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The effect of a recessed liquid oxygen tube in shear coaxial injection has been investigated experimentally using an

optically accessible subscale rocket combustor operated at pressures between 40 and 60 bar. Different single-shear

coaxial injectors have been used to inject liquid oxygen andmethane at relevant operating conditions covering sub-,

near-, and supercritical pressureswith respect to the critical point of oxygen.Liquid oxygenwas injected at 120Kand

the injection temperature of gaseous methane was about 275 K. Detection of spontaneous OH and CH

chemiluminescence has been performed to characterize the flame-anchoring zone near the liquid oxygen post tip. In

addition, the influence of the injector geometry on the combustion roughness and stability has been investigated

during steady-state operating points.An increasedflame expansionwas observedwith a recessed injector element.At

a low momentum flux ratio, the pressure drop across the injector increases with a recessed liquid oxygen tube

compared with a flush tube. Furthermore, a recessed liquid oxygen tube led to a smoother combustion in general;

however, this configuration also led to additional resonant frequencies in the chamber acoustics.

Nomenclature

A = area, m2

a = speed of sound, m=s
d = diameter, m
ex, ey = unit vectors in the x and y directions
f = frequency, Hz
G = magnitude of the gradient r �IOH
I = emission intensity
J = momentum flux ratio
j = counter
K = coefficient
l = length, m
_m = propellant mass flow, kg=s
n = quantity
P = pressure, bar
Re = Reynolds number
ROF = propellant mixture ratio, _mO2

= _mCH4

r = recess length, m
T = temperature, K
t = injector wall thickness, m
VR = velocity ratio
v = injection velocity, m=s
x = axial position, m
y = methane injection slot dimension, m
� = dynamic viscosity, Pa � s
� = density, kg=m3

Subscripts

c = critical value
cc = combustion chamber
dyn = dynamic
g = gaseous
i, o = inner, outer

l = liquid
r = reduced value

I. Introduction

B ECAUSE the propellant combination of liquid oxygen (LOX)
and methane has become more attractive within the

predevelopment of future launch vehicles, several groups have
performed fundamental experimental and numerical investigations
[1–5]. Today’s liquid propellant rocket engines such as the space
shuttle main engine (SSME) and the Vulcain II engine of the
European Ariane 5 launcher are usually equipped with about 500–
600 shear coaxial injector elements when operated with the
cryogenic propellant combination LOX=H2. With this type of
injector, liquid oxygen is injected through an inner tube at velocities
of about 20–30 m=s. The fuel is injected through an annulus gap at
much higher velocities of about 200–400 m=s. Shear forces between
both propellants lead to an instability of the liquid jet and finally to a
disintegration into ligaments and droplets. Therefore, atomization
characterizing dimensionless numbers such as the velocity ratio VR
[Eq. (1)] and the momentum flux ratio J [Eq. (2)] take into account
the relative motion of the two fluids:

VR �
vg
vl

(1)

J�
�� � v2�g
�� � v2�l

(2)

It has been discovered from experiments in the past that recessing the
LOX post with respect to the injection plane leads to a performance
enhancement of the liquid propellant rocket engine. In this context,
recess is defined as the axial distance r of the end of the inner tube to
the injection plane. A recessed inner tube results in an improvement
of the atomization andmixing [6]. Kendrick et al. [7] have shown that
a recess of 1 di in subcriticalLOX=H2 combustion increases both the
flame expansion rate and the diameter of theflamevolume.At similar
operating conditions and chamber pressures of 10 bar, Tripathi et al.
[8] have reported that increasing the recess length above 1.5 di does
not lead to further improvements. However, Wheeler and Kirby [9]
have shown that a recess length of about 1.3 di in supercritical
LOX=CH4 combustion still leads to a further improvement in terms
of combustion efficiency. Juniper and Candel [10] have
demonstrated that a recess in LOX=H2 combustion leads to self-
sustained wakelike instabilities of the liquid jet.
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It is well known from experimental investigations that
modifications of injector geometries can lead to injection-coupled
instabilitymechanisms [11].Wanhainen et al. [12] andHannumet al.
[13] have demonstrated an improvement of combustion stability in
subcritical LOX=H2 combustion when using recessed injector
elements. The hydrogen injection temperature at which the transition
to an unstable combustion occurs decreased with increased recess of
the injector LOX tubes. Stabilizing effects of a recessed LOX post
have also been reported in LOX/kerosene investigations [14]. Mayer
and Tamura [15,16] assumed that the recessed region of a coaxial
injector can be regarded as a small combustion chamber that is
insensitive to combustion disturbances in the main chamber. On the
other hand, numerical simulations performed by Kim [17] and Kim
et al. [18] have shown strong high-amplitude hydrodynamic
instabilities in the recessed region of a coaxial injector under cold-
flow conditions. Kim et al. assumed that these instabilities could
influence the combustion stability of the engine. Self-pulsation has
also been investigated experimentally by Bazarov and Yang [19].
Such hydrodynamic flow instabilities can lead to fluctuations of the
liquid propellant distribution in the chamber and thus to combustion
instabilities.

