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A Rocket Engine under
a Magnifying Glass

Even though the technology of cryogenic rocket engines is well mastered today,
and has been applied successfully in many launchers all over the world, research
activities on the various elementary or coupled processes involved in these complex
systems are still relevant and useful for future developments, cost reduction, and

knowledge improvement.

The Mascotte test facility was designed and built with this in mind twenty years ago.
Since then, numerous configurations have been tested, enabling almost all of the phe-
nomena involved in the operation of a rocket engine to be investigated, in a research
lab environment, but nevertheless under representative conditions.

Research items addressed on the Mascotte test rig include: injector concepts; liquid
oxygen jet atomization and combustion, new propellant combinations (methane instead
of hydrogen), ignition, heat transfer at the chamber walls, high frequency instabilities,
flow-separation in an over-expanded nozzle, plume and infrared signature.

Introduction

Chemical propulsion relies on the principle that energy is stored in
the chemical reactants and supplied to the system through exother-
mic reactions. Despite the fact that reactants have a fixed amount of
energy per unit mass, which limits the achievable exhaust velocity or
specific impulse, and because the propellants are their own energy
source, the rate at which energy can be supplied for propulsion is
independent from the propellant mass. Thus, very high powers and
thrust levels can be achieved. Among the numerous available propel-
lants, the hydrogen/oxygen combination is the most efficient in terms
of specific impulse. Even though the development of a device often
precedes detailed understanding of the phenomena prevailing there,
for instance liquid oxygen/hydrogen (LOX/H2) was envisaged for J2
and RL10 engines at the end of the fifties and used in the Apollo
program, the best use and optimization of an engine performance
are possible only if the basic physical phenomena and their coupling
are well understood and described. These various items require well
instrumented testing, modeling and research activities. It is the reason
why many teams all over the world have worked on this subject for
decades, and still do.

It is indisputable that the technology of cryogenic rocket engines is
well known today, and that it has been applied successfully in many
launchers (Saturn V, Ariane 1 to 5, Space Shuttle, H-Il, etc.), but the
low cost development of such complex systems, which have to be
increasingly performing and reliable, is still a big challenge for the
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manufacturers, even more so with reusability, which appears as the
main driver for future applications [1]. In addition, in recent years, the
propellant combination liquid oxygen/methane (LOX/CH4) has attrac-
ted considerable attention in the USA, Europe and Japan for attitude
control, upper stage or booster engines. Methane has two advantages
over hydrogen, which compensates for the slight loss in specific im-
pulse: its higher specific mass and the proximity of its thermal cha-
racteristic to those of oxygen, especially its liquefaction temperature.
Both permit cost reduction through simplification of the stage: smaller
tank volume and easier to handle cryogenic technology, thanks to the
higher temperature, around 100 K instead of 20.

Up to now, the standard practice in the design of space propulsion
systems has mostly relied on accumulated know-how and trial and
error methodologies, even though computational tools have been
progressively introduced in the design process, taking advantage of
the increase in computational power. Nevertheless, numerical codes
need to be validated on detailed experimental results, gained under
well controlled, but as representative as possible, operating condi-
tions. With this objective in mind, ONERA designed the Mascotte test
bench to examine a broad range of processes controlling the com-
bustion of cryogenic propellants, such as atomization, droplet vapori-
zation, combustion at high pressure under subcritical and transcritical
conditions, etc. Other topics of major importance in liquid rocket en-
gines, like ignition, combustion instabilities, heat transfer and nozzle
flow separation, are investigated too. It was initially decided to work
on single injector configurations fed with cryogenic propellants under
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representative pressure and temperature conditions, but the more
recent studies of ignition and high frequency instabilities were car-
ried out on multiple injector configurations comprising up to five units
arranged in a row or as a pack. The first years of Mascotte were
devoted to the progress, in three directions in parallel. The first one
was to increase the operation domain by progressively exploring high
pressure conditions and reaching supercritical conditions of the type
prevailing in cryogenic engines. The second point was the develop-
ment of advanced and non-intrusive optical diagnostics adapted to
these extreme conditions. These included high resolution spectros-
copy, backlighting, OH* emission imaging, Planar Laser Induced
Fluorescence (PLIF) of OH radicals, Raman scattering of oxygen and
Coherent Anti-Stokes Raman Spectroscopy (CARS) of H2 and H20
molecules. The third work package was the building of an experimen-
tal database through intensive testing.

