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Rocket Engine Coaxial Injector Liquid/Gas Interface
Flow Phenomena
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DLR, German Aerospace Research Establishment, Hardthausen 74239, Germany

Coaxial injectors are used for the injection and mixing eof propellants H,/0O, in cryogenic rocket engines. The
aim of the theoretical and experimental investigations presented here is to elucidate some of the physical processes
in coaxial injector flow with respect to their significance for atomization and mixing. Experiments with the
simulation fluids H,O and air were performed under ambient conditions and at elevated counter pressures up
to 20 bar. This article reports on phenomenological studies of spray generation under a broad variation of
parameters using nanolight photography and high-speed cinematography (up to 3 X 10* frames/s). Detailed
theoretical and experimental studies of the surface evolution of turbulent jets were performed. Proof was obtained
of the impact of internal fluid jet motions on surface deformation. The m = 1 nonaxisymmetric instability of
the liquid jet seems to be superimposed onto the small-scale atomization process. A model is presented that
calculates droplet atomization quantities as frequency, droplet diameter, and liquid core shape. The overall
procedure for implementing this model as a global spray model is also described and an example calculation is

presented.

Introduction

HE injection and mixing of the propellants in cryogenic

H,/O, rocket engines is performed using coaxial injec-
tors, where the liquid oxidizer jet (1, ~ 20 m/s) is atomized
by a surrounding fast gaseous fuel stream (u, ~ 250 m/s).
These atomization and flow phenomena define the physical
boundary conditions for the following combustion process and
are, therefore, most important preconditions for the ignition
behavior and reaction stability of the rocket engine.

One of the major aims of the experimental and theoretical
studies presented here is the creation of theoretical injection
and atomization models, which in connection with combustion
or other engine system component models, finally supports
the improvement of existing and development of future rocket
engines. These efforts have to be viewed in light of the general
trend to support and possibly replace costly actual engine tests
with numerical simulations. Theoretical work in this region
has been done by Liang et al.! and Przekwas et al.> This article
describes some of the recent results of the theoretical and
experimental studies concerning coaxial atomization based on
experiences of previous investigations that were summarized
in Kriille et al.,’ Farago,* and Buschulte.®

It is assumed here that atomization processes are to a large
extent independent of the high temperatures found in real
engines. This seems reasonable as indicated in H,O, ignition
experiments in a model combustion chamber using liquid oxy-
gen and gaseous hydrogen. Therefore, coaxial atomization is
treated here as a coldflow phenomenon.

Such coaxial atomization may be divided into five unique
physical regimes. These are (main phenomena in parentheses,
numbers refer to Fig. 1): 1) turbulent liquid core (liquid sur-
face preshaping); 2) liquid/gas interface (primary atomiza-
tion); 3) thick spray (secondary atomization, droplet breakup);
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4) thin spray (turbulent droplet dispersion); and 5) gas flow
region (operational conditions).

The atomization starts with liquid turbulence that results
in a wavy jet surface. These surface waves grow or shrink
under the action of aerodynamic and surface tension forces,
respectively. Thereafter, a ligament or droplet is separated
from this surface (primary breakup), which under certain con-
ditions disintegrates once again (secondary breakup). The
resulting droplets disperse under the influence of turbulence
in the gaseous environment, which represents the main pro-
cess of liquid/gas mixing. The latter is treated in detail in
Mayer et al.®

Experimental Part

The physical complexity of coaxial atomization necessitates
a cautious and well-informed conceptual approach in ap-
proximating the real engine condition.

The experimental research was done with the simulation
fluids H,O and air under both ambient and elevated pressure
conditions.

Coaxial atomization is mainly controlled by the following
parameters (see Fig. 2): diameter of inner tube d,, gas gap
width y, gas and liquid velocity u, ,, density p, ;, viscosity p.,
and surface tension o,. With these nine parameters it is pos-
sible to define a set of six nondimensional numbers containing
yid;, ulu,, plps, po/ 1, Re,, (Re,), We,, namely, the geometry,
velocity, density and viscosity ratios, the liquid and gas Reyn-
olds numbers, and the Weber number; the latter defined by

Re, = <d_pz> o
My
Re, - (yp_> @
: e
dip,u’
We, = <_’%> 3)
f o

where Re, is redundant. Regarding these parameters, it is
possible to define simulation experiments using model injec-
tors and simulation fluids that are physically similar to applied
rocket engine injection and atomization conditions. Table 1
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Table 1 Characteristic parameters of coaxial atomization, comparison between typical
GH,/LO, coaxial injectors with model injectors using H,O/air as fluids