The present investigation deals with the near-injector flame
structure and the combustion response of both nonrecessed and
recessed single-shear coaxial injection of LOX=CH4 at sub- to
supercritical chamber pressures.

II. Experimental Configuration

All experiments have been performed at the European High-
Pressure Research and Technology Test Facility P8 using the DLR,
Germany Aerospace Center combustion chamber C, as shown in
Fig. 1. The combustion chamber is water-cooled and has a total
length of 430mmwith an inner diameter of 50mm.A throat diameter
of 17.3mmhas been chosen for the present investigation. Four quartz
glass windows provide optical access to the near-injector region. A
hydrogen film-cooling mass flow at ambient temperatures protects
both the windows and the chamber walls from the hot gases during
operation. The coolingmass flow has been regulated at 160–230 g=s
to provide a constant injection velocity. It is supposed that the film-
cooling mass flow does not influence the near-injector flame
stabilization in a significant way. Nevertheless, an influence of the
additional hydrogen on the combustion performance is presumed. A
series of large eddy simulations of chamber C and combustion of
LOX/hydrogen have been performed by Oefelein [20,21]. The
influence of the window-cooling mass flow was analyzed
numerically by Ivancic [22] and Ivancic and Mayer [23]. With
methane as the window-cooling fluid, the required mass flow would
have been even higher to meet the cooling demands.

Static and dynamic pressure transducers have been used at a data
acquisition rate of 100 and 100 kHz, respectively. All pressure
transducers have been calibrated and showerrors of less than 0.25 bar
in the area of interest [24]. The mass flows of liquid oxygen, gaseous
hydrogen, and gaseous methane have been determined using flow
turbines. Resulting mass flows have been determined with a density
calculation using high-precision equations of state in the form of the
Helmholtz free energy for oxygen and methane [25,26]. The density
of hydrogen has been calculated using a modified Benedict–Webb–
Rubin equation of state [27], which still represents the standard
formulation for hydrogen in engineering applications [28]. The total
resultingmassflowmeasurement error can be assumed to be less than
2%. High-precision temperature measurements are ensured by
several thermocouples in the domes, in the chamber, and in the
cooling-water supply system. The accuracy of the temperature
measurement is�1:25 K [24]. Because it is not possible to measure
the fluid temperatures shortly before entering the combustion
chamber, injection conditions are calculated based on the
combustion chamber pressure and the fluid dome temperatures.
With this approach, heat transfer between the liquid oxygen and the
methane within the injection element is neglected. To ensure
maximum accuracy, all thermocouples, pressure transducers, and
flow turbines have been individually calibrated.

Different single-shear coaxial injector elements have been used
within the present study. The LOX post has an inner diameter di of
5.6 mm and a wall thickness t of 0.3 mm. Using an interchangeable
nut, the methane injection diameter do was varied within a range of
7–8 mm. That allows a modification of the velocity ratioVR and the
momentum flux ratio Jwithout the need to adjust the mixture ratio or
the mass flows. A typical injector element with a recessed LOX tube
is shown in Fig. 2. A constant recess length r of 0.67 di has been
chosen to maximize reproducibility. The total LOX-tube length of
about 19–20 di ensures a well-established velocity profile. A
metering orificewith an inner diameter of 2.2mm is implemented at a
position of about 1 di downstream of the inlet of the LOX post.