A number of research projects were carried out in the basic confi-
guration of a coaxial injector fed with liquid oxygen and gaseous
hydrogen. It was first important to examine the flame structure, sta-
bilization process, operating parameter effects, pressure effects, pro-
cesses controlling transcritical combustion and geometrical effects
associated with the recess of the liquid oxygen channel. At the start
of this experimental program, it was not known whether the flame
was stabilized aerodynamically at a distance from the injection unit
or whether the flame was attached to the injector unit or close to that
unit. There were no data, at least in the open literature, that provided
this information. While most experts believed that the flame was for-
med at a distance from the injector unit because of the very large
velocities characterizing the hydrogen stream, the data gathered in the
first experiments at low pressure (1, 5 and 10 bar) clearly indicated
that the anchor point was very close to the oxygen channel lip. This
contradicted initial beliefs and gave a lot of insight for engineering
design. This essential finding was supported by direct emission ima-
ging of the flame and by combined imaging using, for the first time
in the case of cryogenic flames, Planar Laser Induced Fluorescence
of OH and tomographic imaging of laser light scattering. Another im-
portant milestone was the application of Abel transform methods to
emission imaging data. This tomographic technique allowed a slice
of the mean flame to be extracted from imaging data gathered by
line of sight techniques. It was the first demonstration of this method
and its application to cryogenic flames. Again, these flame structures
clearly indicated that emission from OH* radicals began in the near
vicinity of the injector unit. The Abel transform method has since been
applied in most studies where the mean flame structure is axisymme-
tric. Another issue of considerable engineering consequence was to
understand the effect of a recess of the LOX channel. The recess that
is typically adopted in rocket injectors is of the order of one diameter.
Emission imaging combined with Abel transform techniques provided
the fundamental information required to characterize the change of
flame expansion rate due to the recess. Many of the studies perfor-
med at that time within the framework of the Coordinated Research
Network “Combustion in liquid rocket engines” were summarized
in previous review papers [4], [15], [42]. The effects of operating
parameters were also extensively documented. It was in particular
shown that the momentum flux ratio determined to a large extent the
flame structure by directly influencing the quality of atomization. The
momentum flux ratio was used in most studies dealing with the ato-
mization and combustion processes at subcritical pressures, as in
[8], [10], [11], [23] and [30]. The effect of pressure and in particular
the structure of cryogenic flames under transcritical conditions was
investigated during the later years of the 1990th and reported in [17].
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This article describes the structure of cryogenic flames formed by
injection of liquid oxygen and gaseous hydrogen at pressures excee-
ding the oxygen critical pressure of 5.04 MPa. The data was supple-
mented a few years later with images obtained from PLIF of OH at
a pressure of 6.3 MPa. This dataset is perhaps the only one today
that corresponds to laser induced fluorescence imaging at very high
pressure [39].

The extension of the Mascotte test bench, which took place in a second
stage [43] allowed new studies of flames formed by liquid oxygen and
methane [46]. This has led to some unique findings [37], with in par-
ticular the first detailed analysis of flames formed by liquid oxygen and
gaseous or liquid methane. The peculiar structure of liquid oxygen/liquid
methane flames will be described later in this article. Much of the effort
carried out up to the year 2005 was summarized in [5] and in [14]. Fur-
ther work on liquid oxygen /methane flames was carried out with laser
induced fluorescence imaging and emission imaging techniques. These
allowed a detailed analysis of the flame structure up to a pressure of 2
MPa [38], [40]. In parallel, the CARS technique was adapted to use the
methane as probe molecule [2] and later, a unique coupling between
two CARS systems sampling simultaneously H2 and H20 [13] was
operated within the framework of the European “In Space Propulsion”
program[28]. The problem of flame stabilization was also revisited, by
comparing the near field structures of liquid oxygen/gaseous hydrogen
and liquid oxygen/methane flames [41]. This was used to verify a sta-
bility criterion derived in [18]. On a more practical level, a number of
injector design issues have been considered. This is the subject of refe-
rences [6] and [9] and will be used later on as an example of application
of the test bench.