Fluids
LO./GH, H,O/air

SSME, SSME, HM60, HM7, _w Typical
Injector type Preb* Ch? Ch Ch I II values
yid, 0.3 0.4 0.1 0.3 0.4 1.3 0.3
uu 11.9 11.3 13.3 16.9 9.0 9.0 10
plp X 10 45 9.5 22 5.8 1.3 25 10-50
My X 10° 4.9 0.1 2.7 22 1.8 1.8 3
Re, x 1073 6.3 12 5 3 0.9 0.4 5
Re, x 1073 2.1 33 6.5 3.6 0.14 4.1 4
We, x 1073 11.0 8.4 - 8.7 1.4

0.03 0.2 1-10

“Preburner. *Main combustion chamber.
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Fig. 2 Geometry of coaxial injector.

compares the data of presently used engine injectors, sum-
marized as “typical values,” with model experiments per-
formed in this study.

Model I was operated with the simulation fluids H,O and
air under ambient conditions. A large range of flow states
was investigated, mainly by flow visualization studies, where
a number of results are already published in Ref. 3.

Pressurized Test Chamber Experiments

Increased representativity of experiments could be achieved
in a pressurized test chamber (Fig. 3). In particular, the lig-
uid/gas density ratio p./p,, and the Weber number We, reach
a better, although still unsatisfactory, representation in the
latter case approximation to typical values. This is due to the
high surface tension of water compared to LO,. The influence

Fig. 3 Test chamber and injector tip detail.

of increased gas density to the atomization process is shown
in Fig. 4. Increasing gas density magnifies the aerodynamic
interaction, resulting in a faster and finer atomization. This
is in agreement with theoretical predictions (see Theoretical
Part). The effect of increased gas density with respect to atom-
ization morphology appears similar to increased gas velocity,
which suggests a gas momentum dependence (p,u?) of the
process.

Time Transient Atomization Studies

The time transient behavior of the global atomization pro-
cess is investigated with a laser light sheet setup in connection
with a high-speed “‘streak’ camera (Cordin 351). With the
laser light sheet method, in contrast to the shadowgraph method,
it is possible to obtain photographs of the liquid core through
the thick spray. The light source, a copper vapor laser (Oxford
Lasers Ltd.”} gives ~20-ns pulses with a repetition rate of up
to 30 kHz. With this equipment it was possible to get a series
of ~80 photographs that could be used to create animated
video sequences of the atomization process. These sequences
show all the relevant stages of atomization as, e.g., the growth
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of surface waves and the stripping off and acceleration of the
droplets. An exemplary sequence is presented in Fig. 5. These
flow visualization studies are essential for the understanding
of the flow phenomena, which is the basis for the development
of atomization models.

Theoretical Part
Liquid Turbulence

As the experiments suggest, the turbulence inside the liquid
jet is responsible for the initiation of jet breakup. Measure-

- r
ot - % -
a) b) & 5
Fig. 4 Test chamber results water/air, », = 10 m/s, u, = 100 m/s,
d,, = 2 mm, chamber pressure: a) 1 and b) 20 bar. 4

Fig. 5 Sequence of coaxial atomized jet. Laser light sheet, At = 50
S, W, = 22 m/s, u,,, = 15 m/s.

u,y 4

=

b

Fig. 8 Model eddy in interaction with liquid surface, u,,,, = 4.7 m/s,
Fig. 6 Velocity field of symmetrical model eddy. At = 200 ps.
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ments or flow visualization inside the liquid jet and core that
resolve internal flow phenomena are not possible at present.
Thus, numerical simulations of liquid jet evolution including
surface tension effects have been performed.”*

The flowfield at the nozzle exit is that of a turbulent pipe
flow. Measurements from Laufer!® and Lawn,!' and the re-
sults from large-eddy simulations'? indicate that the turbulent
structures with the highest energy level have a size of ap-
proximately 10—30% of the tube diameter. These eddies are
expected to contribute primarily to liquid surface distur-
bances.

The statistical process of turbulence is approximated using
model structures or eddies whose time-transient behavior in
conjunction with the liquid surface is calculated. Different
types of two-dimensional eddy models were used, namely,
symmetrical and radially and ellipsoidally deformed Rankine
eddies to consider the sensitivity of calculation to anisotropy
of pipe turbulence. The velocity field of the Rankine eddy
(see Fig. 6) is a combination of the kinematics of a solid body
rotation with that of a potential vortex, and is characterized
by its dimension and maximum velocity u,,.. The kinds of
the model eddies used in the calculations is shown in Fig. 7.

