abel transformation method
and its underlying assumptions. Specific details of the present
application are also described in Sec. II. A short description of
the experimental setup and of the operational parameters is
given in Sec. III. Results are discussed and interpreted in Sec.
Iv.

II. Abel Transformation Method

It is assumed in what follows that the mean flowfield be-
ing analyzed is axisymmetric. Let us consider the light emitted
by a given region of interest and recorded by a detector in the
(x, ¥) plane (Fig. 1). When self-absorption and scattering of
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the emitted light may be neglected, the signal S,(x, y) detected
by the pixel (x, y) of the charge-coupled device (CCD) camera
is a sum over the LOS of the local intensity, and one may
write

Z

S,X, ¥) = Mo f i(x, y, z) dz (1)

(0)

where z is the distance from the CCD camera, Z designates
the maximum distance from which light may be radiated, and
i(x, y, z) is the volumetric light emission intensity. The constant
Mo describes the solid angle of collection and the transmission
efficiency of optical components. In the present experiments,
T 18 constant over the range of frequencies Av of interest.
Assuming that the mean i(x, y, z) has a rotational symmetry
with respect to the injector axis, and that this axis is perpen-
dicular to the LOS of the camera, then by changing the vari-
able of integration into r = (y* + z°)"? one obtains

R
. 2r
S,(6, ¥) = Nope f ix, ) s dr 2)

where r is the radial distance from the symmetry axis, and R
designates the maximum distance at which light may be emit-
ted. Equation (2) is an Abel’s integral, which may be inverted
to get i(x, r)°%

i(x, r) =

1 =D *88,0x, y) dy 3)
Mo 7 ),y (P —r)"”

This expression indicates that the local volumetric intensity
may be calculated as an integral of the derivative of the de-
tected signal 8S,/dy, weighted by a kernel (y* — r)~"> Be-
cause it involves the derivative (8S,/dy) of the detected signal,
the inversion method is sensitive to noise. This sensitivity in-
creases toward the center because of the decreased volume
contributing to the signal. To see this more clearly, let us con-
sider the vicinity of y = r and write y = r + 7. One then finds
that for small values of m, dy/(r> — y*)"? = dn/(2rn)"?, which
indicates that noise in the data is amplified when r becomes
small. The effect of noise on reconstruction accuracy is ex-
amined in further detail by Hughey and Santavicca.’
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Fig. 1 a) Schematic view of LOS OH%*-emission detection. b)
Principle of algebraic reconstruction used to invert S,(x, y). In-
version of A allows calculation of i(x, r).

Although Eq. (3) is well suited to theoretical studies of the
problem, practical inversion of the signal detected by the cam-
era is best accomplished with a discrete version of Eq. (2).
One may write the signal S,(jAx, kAy), detected by the (j, k)
pixel as a discrete sum:

.
S,(jAx, kAy) = . Agi( jAx, IAr) )

=1

where Ax = Ay designates the pixel size and Ay Ax represents
the volume in which i(jAx, IAr) occurs and contributes to
S,(jAx, kAy). The inverse of the matrix A multiplied by the signal
vector S, in each section x yields the matrix of i(x, r). This form
of algebraic reconstruction technique, more commonly known as
onion peeling, is known to yield good results if some filtering or
data smoothing is carried out before inversion.

Spatial filtering is applicable when physical spatial frequen-
cies are distinct from those of the noise. In the present case,
the intensified CCD camera noise is essentially random and
there is no spatial correlation between neighboring pixels.
Consequently, the typical spatial frequency of this random
noise is the inverse of two pixel sizes (2Ay)~". There are no
other distinguishable frequencies characterizing other sources
of noise, such as inhomogeneities of light transmission of the
optical components (windows, filters, etc.). It follows that a
low-pass filter may be used to smooth the data. In the whole
area, median filtering effectively removes random noise from
the raw image while preserving edges. Near the axis, data
smoothing is important, and is obtained by an additional spatial
averaging. To account for the differences in sensitivity of the
CCD matrix, one has to divide the image by an image of
reference (flat fielding). This reference represents the relative
sensitivity of the pixels, and is obtained by mapping an object
that is illuminated in a homogeneous manner by a light source
at the wavelength of interest.