Much of the recent work on the Mascotte facility was carried out
within the framework of the French-German REST (Rocket Engine
Stability) program dealing with high frequency instabilities in rocket
engines. Studies have been focused on the interaction between trans-
verse acoustic waves and multiple flames established in a rectangular
chamber equipped with large visualization windows and comprising
an external actuator. A remarkable coupling observed in this confi-
guration was reported in References [31] and [32]. Further experi-
mental data were obtained using a novel actuator concept: the Very
High Amplitude Modulator (VHAM). This was specifically intended
to obtain very high amplitude levels of modulation in the transverse
direction. It was thus possible to obtain acoustic pressure fluctuations
in excess of 20% of the mean chamber pressure and to observe the
interaction between multiple flames and transverse acoustic oscilla-
tions induced by the VHAM. An initial demonstration of the VHAM is
proposed in [21]. Some experimental results obtained with the VHAM
are reported in [22]. The VHAM was also used successfully in the
very high pressure range (above the critical pressure of oxygen) and
results obtained were used to validate a full Large Eddy Simulation of
the Multiple Injector Combustor mounted on the Mascotte test bench
[16]. Much of the data gathered on the Mascotte test bench has ser-
ved to validate the new Large Eddy Simulation derived in recent years
to calculate transcritical flows with combustion. This is exemplified
in [36] where the case of a liquid oxygen /gaseous methane flame is
considered. It is shown that the calculation retrieves most of the flame
structure features and provides a good prediction of the flame length.

Another topic of considerable practical consequence is that of heat
transfer to the chamber walls. This has been considered in a series of
studies [7], [27], [29], [45] and some results will be used to illustrate
this point. An aspect that also deserves attention is that of ignition.
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Of course, it is difficult to represent conditions prevailing in the real
engine at the start, but it is nevertheless interesting to examine ignition
and subsequent flame spreading in a well-controlled set-up. The data
could then be used for code validation. This is illustrated in [24], [35]
and [44] and used as an example later in this article. The Mascotte
facility has also been used to look at problems that do not concern the
thrust chamber, but are closely related, such as the plume and infra-
red signature [3], [33], or the dynamics of the flow in the divergent
part of the nozzle. Detailed measurements using state of the art laser
diagnostics have been used to examine the possible combustion of
the rich gases exhausted by the chamber with air entrained from the
ambient atmosphere in the region of flow-separation in an over-ex-
panded nozzle [25], [26] and [34]. This will be described in further
detail in a later section of this article.

The previous review gives a synthetic view of the broad collection of
results obtained using the Mascotte facility and underlines some of the
highlights of research carried out with this test bench. Much more is
available in the original references and no attempt will be made to bring
these together. In what follows, after a brief presentation of the Mas-
cotte test rig, we examine a set of four illustrative cases. § "Ignition" is
concerned with ignition. Atomization is discussed in § "Atomization”.
The problem of flow separation in the nozzle is briefly considered in §
"Flow separation in an over-expanded nozzle". Studies on heat transfer
to the chamber walls are briefly described in § "Heat transfer" and a few
other topics are mentioned in § "Other topics.

The Mascotte test facility
A brief history

The Mascotte test rig was developed at the beginning of the 90s to
experimentally investigate the basic phenomena that occur in the
combustion chamber of a cryogenic rocket engine, especially in
the vicinity of a coaxial injector fed with liquid oxygen (LOX) and
gaseous hydrogen (GH2). The research conducted there is lin-

ked to the need to continuously increase the performance and the
reliability of the launchers, while simultaneously reducing costs
and development times [15]. The objectives are to improve the
knowledge of cryogenic propellants combustion, including dyna-
mic aspects, to create an extended experimental data base, which
will be later used to validate numerical codes, and to facilitate the
selection of innovative technological concepts.

Successive versions were developed over the years to increase the
operating domain and to extend the possibilities to new subjects.
Versions 1 to 3, operated from 1994 to 2001, were dedicated to
the LOX/H2 combustion studies, from atmospheric pressure, up to
70 bar [42]. The latter lies in the supercritical domain of oxygen,
were most of the actual rocket engines operate (the critical pres-
sure of oxygen is 50.4 bar) [5]. Various combustion chambers
may be used, all equipped with optical access, like the one shown
in Figure 1, which is a single-element combustor. In 2002, the
facility was improved to offer the possibility to burn methane, in
gaseous or liquid state, as well as hydrogen. This extension is
referred to as version 4 [43]. During the period 2002-2005, new
research topics were addressed, including dynamic aspects of
the combustion like ignition, flame propagation with multi-element
injection plates and instabilities at low and high frequency. Flow
separation in over-expanded nozzles and also more technological
considerations, for instance new injector’s concepts, were inves-
tigated too. The present version 5, in operation since 2006, allows
the use of gaseous oxygen at room temperature, while only liquid
oxygen was available before. But the main change between ver-
sions 4 and 5 is related to the combustion chamber rather than to
the test stand itself: a water-cooled chamber was designed and
built that can be operated at a mixture ratio as high as 7.5 (oxygen/
hydrogen), which is representative of thrust-chamber conditions,
while the previous combustors, all based on the heat-sink techno-
logy, were limited to a mixture ratio of 3, and were therefore more
suited for gas-generator studies. With this increase to more severe
experimental conditions, a significant effort was also put on the
improvement of safety and quality.