III. Optical Diagnostics

An identical pair of intensified high-speed charge-coupled-device
cameras (Photron FASTCAM Ultima APX I2) is used to detect
spontaneous OH and CH chemiluminescence. Both systems are
equipped with a 10-bit CMOS (complementary metal-oxide-
semiconductor) sensor and an appropriate UV image intensifier. A
typical optical setup is shown in Fig. 3. Both camera headswerefitted
with a fixed focal length of 105 mm, a 1:4:5 Nikon Nikkor UV lens,
and a relevant narrow bandwidth filter. OH emission was detected at
308 nm� 5 nm and CH emission was detected at 430 nm� 3 nm.
The cameras have been set up at the same distance from the

H2O cooling

cylindrical segmentswindows

GH2 window cooling

igniter
interface

LOX

throat

CH4

Fig. 1 Combustion chamber C with window segment and single-shear coaxial injector element.
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combustion chamber to get a similar optical resolution. As a result,
both cameras can be used for either CH andOHemission detection or
just OH emission detection at different time intervals. Flame
emissionwas detected at a frame rate of 8 kHzwith a resulting optical
resolution of 1024 � 256 pixels covering the full window area of
100 � 25 mm2. That turned out to be a good compromise between a
high optical resolution and a relatively long recording time during the
different operating points. To cover the full dynamic range of the
system, the exposure time has been fixed at 10 �s, which represents
the best-possible instantaneous emission images.

All emission images have been analyzed using different
processing techniques. Time-averaged images have been calculated
out of 8192 single shots each, representing 1.024 s total recording
time. High-speed analysis has been performed using the original 10-
bit format and different threshold algorithms in combination with
noise reduction to focus on the relevant aspects.With the assumption
of an axisymmetric flame, a deconvolution according to Abel’s
method has been performed using a computer code based on the
theory published by Ostrovskii et al. [29]. Herding et al. [30] have
successfully demonstrated the application of this technique to
subcritical LOX/hydrogen flames. Noise reduction of deconvolved
images has been conducted using a 3 � 3 pixel adaptiveWienerfilter
as described by Pham [31]. Especially in the injector near field, an
Abel transformation provides information about the dimensions of
the reaction zone between the liquid oxygen and the gaseous
methane.

Gradients of the relative emission intensity sometimes indicate
details that are not clearly visible in the false-colored averaged
images (e.g., the flame-anchoring position at the LOX post tip). For

that purpose, the magnitude of the gradientr �IOH of the averaged OH
emission,

G�x; y� �
��
@IOH�x; y�

@x
ex

�
2

�
�
@IOH�x; y�

@y
ey

�
2
�

1=2

(3)

has been calculated for different time-averaged emission images.

IV. Operating Conditions

In conformance with former investigations, the combustion
chamber has been operated at three steady-state operating points
representing sub-, near-, and supercritical conditions [4,32]. The
operating sequence has been divided into three phases. The reduced
pressure Pr is defined as the ratio of the combustion chamber
pressure to the critical pressure of oxygen:

Pr � Pcc=Pc;O2
(4)

Phase 1 represents supercritical conditions at about 60 bar �Pr > 1�,
phase 2 �Pr � 1� refers to near-critical conditions, and phase 3 �Pr <
1� covers the subcritical conditions. Themixture ratioROFwas kept
constant at 3.4 throughout all tests. Similar to former investigations
[4,33], liquid oxygen was injected at 120 K. With a critical
temperature of 154.581 K and a critical pressure of 50.43 bar [25],
oxygen is injected in a subcooled state, typical for LOX=H2 rocket
engines. Gaseous methane was maintained at about 275 K. Table 1
shows typical operating conditions during all three phases. Because
themethane injection velocity, the velocity ratio, and themomentum
flux ratio depend on the variable injection diameter do, the full ranges
are given in Table 1.

V. Experimental Results

A. Near-Injector Flame Shape

Five different injector geometries, each one without and with
recess (r� 0:67di), have been investigated intensively. It turned out
that there is only a small difference between OH and CH emission in
both instantaneous and averaged images. A typical pair of
normalized averaged OH emission images taken during phase 1
(supercritical conditions) is shown in Fig. 4. In both cases, the flame
surrounds the liquid oxygen jet for the first 4–6 di. In the case of the
nonrecessed LOX tube, the expansion angle of the jet is smaller than
in the case of the recessed tube. The images also indicate that the total
flame emission right after injection is stronger with recess. That can
be related to a better initial atomization and mixing. After an axial
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Fig. 2 Single-shear coaxial injector element with a recessed LOX post.