III. Experimental Setup

The Mascotte facility” is shown schematically in Fig. 2. The
combustor comprises a single coaxial injector fed with liquid
oxygen and gaseous hydrogen. In the present version and in
our experiments, the maximum chamber pressure p, = 10 bar,
LOX is subcooled to Tiox = 77 K, and the gaseous hydrogen
is injected at room temperature. In a later version, supercritical
conditions will be available to approach real conditions pre-
vailing in rocket engines under steady-state operation. The
combustion chamber is a square duct with a cross section of
50 X 50 mm? and the visualized area of 50 X 75 mm” begins
at the injector. Injection conditions at 1, 5, and 10 bar are
collected in Table 1.

Table 1 shows the LOX injection velocity v, the Weber number
We,, momentum flux ratio J, and mixture ratio E. The gaseous
Weber number We, = (p,uid)/o; is based on the initial jet di-
ameter d;= 5 mm. The dimensionless numbers We; and J gathered
in Table 1 have been selected because they essentially control the
liquid jet disintegration and atomization and, therefore, influence
the flame structure. Cold flow experiments' indicate that J =
p.ualpiv; controls the jet disintegration. It is indicated that an
acceptable atomization is obtained when J exceeds a critical value

uv

windows Injector

Optical
Filters

Fig. 2 Experimental setup showing the cryogenic combustion
chamber with a single injector element. Two lateral quartz win-
dows allow optical access. A CCD camera placed at right angles
to the axis records the OH* emission signal.
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of 10. It was then decided to vary the J number around this
critical value. More information on the operating conditions and
the governing parameters is given in Ref. 5.

Emission of OH* radicals is detected in the present exper-
iments to locate regions of intense combustion. Radiation from
OH* takes place in the near uv range between 306 and 320
nm, and this band of wavelengths is clearly separated from
those of oxygen and water. In the experiments carried out at
atmospheric pressure, light detection was achieved with a Pho-
tometrics slow-scan CCD camera, featuring 576 X 378 pixels
with 16 bits depth. The other experiments were carried out
with a Princeton Instruments CCD camera (578 X 384 pixels
with 12 bits depth). The pixels were grouped 2 X 2 to com-
press the data and increase the imaging rate. Images were
stored at a rate of 0.4 and 10 Hz with the Photometrics and
Princeton cameras, respectively. Both systems were equipped
with a Nikon-105 mm f = 4.5 uv objective. A UG-5 Schott
glass filter was used to block radiation above 400 nm, and two

WG 305 filters were employed to suppress radiation below 283
nm while passing 55-80% of the light emitted between 306
and 320 nm where chemiluminescence is observed. The cam-
era was placed on one side of the combustor at right angles
with respect to the axis. The field of view was 42 X 63 mm”
at 1 bar and 50 X 75 mm?® at 5 and 10 bar. At 1 bar, the
emission signal was weaker than at higher pressures, and the
exposure time was set equal to 50 us. Exposure times of 10-
20 us were used at 5 and 10 bar. The solid angle for light
collection was ) = 4 X 107 sr, corresponding to a viewing
half-angle £ = 1.9 deg. In this situation, the light rays in the
flame region are nearly parallel and the Abel transformation
may be used without correction.

IV. Results and Discussion
It is first useful to examine the successive steps of the pro-
cessing method. These are shown in Fig. 3. The ensemble-av-
erage emission images constitute the raw data. The averaging

Table 1 Operating conditions for experiments performed at the Mascotte facility

E
Point of U We, J (vt fr), bar
operation m/s (pavzd)a, X 10772 (pv/(piw?) 1 5 10
A 2.2 27 14 3.3 3.0 2.1
C 2.2 13 6.5 5.0 4.5 3.2
D' 1.8 13 10 4.0 3.6 2.5
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Fig. 3 Three light emission images (left), and radial emission profiles at an axial distance x = 4d, (right); operating condition A, p = §
bar: a) OH*-light emission image; b) treated emission image, subtraction of diffusive light and low pass filtering; and ¢) deconvolved
image using Abel’s transformation.
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is carried out over a set of images recorded during a single
run of the cryogenic combustion facility (20 and 140 images
at atmospheric pressure and elevated pressure experiments, re-
spectively). The average images are quite symmetric, a nec-
essary condition for the validity of the method, and their typ-
ical appearance is illustrated at the top of Fig. 3. As shown in
Fig. 3, the transverse profile plotted in a section located at a
distance x = 4d, does not fall to 0 when leaving the region
where OH* emission occurs, but stays at a nearly constant
level. This background level, which corresponds to scattered
light, has to be subtracted from the radial profiles before de-
convolution. The level of this scattered light increases slightly
with axial distance; to take this into account, two different
zones were defined in which a constant value was subtracted
from the images. To smooth the data, a median filter of vari-
able window size was used. The window size for this filter is
increased with axial distance as the spatial frequencies de-
crease with distance from the injector and allow stronger fil-
tering. At the injector, the filter window size is smallest (3 X
3 pixels, where 1 pixel corresponds to 0.25 mm) because in