Figure 1 - Mascotte LOX/methane hot fire tests. Both cases: chamber pressure = 10 bar, mixture ration = 1.5
Left: liquid/gas injection Right: gas/gas injection with PIV in the plume.
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Main characteristics - operating domain

With its main characteristics, recalled in Figure 2, Mascotte lies
in an intermediate range, between laboratory scale setups and
full scale industrial test rigs, with a dual purpose of investigating
cryogenic propellants combustion and at the same time develop
and apply advanced diagnostics [14] like Coherent Anti-Stokes
Raman Spectroscopy [2], [13], Planar Laser Induced Fluores-
cence [25], [40], Phase Doppler Particle Sizing [11], Particle
Image Velocimetry [9], [26]... Complementarity with the DLR
means, P8 and M3, of the Space Propulsion Institute in Lampold-
shausen may also be mentioned [15].

Main characteristics of successive versions V01, V02, V03, V04, & V05

LOX line

Mass flow rate: 40 to 100 g/s, 400 g/s

Temperature : 85 K Mass flow rate: 5 to 20 g/s, 75 0/s

Tank maximum pressure : 25 bar, 160 bar Temperature : ambient, or 100 K

Storage volume ; 180 |, 1200 | (LP)-+-55 | (HP) | Tank maximum pressure : 25 bar, 2000 bar
| Storage volume.: 500 Nm?, 1000Nm°__

CH, line

Mass flow rate: 25 - 175 g/s

Temperature : gaseous or liquid

Tank maximum pressure : 180 bar

: 800 Nm?

I
H, line

Combustion chamber

Pressure: 1 to 10 bar, 80 bar

Modular, suitable for various optical diagnostics

Fed with a single coaxial injector

Ignited by a H,/0, torch

Operation duration : 30 s (1 bar), 20 s (10 bar), 15 s (60 bar), 150 s (70 bar)

Figure 2 — Main characteristics of Mascotte

Ignition

Ignition of cryogenic rocket engines is still a challenging issue.
It became critical in Europe in the mid-eighties when hard starts
were responsible for flight failures. At that time, manufacturers and
space agencies had to deal with the emergency of flight recovery,
and the problem was fixed by purely empirical means. Today, the
specifications of the European engine VINCI, which is an expander
cycle engine, include the ability of successive re-ignitions during
the flight. The problem is therefore again of major importance, a
framework in which CNES and ONERA, together with DLR, decided
to follow a more scientific approach to the topic [24]. With this
objective, specific test series were run on Mascotte [44] and on
the DLR Lampoldshausen M3 facility [35]. The main difference lies
in the ignition procedure: an H2/02 torch as in an actual engine on
Mascotte, and laser ignition on M3. The latter certainly yields more
detailed information on the basic physics of the primary ignition
phase and on the flame front velocity, but it has to be completed
with more representative conditions, which is in fact the objective
of on-going activities at the DLR P8 facility. Using laser ignition is
indeed an option for future launcher evolutions. The main objective
of the Mascotte test series was to characterize the influence of fuel
injection on the ignition process. The parameters that were varied
are the nature of the fuel (hydrogen or methane) and its injection
velocity (i.e., mass flow rate), while all other parameters: geometry,
test sequence and liquid oxygen flow, were maintained constant.
A combustor equipped with large windows (Figure 4), fed by three
coaxial injectors and ignited by a hydrogen/oxygen torch placed on
the top of the chamber, was used for this purpose. Figure 3 shows
the successive ignitions of the three injectors recorded at 25 frames
per second.
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Figure 3 — Successive ignitions of the three jets(40 ms between 2 images)