APX I² CCD camera
with OH filter
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with CH filter

combustion
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window
segment

Fig. 3 Optical setup for emission imaging.

Table 1 Typical operating conditions

Phase 1 Phase 2 Phase 3

Pr 1.18 1.00 0.80
TLOX, K 120.2 121.1 123.9
TCH4

, K 282.6 279.9 277.2
ROF 3.40 3.42 3.36
_mLOX, g=s 302.4 253.0 201.9
_mCH4

, g=s 89.03 74.01 60.02
vLOX, m=s 12.32 10.40 8.50
vCH4

, m=s 90.92–230.2 89.75–227.3 92.06–230.7
VR 7.44–19.33 8.63–22.67 10.83–28.38
J 2.69–16.92 3.10–19.68 3.95–25.04
�PLOX, % Pcc 40.0–44.2 33.5–36.9 27.7–30.2
�PCH4

, % Pcc 5.90–49.9 5.41–47.6 6.58–49.6

Fig. 4 Averaged OH emission (100 � 25 mm2) taken during phase 1

�Pr > 1�; injector without recess (top) and with recess (bottom);

do � 7:4 mm.
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distance of 4–6 di, the flame expands and partially exceeds the radial
dimension of the windows in the case of the recessed LOX tube. The
total flame volume within the optically accessible area seems to be
larger in the case of a recess. This effect is visible during all operating
pressures and is in conformance with LOX=H2 investigations
performed by Kendrick et al. [7].

Figure 5 shows a 33:5 � 25 mm2 cutout of the near-injector region
of the emission images shown in Fig. 4. All image intensities have
been normalized to cover the full color scale. Figure 5b shows an
Abel transformation of the time-averaged OH emission images, and
Fig. 5c shows the magnitude of the gradient. In the case of the
deconvolved images, the normalization has been performed in such a
way that maximum intensity is reached within the shear layer right
after injection. Therefore, total intensities of deconvolved images
should not be compared with each other. It can be assumed from the
images that the flame anchors in the wake of the LOX post tip in both
cases. In the case of a recessed LOX tube, the reacting shear layer
between liquid oxygen and gaseous methane is thicker. That could
indicate an anchoring of the flame inside the recessed region. This is
particularly visible from the OH emission profiles shown in Fig. 6.
Time-averaged OH emission images, as shown in Fig. 5a, have been
equalized by subtraction of the background emission intensity that
was detected at the position of the injector nut. The normalized OH
emission intensity, as shown in Fig. 6, represents the total intensity of
every single column of the time-averaged images. In the case of the
injector with recess, emission intensity starts at a higher level shortly
behind themethane injection nut, whichmeans that the axial gradient
is much higher (as shown in Fig. 5c). That in turn leads to the
conclusion that the flame is anchored inside the recessed region.

The near-injector region of all images has been analyzed using an
adaptive edge-detection algorithm to quantify the flame expansion. It

has been found that the near-injector flame expansion can be
correlated to the momentum flux ratio. Figure 7 shows the jet
diameter as a function of themomentum flux ratio J at three different
axial positions downstream of the injector face. In this context, the jet
diameter is defined as the diameter of the visible jet in the averaged
OH emission images, detected using a threshold technique. In the
case of a nonrecessed LOX tube, the expansion slightly decreases
with increasing momentum flux ratio, as shown in Fig. 7a. With a

Fig. 5 OH emission images of the near-injector zone (33:5 � 25 mm2);

injector without recess (left) and with recess (right); do � 7:4 mm.

Fig. 6 Normalized time-averaged OH emission intensity as a function

of the axial distance.
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a) Injector without recess, phase 1 ( Pr >> 1)
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b) Injector with recess r = 0.67 di , phase 1 (Pr > 1)

Fig. 7 Jet diameter as a function of J at different axial distances x.
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recessed LOX tube, the flame expansion increases strongly with
decreasing J. Figure 7 refers to phase 1 �Pr > 1�, but the trend is
generally visible throughout all operating conditions.