this region one expects sharp physical gradients in the data.
This filtering has, however, no influence on the accuracy of
the method because the ratio of the gradients as a result of
noise to the physical gradients is the error-determining param-
eter. Near the axis, the data are filtered by taking the average
of (5 X 5) ensembles of pixels to obtain the smoothest data,
where the procedure is most sensitive to noise. A deconvolved
image is also shown in Fig. 3. This image indicates the sen-
sitivity of the method to noise near the axis, where the decon-
volved signal may become negative or feature local peaks. In
the original emission image, the signal detected by the camera
S,(x, y) is faint close to the injector and increases rapidly at a
distance, suggesting a flame stabilization involving a pilot
flame. The deconvolved image is notably different, featuring
high volumetric intensity values close to the injector. The vol-
umetric intensity keeps the same order of magnitude and then
decreases slightly with increasing axial distance.

The deconvolved image is not perfectly symmetric because
numerical inversion is applied independently to the upper and
lower part of the emission data. The difference between the

Fig. 4 Deconvolved emission images using Abel’s transformation. The images were obtained at ONERA’s Mascotte facility. Each row
represents the operating conditions referred to in the text as A, D', and C at 1, 5, and 10 bar, respectively (from left to right).
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Fig. 5 Position of maximum time-averaged i(x, r). Three different operating points (A, C, and D') are each compared at 1, 5, and 10

bar, respectively. At 1 bar, the visualized zone is shorter.
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upper and lower distributions of volumetric light intensity
gives an estimate of the influence of measurement imperfec-
tions and noise.

Fig. 4 displays deconvolved emission images deduced from
the ensemble-average emission data corresponding to the op-
erating conditions given in Table 1. For the data at 1 bar, the
visualization area is somewhat smaller than that corresponding
to the 5- and 10-bar experiments. The distribution of OH*-
light intensity indicates that the mean reaction region begins
at the LOX tube lip. The region of light emission is initially
thin and nearly cylindrical. This region expands further down-
stream into a thick shell surrounding the gaseous oxygen and
LOX droplet spray formed after jet breakup. The volumetric
OH* emission intensity is then spread over a region of finite
thickness. After an initial expansion, the mean flame becomes
annular. The inner and outer diameters of the flame volume
slowly decrease with axial distance as the oxygen convected
in the central region is being consumed. The rate of expansion
of the initial mean flame is greatest when the injector operates
under condition A, corresponding to the largest value of J. The
flame develops more rapidly and the reactive volume is
broader in this case. This behavior is less pronounced as pres-
sure is increased. These observations are in agreement with
those made in Ref. 5.

To be more quantitative, it is worth trying to determine the
mean flame position. For this, one may consider the radial
profiles of the deconvolved signal and locate the position of
the maximum light emission, which will be taken as the flame
location. The signal level is smallest near the centerline (the
fluctuating behavior of the signal in this region is merely a
result of increased sensitivity to noise). The deconvolved sig-
nal then reaches a maximum level at a certain radial position,
and decreases afterward to nearly O close to the chamber walls.

Fig. 6 Typical OH-LIF images. Laser pumping wavelength A =
283.92 nm, pulse duration = 20 ns, and pulse energy = 25 mJ.
Operating condition A, p = 5 bar.

In an ideal situation, the signal should be somewhat higher
near the centerline because of the presence of the LOX spray,
which scatters some of the light emitted in the back of the
flame. However, this does not affect the deconvolution in the
outer reaction region, where the signal is highest and no spray
is present. As a consequence, the radial profiles deduced from
the transformation procedure are accurate in the region where
maximum volumetric light emission is located. The position
of time-averaged maximum volumetric light emission intensity
may be obtained with the following procedure. A Gaussian fit
is calculated in each axial section of the deconvolved image,
then the position of the maximum of this fit is determined; the
axial variation of this quantity is displayed in Fig. 5. The flame
corresponding to operating condition A develops most rapidly.
The maximum positions corresponding to operating points C
and D' are quite close in the beginning, but at a certain dis-
tance the flame expands more rapidly when the combustor op-
erates under condition D’ (intermediate momentum ratio).