Fiber optics

Figure 4 — Experimental setup: shadowgraphy with a laserstrobe as light
source

The ignition process was recorded by means of two high speed digi-
tal video cameras. The first one (Phantom V4), operated by ONERA,
was devoted to the visualization of the phenomena in the visible light
range and the second one (Photron APX), operated by DLR, recorded
the flame emission in the ultraviolet spectral band (i.e., the emission
of the OH* radical at a wavelength of 306 - 320 nm). Both cameras
were synchronized to the test stand monitoring and measurement
acquisition systems. Besides the main parameters of the feed lines
upstream of the injectors, three dynamic pressure transducers were
recorded at a data rate of 40 kHz. The injection valve opening and
torch ignition signals were also recorded at the same acquisition rate,
in order to ensure that all devices were reproducible enough to state
that any variation observed in the ignition delay was actually due to
the physics, i.e., to a change in one of the investigated injector flow
parameters, and not to any dispersion in the test sequence. Experi-
ments corresponding to the various operating conditions were repea-
ted four times: once with hydrogen and once with methane, and for
two locations of the igniter. The operating points with the two fuels
are very similar, in terms of dimensionless numbers (momentum flux
ratio J and Weber number We). Figure 5 shows the reproducibility of
the automatic sequence for the 58 acceptable tests. It appears that
only the LOX valve response time is a little dispersed, but this has no
incidence on the rest of the process, because we used a LOX-lead
sequence. The opening of the LOX valve is the first event and, due
to its size, its internal cross section becomes bigger than that of the
cavitating venturi, which is used to regulate the LOX flow as soon
as it is open a few per cent. This is confirmed by the LOX injection
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pressures recorded for the same 58 tests (Figure 6): only run 56 is
completely out of the family.

Fuel LOX 4000 Time (ms)

o Data aquisition trigger
3500 w LOX valve command
w LOX valve starts to open
3000 Cameras trigger
5 « Igniter H2 valve command
'E 2500 pasat dadiied 244 44444 o Igniter H2 valve starts to open
| N P MCELLEE L B, ! =%as o Igniter H2 valve fully open
2000 = LOX valve fully open
4 VDI valve command
1500 a VDI valve starts to open
1000 a VDI valve fully open
«+ Igniter H2 valve command
500 « Igniter H2 valve starts to close
+ |gniter H2 valve fully closed
0 est number

AL I 0D o DA DY DD D Y S @
S S S $
AR R R R R e

Figure 5 — Test sequence reproducibility
(valves response and opening times in ms)

P (bar) LOX injection pressure

25

Figure 6 — LOX flow reproducibility (LOX injection pressure)

6 P (bar) Torch LOXinjection  Fuel Torch
valves valve valves valves
5 opening  fully open  opening closing
Camera
Phantom g 1 i __fco vth2
|m_a%e|>s T id —fco vilox
(visible) fo vdi 1
2. irst LOX __HF1
entering Ignjtion
1 the cflamber
(| ———— L\ T et
1.50 1.75 2 2.25 50| 275 325 3.0 t(s)
Photron
images >
uv)

Figure 7 — Typical test: automatic sequence, dynamic pressure and images

The chamber dynamic pressure measured by means of a Kistler
transducer located at the bottom of the combustor, in front of the
igniter upstream position, has a similar time evolution for all valida-
ted tests (shown in Figure 7), with a first peak due to the chemical
reaction between the first oxygen entering the chamber and the hot
gases produced by the fuel rich igniter. The actual ignition of the
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jets, however, occurs only at the opening of the fuel valve and this
corresponds to the second peak. This is confirmed by the images
of the Photron camera (bottom images): no OH* radical emission
is detected near the injectors before the second pressure peak. The
third maximum is not well identified by the images: it happens during
the stabilization phase of the flames on the lips of the LOX posts.

Figure 8 shows that the time delay between the opening of the fuel
valve and the occurrence of the pressure overshoot decreased with
the fuel mass flow rate (the fuel upstream pressure). A correlation
equation can be found, with a correlation coefficient R?=88% for
the hydrogen tests. The methane tests are a little more scattered
(R?=60%), but the trend is clearly the same. It appears also that
the ignition of the jets is delayed by around 50 ms when methane
is used instead of hydrogen.

Occurence of second peak

t-fco vdi (s)

6 -

- « H? igniter upstream
5 1 = CH,, igniter upstream

] o H,, igniter downstream
4] o CH,, igniter downstream
3 ]

] y = 0.31x03
2 ] R>=0.60

y = 0.33x%%

1 ] R=088 . .
01 P fuel (bar)

0 10 20 30 40 50 60 70 80 90 100 110 120130 140 150

Figure 8 — Time delay between the fuel valve opening and pressure peak
at ignition

Atomization

Injectors of cryogenic liquid rocket engines produce large polydis-
perse and dense sprays (Figure 9) due to the pressure and mass
flow conditions. Atomization is the dominating process that drives
the flame behavior in cryogenic jet flames, when the propellants
are injected in subcritical conditions. The characterization of a
liquid oxygen spray in gaseous hydrogen, under reacting condi-
tions, was carried out on the Mascotte test bench [10] to complete
the existing database [11] on a reference operating point, used
as a test case for numerical simulation [23], [30]. In the breakup
region, where liquid fragments detach from the LOX jet to disin-
tegrate into smaller elements, liquid particles are not spherical.
Since laser based drop size techniques make the assumption of
spherical particles, they suffer from a low validation rate and thus
imaging techniques can be better suited to characterize the spray.
High speed shadowgraphs were used to provide the spray charac-
teristics, such as sizes and velocities of the LOX dispersed phase
atomized by a GH2 co-flow injected by a shear coaxial injector in
a 10 bar combustion chamber.