In the following studies the influence of ambient gas is
neglected. The surface-tracking method used is adopted from
the volume-fluid method (VOF) developed by Hirt et al.!* A
result of the computations shows that the influence of eddy
shape is small compared to the influence of eddy energy.
Figures 8 and 9 compare a weakly and a highly turbulent jet
segment, respectively. The interaction of a low-energy sym-
metric eddy makes it obvious that tube turbulence has a de-
forming influence on the liquid surface. The simulations also
indicate that higher turbulence levels lead to a disruption of
the jet as an effect of liquid velocity fluctuations alone, in the

Ikt

Fig. 9 Model eddy in interaction with liquid surface, «
m/s, At = 200 ps.

= 18.7

max

absence of swirl or influence of ambient gas (see Fig. 9). For
a free turbulent jet, emerging from a straight tube, a quali-
tative agreement between experiment and simulation was found.
This comparison is shown in Fig. 10.

Gas-Liquid Interaction

Generally, the influence of a surrounding fast gas flow leads
to an increase of surface wave growth and to macroscopic
instabilities of the liquid jet, and finally, to a faster atomi-
zation of the liquid. Figure 11 shows the influence of ambient
gas to surface waves as a comparison of a liquid jet with and
without coaxial airflow. The behavior of symmetric, small-
scaled (i.e., small compared to the jet radius) surface waves
is investigated applying a first-order linear stability analysis
that ultimately leads to a dispersion Eq. (5), which describes
the wave growth as a function of wavelength. A typical result
is shown in Fig. 12, where the positive or negative value of
wave growth indicates unstable or stable regions, respectively.
The experimentally observed tendency of increasing gas den-
sity to result in faster and finer atomization is in consistent

Fig. 10 Turbulent free liquid jet, u;, = 13 m/s, Re = 1.3 X 10%, o
= 0.07 N/m, simulation (top) and experiment (bottom).

Fig. 11 Segment of a free liquid jet, Re, = 10* a) without coaxial
gas and b) with coaxial gas: ., = 100 m/s.
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Fig. 12 Amplitude growth of axisymmetric instabilities vs wave-
length, reference state is water/air under ambient conditions, 1, = u,
— u, = 100 m/s, parameter is the gas density.
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agreement with the computation outcome. Results in the form
of further parametric studies are published in Ref. 3.

In continuing these studies, the<azimuthal disturbance of
jet surface is included, which leads to the following form of
surface displacement:

n(z, 6, 1) = R[n, exp(ikx + imb + ot)] %)

where 7, is an initial disturbance level, k = 2a/A the wave
number, and w the complex wave growth rate (see Fig. 13).
This surface displacement is imposed on the initial steady
motion of a round liquid jet. The response of the liquid gas
boundary is described by the linearized Navier-Stokes equa-
tions with the assumption of incompressible flow. The gas
boundary is approximated assuming a j-power law for the
velocity distribution between liquid surface and free gas flow
(see Fig. 14). This model boundary assumption enters into
the dispersion Eq. (5) as the damping factor ¢.

The behavior of the m = 1 mode, which in the longwave
range exhibits a macroscopic serpentine jet oscillation, is plot-

y
Fig. 13 Flow configuration, parameters of the jet deformation.

gas

boundary layer

liquid

w; U, u

Fig. 14 Liquid and gas velocity distribution, 3-power boundary-layer
assumption.
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Fig. 15 Amplitude growth of the nonaxisymmetric m = 1 mode of
a liquid jet vs wavelength. Water/air, u, = u, — u, = 100 m/s,
parameter is the gas density.

ted against the wave length and varies with the gas density
(see Fig. 15). The reference state is a water/air system under
ambient conditions with a relative velocity u, = u, — u; =
100 m/s. Apparently, the most unstable wavelength is inde-
pendent of the density ratio A, ~4 X r,. Thisisin agreement
with the experimental observation that m = 1 oscillations
appear only (if at all) in a narrow band around A, (see Fig.
16).

For higher modes of instability (m — ), only the small
wavelength range becomes significant. This tendency is shown
in Fig. 17 for two extreme reference states, namely, the Space
Shuttle Main Engine preburner (SSME preburner) and H,O/air
under ambient conditions (see Table 1), where the bifurcation
points (the boundaries between stable and unstable oscilla-
tion) are plotted against the mode of oscillation. The theo-
retical and experimental observation is that only small wave-
lengths grow, except the m = 1 mode, which seems to be
superimposed onto the smdll-scale disturbances.

Primary Breakup Model

The requirements on a (“‘sub grid scale”) primary breakup
model is to compute the frequency, the mass or diameter,
and the location of the detached droplet. A further result is
the shape of the liquid core. The proposed model leads to
analytic equations that are solved along the jet surface, taking
into account the change of mean flow quantities of gas and
liquid. The calculation steps of the primary atomization model
may be summarized as follows (for more modeling details see
Ref. 8): 1) assessment of turbulent length scale appearing at
the jet surface as a result of an (presently) empirical (or
analytical) equation of liquid jet turbulence, 2) calculation of
aerodynamic amplification of surface disturbances, and 3) cal-
culation of the mass stripped off the jet.