At this point, it is worth examining OH-laser-induced fluo-
rescence data recorded in another series of experiments at the
cryogenic combustion facility.” Figure 6 displays a typical set
of images. The laser sheet illuminates the reaction zone from
below, so that the photograph shows only the lower half of the
combustor. The OH radical is found on a thin, highly corru-
gated layer starting at the injector lip. The maximum level of
OH remains in the same range, and the reactive layer lies in-
itially along the jet of LOX, its position rather constant. Fur-
ther downstream, as the LOX jet breaks down, the reactive
layer becomes strongly wrinkled and moves by large amounts
from one frame to the next. These observations are consistent
with the mean flame distributions deduced by numerical to-
mography. We will see that the mean flame location deduced
from OH-LIF data agrees with that found from numerical
tomography of emission data.

Figure 7 compares experimental flame locations deduced
from OH*-emission and OH - fluorescence images at the op-
erating point C. Mean flame positions were obtained from the
fluorescence images (as explained in more detail in Ref. 5) and
from the deconvolved emission images by fitting the volu-
metric light distribution and searching the maximum in each
axial section. Figure 7 also shows the mean half-emission
width, obtained by calculating the contour for all instantaneous
images. To this purpose, a locally variable axial threshold of
30% of the maximum emission in that column was used to
obtain the contour points at each axial distance.

The consistency between the mean position of the flame and
the maximum volumetric light emission intensity is quite re-
markable. It could have been different if the volumetric light
emission were to depend on the radial position where it occurs.
This result is interesting because it indicates that the mean
flame position may be determined by processing emission im-
ages, rather than from LIF images. This greatly simplifies ex-
perimentation, because fluorescence images require a pumping
laser and additional windows for laser light transmission. Fig-
ure 7 also indicates that the half-width of the emission images
is far greater than the mean flame distance with respect to the
axis. This is partly because of the turbulence producing flame
wrinkling, which in turn causes emission to occur from a vol-
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Fig. 7 Comparison of mean half-size of flame distribution, flame position from LIF images,” and position where maximum volumetric

light emission occurs.
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Fig. 8 Left, a cut across the flame in one section located at an
axial distance x. Right, the emission signal detected by one column
of the CCD camera. This figure indicates that the apparent flame
half-width always exceeds the value found for the flame position.
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Fig. 9 Axial evolution of the signal integrated over each section
(over each column of the CCD camera): a) OH* light emission;
and b) volumetric light emission obtained from computerized de-
convolution of emission images.

ume that envelops the mean flame volume. These phenomena
are explained schematically in Fig. 8.

It was noticed that the signal level in the deconvolved im-
ages does not increase with axial distance, as in the raw emis-
sion images, but stays at the same level or even decreases
slightly. It is also interesting to examine the axial evolution of
the signal integrated over each transverse section, as plotted in
Fig. 9. Surprisingly, this integrated signal shows approximately
the same behavior for the raw emission images and for the
deconvolved images. The same trend is also observable in the
fluorescence images.> Although there are no general variations
in the fluorescence images, the flame gets thicker downstream,
and this causes a rise in the integrated values.

V. Conclusions

Computerized tomography is used to deconvolve mean
emission images of OH radicals. The method is applied to
cryogenic flames and produces acceptable data in this difficult
situation. Results indicate that the flame intensity remains es-
sentially constant over the region investigated, but that flame

wrinkling is responsible for the production of flame fronts,
causing an augmentation of the integrated emission intensity
and reaction rate as the axial distance increases. It is suggested
that the mean flame position may be deduced from the emis-
sion images when the data are rotationally symmetric in the
mean. The results confirm that the flame is stabilized in the
immediate vicinity of the injector. This result, deduced from a
different set of diagnostic techniques, is well confirmed by the
deconvolved images obtained in this paper. In contrast, a pilot-
flame mode of stabilization with an initially weak reaction in-
tensity, which might be imagined from a direct examination of
the raw emission images, does not conform with the present
data.
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