B. Pressure Loss Across the Injector

Experimental cold-flow investigations using water and gaseous
nitrogen have recently been conducted by Nunome et al. [34]. It has
been shown that themomentum of the gaseous jet influences both the
liquid and the gaseous discharge coefficients of a recessed coaxial
injector element. Because the flame is believed to anchor inside the
recessed region in hot-fire conditions [15], a strong influence on the
pressure loss across the injector�P� Pdome 	 Pcc can be assumed.
The reacting shear layer is possibly thicker than the LOX-tube wall
thickness. That in turn leads to a reduction of both the oxygen and the
methane injection area at the injector face. Two coefficientsKCH4

and
KLOX have been defined as

KCH4
�
��PCH4

�recess 	�PCH4

�PCH4

(5)

KLOX �
��PLOX�recess 	�PLOX

�PLOX

(6)

Figure 8 shows the variation of the injector-side pressure loss as a
function of the momentum flux ratio J. Because the LOX injection
velocity has not been changed at the same pressure levels, J
corresponds with the total momentum flux of the methane. Because

of the measurement accuracy, no differentiation between the three
operating phases has been done for the curve fit. As shown in Fig. 8a,
the LOX-side pressure loss during a hot run is about 10% higher with
a recessed LOX tube. Thus, it can be assumed that the flame inside
the recessed region confines the oxygen inlet area.

This effect is more strongly developed on the methane-injection
side, as shown in Fig. 8b. A recessed LOX tube leads to a much
higher pressure loss at low momentum flux ratios J. Above J� 15
the effect even turns around so that the pressure loss is smaller with a
recessed LOX tube thanwith a nonrecessed one. The data represent a
comparison of different hot runs and should be handled with care.
Even with the high repeatability of the test bench, small variations in
the injection temperatures could influence the pressure data.

C. Combustion Roughness

When pressure fluctuations during steady-state operation exceed
about�5%Pcc, the combustion is called rough [35]. It is known that
recessing the injector LOX tube can increase an engine’s stability
margin. Figure 9 shows the average dynamic pressure in terms of the
static chamber pressure as a function of the fuel-side pressure drop
across the injector. The relatively high level of combustion
roughness should not be overrated because it may be due to the
special combustion chamber characteristics. A massive window-
coolingmassflow, the single injector element, and a contraction ratio
of Acc=Athroat � 8:4 are believed to support combustion roughness in
LOX=H2 combustion as well.

Nevertheless, it is evident from Fig. 9 that the combustion
roughness decreaseswith a recessed LOX tube. It is also visible that a
pressure drop across the fuel side below about 10–12% of the
chamber pressure leads to a low-frequency instability (chugging).
Recessing the LOX tube slightly increases the critical pressure drop
so that a recessed injector earlier tends to a chugging instability when
lowering the pressure drop.

D. Near-Injector Jet Dynamics

High-speed OH emission images taken at the near-injector region
of a recessed single-shear coaxial injector show a strong dynamic of
the LOX jet surface. Although the averaged images only provide an
insight into the mean flame shape, the single shots offer a high
temporal resolution.

Figure 10 shows two sets of the OH emission within an area of
33:5 � 25 mm2 of the near-injector region during phase 1 (left
column) and phase 3 (right column). All images have been taken
during normal steady-state operation at a very low combustion
roughness. Because the reacting shear layer surrounds the liquid jet
right after injection, it can be assumed that these fluctuations refer to
the surface of the liquid oxygen jet. It has been found that the

a) LOX-sided pressure loss variation

b) CH4 -sided pressure loss variation

Fig. 8 Variation of the pressure loss across the injector.
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fluctuations appear suddenly for a limited time interval. In addition,
they appear more often at supercritical conditions (phase 1) than at
subcritical conditions (phase 3). No fluctuations on the surface of the
LOX jet are visible at operation using a nonrecessed injector. The
effect is also visible in Fig. 11, which represents the normalized
variance of the OH emission intensity in the near-injector region
(20 � 25 mm2). The jet edges of 50 consecutive OH emission
images are shown in Fig. 12 for both a nonrecessed and a recessed
injector. It becomes apparent from these images why the flame
spreading angle is larger with a recessed LOX tube, as shown in
Figs. 4 and 5.