The calculation of the wave growth w as a function of wave
length A is done solving the linearized Navier-Stokes equa-
tions, including surface tension and assuming a sinusoidal
wave shape. This leads to the following complex nonlinear
equation for the wave growth w:

s o | Likr) 2K 1i(kry) Ii(Iry)
@ + ykte [1(,(10(,) k2 + 2 1(kro) 1,(Ir)
ok 12— k2 I(kry)
= —— 11 - (kry)’] = P
Py ( (kro)’] P+ k* 1y(kry)
py iw : 5 12 - k2 Il(kr()) K(l(kr(l)
+é=\U - — | k 3 5
¢ Pr ( k) P+ k* Ly(kry) K(kry) ®

where [,, and K, are modified Bessel functions of the first
and second kind of mth order, respectively, and 2 = k? +
/v, where v, is the liquid kinematic viscosity. It could be
shown that this equation describes in representative cases also
the behavior of nonlinear (nonsinusoidal) waves.®

A breakup criterion was used that proceeds from the as-
sumption that detached droplets have diameters with a size
in the order of the surface disturbance length scales. Breakup
is predicted if the wave exceeds a critical scale, assumed to
be reached if the wave amplitude exceeds the wave length
that results in a droplet diameter d ~ A/V/2. The results of
the primary atomization model serve as an input for the fol-
lowing spray calculation. In the case that the stripped droplet
exceeds a critical Weber number, secondary breakup occurs,
which is another droplet/gas interaction phenomenon, as de-
scribed e.g., in Mayer et al.®

Global Spray Simulation

The coupling of the models for primary and secondary
breakup, and the turbulent droplet dynamics together with
the gas and liquid (in-)flow conditions represent the basic
structure of the global coaxial atomization and mixing model
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Fig. 16 Nonaxisymmetric oscillations of a liquid jet water/air: a) d,,
= 1mm, u; = 10 m/s, u, = 50 m/s, p, = 10 bar and b) d,,, = 2 mm,
u, = 3 m/s, n, = 150 m/s, p, = 1 bar.
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Fig. 17 Bifturcation points of mede m, reference states: SSME pre-
burner and water/air under ambient conditions.
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Fig. 18 Global spray simulation; water/air, theoretical laser light sheet
thickness is 0.1 mm, d;, = 2 mm, ,;,, = 20 m's, u,,, = 150 m’/s.

(see sketch of model Fig. 1). A typical result of a simulation
with that model is presented in Fig. 18 that shows the simu-
lated atomization and mixing of a water jet in air. The atom-
ization results in a broad spectrum of droplet diameters. The
spray angle for the smaller and larger droplets is mainly the
result of gas turbulence and Saffman-lift,'* respectively. This
result could be found out from parameter studies published
in Ref. 6.

Droplet trajectories are described in the stochastic sepa-
rated flow formulation in which secondary broke-up droplets
were tracked as droplet parcels. The momentum exchange
between droplets and gas is considered in the particle-source-
in-cell method proposed by Crowe et al.’®

The global atomization model is a tool with which to study
influential parameters and to improve detailed submodels under
realistic conditions, e.g., by the implementation of that model
into a combustion chamber flow calculation.

Concluding Remarks
The crux of experimental work performed was the time
transient flow visualization of the coaxial atomization. With
the laser light sheet setup it was possible to gain insight into
the atomization process along the liquid core inside the thick
spray by visualizing breakup details in different parameter
regions.

The study of atomization under elevated pressures up to
20 bar shows finer and faster atomization in comparison to
1-bar experiments. This is in agreement with theoretical as-
sessments.

As an important result of experiments and theory, proof
has been obtained of the impact of fluid jet internal motions
on surface irritation. On the one hand, high-speed films
were evaluated to correlate injection Reynolds number to
surface evolution, and on the other hand, direct numerical
simulations were applied, with the possibility to gain insight
into the liquid core, using model eddies with the result of
qualitative agreement between simulation and experiment.
Simulations including gas interaction indicate that the wave-
length and initial state of the disturbance is mainly influ-
enced by liquid turbulence, whereas the wavegrowth, -de-
formation and -detachment is to a large extent the result of
aerodynamic forces.

The m = 1 nonaxisymmetric oscillation mode of the liquid
jet seems to be superimposed onto small-scale jet distur-
bances. This leads to a three dimensionality of the coaxial
atomization and mixing process.

The global atomization model provides results in terms of
droplet spectra that show qualitative and quantitative com-
pliance with cxperimental cvidence, patternator, and phase
Doppler particle analyzer measurements.
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