The reacting case was compared qualitatively to a cold flow test, with
helium instead of hydrogen, for which LOX spray shadowgraphs were
also recorded. The morphology of the LOX jet at the injector exit was
illustrated with small sized images, recorded at high frequency, for cold
and reacting conditions, similar in terms of Reynolds and Weber num-
bers. The cold LOX jet was constituted by an envelope of small droplets
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Figure 9 — Liquid oxygen jet structure at 10 bar (1 MPa)

around the LOX core, whereas in the reacting case, those small droplets
were not present and larger liquid structures were revealed. The flame
filters the smallest structures by vaporizing them from the beginning of
the jet at the LOX post exit. The droplet sizes of the spray were obtained
in the first and secondary atomization zone. The Sauter mean diame-
ter evolution with axial distance showed a slight decrease towards the
smallest diameters from x/d= 6 to 12, at a radial distance of r/d=2,
where d is the LOX post diameter. Far from the injector (x/d=18), the
Sauter mean diameter was found to be similar to that measured in Ref.
[11], with a Phase Doppler Particle Analyzer (PDPA). However, close
to the injector, at x/d=6, where droplets are not spherical, size mea-
surements were not in agreement and difficult to compare because the
PDPA validation rate was very low in this area. The probability density
functions pdf, illustrated in Figure 10, showed some features of such a
burning spray: a large shape that seemed to be translated towards lar-
ger diameters, as the axial distance from the injector increased, which
is probably due to droplet vaporization.

The velocity of the dispersed phase under reacting conditions was
obtained with two different imaging methods, which were applied to
the same shadowgraphs: a PTV (Particle Tracking Velocimetry) algo-
rithm and PIV (Particle Image Velocimetry) software, FOLKI-SPIV, deve-
loped at ONERA. Velocity measurements obtained with both algorithms
showed that droplet velocities decreased by a factor of 3 from x/d=6 1o
x/d=12. The droplet size was combined with PTV to obtain the droplet
size/velocity correlations, presented in Figure 11, which are essential to
understand the dynamics of the dispersed phase. The smallest droplets
were decelerated more rapidly than the larger ones because, having
less inertia, they are more sensitive to the aerodynamic forces in the
turbulent flame. Close to the injector exit, at x/d=6, all droplets, whate-
ver their size, were ejected with the same velocity. This particular area
of the spray could indicate the first atomization zone where the droplet
velocity comes from the liquid jet.

The velocity of the dispersed phase was also obtained with FOL-
KI-SPIV applied directly to shadow images. This method can be
useful to obtain information on such a LOX spray, which is not
compatible with most seeding particles. PIV and PTV algorithms
agreed well in terms of U, V mean velocity and radial profiles in the
investigated areas. FOLKI-SPIV gave better results in terms of the
cross-correlation score and agreement when using a large interro-
gation window 99 pixels wide. In areas where the droplet density
was not high enough, both methods diverged and we could not
conclude in areas where the gas phase is in majority. Thus we
chose to mask those areas where the algorithm was less reliable
than PTV in terms of score.
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0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
Diameter bins D/Dref

Figure 10 — Drop size distribution (pdf) evolution towards the injection axis
from x/d= 6 to 12, at a radial distance of r/d=2.
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Figure 11 — Mean droplet axial velocity measured by PTV as a function of
diameter class, evolution towards the injection axis from x/d= 610 12, at a
radial distance of r/d=2 (reacting case).

Flow separation in an over-expanded nozzle

The thrust delivered by a rocket engine depends on the combustion
pressure, but also on the performance of the nozzle, which is cha-
racterized by its aspect ratio £ equal to the exit area divided by the
throat area. The thrust increases with respect to the aspect ratio,
while the pressure at the nozzle exit decreases in the same propor-
tion. Knowing that the nozzles of the first stage of a launcher have
to operate in a large range of ambient pressures, from sea-level
atmospheric conditions (10° Pa) to very low pressure conditions
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at high altitude (10-° Pa), it appears that, at the very beginning of
the flight, the wall pressure level required for an adapted attached
flow can be much lower than the ambient pressure. This leads to
a flow separation in the nozzle extension. In addition, due to the
high level of stagnation enthalpy in liquid-rocket nozzles, the wall
of the nozzle extension is exposed to high heat fluxes. These can
be overcome by using a cooling film. The problem is that the film
has to remain efficient all along the wall, even if an over-expansion
shock interacts with it.