E. Combustion Chamber Acoustics

Because of the large length-to-diameter ratio of combustion
chamber C, the frequencies of the first five longitudinal modes are
below 10 kHz. According to [36], they are given by

ftheoretical �
j � �a
2 � lcc

(7)

Fig. 10 OH emission cutoff (33:5 � 25 mm2); fluctuations on the LOX

jet surface during phase 1 (left) and phase 3 (right);�t� 1:25 � 10�4 s.

Fig. 11 Normalized variance of the OH emission intensity.
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OH emission images during phase 1 �Pr > 1�.
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where j� 1; 2; 3; . . ., a mean speed of sound of �a� 1640 m=s [37],
and the calculated and measured frequencies are given in Table 2. A
typical power spectrum, including the longitudinal modes 1L–5L, is
shown in Fig. 13a. It has been calculated usingWelch’s method [38]
in combinationwithHammingwindows.An additional peak at about
6300 Hz is believed to be vortex shedding at the hydrogen film-
cooling inlet [24].

Different power spectra of hot runs using an injector without (left
column) and with (right column) a recessed LOX tube are given in
Fig. 13. It can be seen that in the case of a recessed LOX tube,

Table 2 Longitudinal modes of chamber C, lcc � 430 nm

Mode j ftheoretical fmeasured Deviation

1L 1 1907 1820 	4:78%
2L 2 3814 3810 	0:10%
3L 3 5721 5670 	0:90%
4L 4 7628 7490 	1:84%
5L 5 9535 9270 	2:86%
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Fig. 13 Exemplary power spectra without recess (left) and with recess r� 0:67di (right) at operating points A, B, and C.

30 LUX AND HAIDN



additional peaks appear or, rather, existing peaks are more
pronounced. Several hot runs have been performed using five
different injector geometries. Two different groups of resonant
frequencies have mainly been detected, as shown in Table 3. The
corresponding injection conditions such as velocity ratio,
momentum flux ratio, and methane injection velocity for the five
different operating points A–E are given in Table 4. The Reynolds
numbers of both the liquid oxygen and the methane are given by

ReLOX �
�l � vl � di

�l
(8)

ReCH4
�
�g � vg � y
�g

(9)

and the methane slot dimension is given by y� 0:5 � �do 	 di� 	 t.
No resonant frequencies have been found at very low momentum

flux ratios and large methane injection diameters do (point E).
Because two discrete frequencies have basically been detected, the
main physical mechanisms need to be analyzed further. It is assumed
that the detected frequencies are also visible in the near-injector
flame emission. Because the frame rate was set to 8 kHz to obtain a
high optical resolution, no frequencies above 4 kHz can be analyzed.

As aforementioned, Kim [17] and Kim et al. [18] have simulated the
hydrodynamic instabilities inside the recessed region of the SSME
main chamber injector. The detected frequencies seem to be of the
same order of magnitude ��8000 Hz� as the measured frequencies
of group II shown in Table 3.

VI. Conclusions

The effect of a moderately recessed LOX tube on the flame
stabilization in LOX=CH4 combustion has been investigated
experimentally using an optically accessible combustion chamber
equipped with a single-shear coaxial injector. High-speed OH
emission images have been analyzed using different image-
processing methods. It has been shown that a recessed LOX post
significantly increases the flame expansion shortly after injection.
This effect decreases with an increasing momentum flux ratio J.

Pressure data from several hot runs indicate that the pressure drop
across the methane-injection side increases strongly with a recessed
LOX tube operated at momentum flux ratios below about 15. The
pressure drop across the LOX-injection side always increases by
about 10%when using an injector with a recessed LOX tube.Within
the present investigation, a recessed LOX tube always led to a
smaller combustion roughness.

OH emission images taken at a frame rate of 8 kHz have shown
strong hydrodynamic instabilities on the surface of the LOX jet right
after injection. In addition, high-frequency dynamic pressure data
havemainly indicated two groups of resonant frequencies in the case
of a recessed LOX tube. However, additional investigations that
include different recess lengths and different LOX post lip sizes are
highly recommended to achieve amore detailed understanding of the
underlying physical phenomena.
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