Within the joint CNES-ONERA research program on nozzle and
after-body aerodynamics (ATAC), a general test plan for the esta-
blishment of a database for the validation of aerothermochemical
codes has been drawn. The experimental set-up consists of a 2D
nozzle operating with hot gases resulting from oxygen/hydrogen
combustion. The first test series, aimed at investigating the re-
ignition process and obtaining a correlation between pressures
and temperatures at the walls, which are the only measurements
available on a full-scale nozzle [25]. In addition, optical measure-
ments, such as Planar Laser-Induced Fluorescence (PLIF), Par-
ticle Image Velocimetry (PIV) and Coherent Anti-Stokes Raman
Scattering (CARS), previously successfully applied in a study on
reactive rocket engine plume [33], are required to characterize the
aerothermomechanical flowfield in the separation zone for various
separation configurations (i.e., without separation, incipient sepa-
ration and effective separation) corresponding to stagnation pres-
sures from 20 to 60 bar.

For this purpose, it was necessary to design a planar geometry for
the sub-scale nozzle, in order to fit it with appropriate windows,
and to meet several criteria linked to the operating conditions of the
set-up and to the aerodynamic pattern of the flow field. These were
chosen to ensure similarities with nozzles planned for future launch
vehicles. Moreover, the geometry had to be optimized, in order to
obtain a sufficiently large recirculation zone where optical measu-
rements can be performed. The main geometrical characteristics of
the nozzle profiles are presented in Figure 12a. The nozzle width is
26 mm. One of the most critical parts of the nozzle is the 1 mm lip,
where the film is injected, which is subject to high thermal stress.

.
56 ) - 28.18
45°
v 25 : d ad v
” 64.27 .L 58.64  »

a) Geometrical characteristics of the nozzle with window

y119-92¢€7 ‘ 9

2§

b) flame in the separated zone
Figure 12 — The two-dimensional nozzle of the ATAC program
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Currently, PLIF on the OH* radical [26] was used to analyze the
combustion region in the nozzle (Figure 13). The laser pulse was
emitted by a Nd:YAG pumped dye laser (Quantel YG780 and
TDL70) and a doubling crystal. The pumping laser wavelength was
tuned to the appropriate transition Q1(3). Among the operating
points tested during the adaptation campaign, only those at 25 bar
(effective separation) and 40 bar (incipient separation) were retai-
ned to perform PLIF measurements.

a) P = 25 bar — helium

b) P = 25 bar — lower M — hydrogen

¢) P = 25 bar - higher M — hydrogen

Figure 13 — Instantaneous PLIF images of OH radical concentration

For a 25 bar chamber pressure condition, instantaneous PLIF-OH
images show a reactive zone near the upper wall of the nozzle, which
indicates that the hydrogen rich jet can burn with fresh air (Figure 13b).
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Figure 14 — Flow structures (Experimental (left) — Numerical (right))

If the cooling film is fed with helium instead of hydrogen, this zone
has a limited spatial extent and is close to the wall. The fluorescence
intensity distribution is quite homogeneous in the reactive zone, wha-
tever the instantaneous image but it shows large fluctuations due to
unsteadiness linked to turbulence in the recirculation zone, as shown
by the Delayed Detached Eddy Simulation (DDES) in [34]. Moreo-
ver, spontaneous OH* imaging at 8 kHz revealed the dynamics of
the flow, consistent with pressure measurements. More recently, PIV
coupled with Schlieren imaging has been tested in cold flow condi-
tions. Similar experiments are planned with combustion, to map the
velocity flowfield in the hot gas flow.

Heat transfer

Heat transfer at the combustion chamber wall is a key issue,
directly linked to the lifetime of the combustion chamber for a
reusable liquid rocket engine and to the overall performance of
an expander cycle motor. It is therefore a challenging field, where
the precise evaluation and prediction by numerical tools remains
difficult and, due to the high temperature (more than 3000 K in
the combustion chamber), only few “global” measurements are
available.

In order to better understand and measure heat fluxes at the wall,
which is mandatory to improve numerical tools and models able to
give an accurate description of those phenomena, a high pressure
- high mixture ratio subscale combustion chamber was developed
within the framework of the ONERA-CNES CONFORTH project (Fi-
gure 15). It is water-cooled, fed with five coaxial injectors arran-
ged in a cross pattern and able to reproduce representative liquid
rocket engine conditions (70 bar, O/F=7). The choice was made
to overcome the limitations of “global” measurements, such as
calorimeter sections, by implementing hundreds of thermocouples
on the injector plate, as well as on both the hot gas and coo-
ling fluid sides of the cylindrical segment walls of the combustion
chamber.

A first test series was successfully conducted in 2010 [27], from
20 to 65 bar and a mixture ratio from 2 to 7, demonstrating the
test domain possibilities of the combustion chamber. Further test
campaigns were performed in the time period 2012-2015 [7], [29]
in liquid-gas and gas-gas injection conditions, in both the “ther-
mal” configuration, to measure temperature and heat fluxes at
the walls and the “visualization” configuration, in order to see the
flame shape and atomization process [8]. The obtained running
conditions for the thermal campaigns, in a (Pressure, Mixture Ra-

Aerospacelab

tio) plane is shown in Figure 16. A similar gas-gas and liquid gas
point (black circle) can be used for comparison between these two
types of flows.

of the CONFORTH project

Dimensionless
Heat flux

-
02 03 04 05 06 07 08 09

{* Gas/gas thermal
@ Gas/gas visualization

| O Liquid/gas visualization

O Liquid/gas thermal

Chamber pressure (bar)

1 2 3 4 5 6 7 8 9 10
Mixture ratio (O/F)

Figure 16 — Heat transfer measurement points obtained experimentally

An example of thermal acquisition of the “hot gas side”, versus
time, is shown in Figure 17 for this condition. It shows that the
overall temperature levels are very similar in both cases, but
with greater discrepancy for the liquid-gas condition. Also, the
temperature is locally higher in the first segment for liquid-gas
conditions, whereas it is higher in the second segment for gas-
gas conditions, which tends to indicate that the flame is probably
shorter for the liquid-gas condition.
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Figure 18 — LOX/LCH4 operation. Left: high speed visualization. Right: OH* chemiluminescence

Other topics

Most of the experiments performed on Mascotte with methane as
a fuel were linked to other topics, ignition, high frequency insta-
bilities, etc., mainly to compare how the system, injector or com-
bustion chamber, behaves when it is fed with methane rather than
hydrogen. Nevertheless, one point may be mentioned: the heat
exchanger installed on the Mascotte fuel line, to cool the hydrogen
from ambient to 100 K, is powerful enough to liquefy the methane,
enabling liquid/liquid operation. This enabled, for example, the ob-
servation of two flame fronts appearing in a coaxial injector flame
[37], [40]. This unexpected pattern was emphasized by OH* radi-
cal imaging, as well as by high speed visualization in the visible
range (Figure 18).

Figure 19 — Sketch of a double-swirl injector

Aerospacelab

Besides this completely unusual pattern, it has also been stated that
the shear coaxial element leads to rather poor performance when
operated in liquid/liquid, which is one of the reasons why various
injectors concepts like double-swirl (Figure 19 and Figure 21) [9] or
confined elements (Figure 20 and Figure 22) [1] were tested.

% HF transverse acoustic waves
Flame-flame interaction

—»GH2

g~y

Figure 20 — lllustration of the confined coaxial injector concept

Confinement tube

Figure 21 — Hollow cone spray produced by a swirl injector
(without combustion, LOX side alone)
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Figure 22 — Operation of a confined coaxial injector

Analysis of the dynamic pressures signals

=

Configuration: 3 coaxial injectors
Lliquid oxygen/cold gaseous methane

Figure 23 — HF burst observed in LOX/CH4 operation
(flow from right to left on the images of the video)

Several Mascotte test campaigns were dedicated to the study of
high-frequency combustion instabilities (HF), firstly with LOX/
hydrogen and more recently with LOX/methane [20], [22], [31].
Figure 23 shows an example of HF burst observed in the com-
bustion chamber of Figure 24. In this case, the three coaxial in-
jectors were fed with liquid oxygen and cold gaseous methane.
The chamber acoustic modes were excited by means of a toothed
wheel, which was accelerated in order to cross all of the modes
between 1 and 3 kHz.

Aerospacelab

(Very High Amplitude Modulator)

Conclusion

Twenty years ago, the Mascotte test bench was designed and built
to operate under various conditions, from atmospheric to super-
critical conditions, with the aim of building a database of combus-
tion around a coaxial jet. During the last decade, numerous new
configurations were tested, enabling almost all of the phenomena
involved in the operation of a rocket engine to be studied in a lab
research environment, but under the conditions encountered in an
actual rocket engine. Mascotte remains an essential tool in the un-
derstanding of physical phenomena and the development of mea-
suring methods. Moreover, thanks to its flexibility, it allows the
testing of new hardware before implementation on larger bench
combustors or even actual engines [l
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