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Objective

The objectives of the present research are to improve design capabilitieg for low
thrust rocket engines through understanding the detailed mixing and combustion
processes in a representative combustor. Of particular interest is a small gaseous
hydrogen-oxygen thruster which ig considered as a coordinated part of an on-going
experimental program at NASA LeRC. Detailed computational modeling invoives
the solution of both the two- and three-dimensiona] Navier Stokes equations,
coupled with chemical reactions and the species diffusion equations. Computations
of interest include both steady state and time-accurate flowfields and are obtained
by means of LU approximate factorization in time and flux split upwinding
differencing in space. The emphasis in the research is focused on using numerical
analysis to understand detailed combustor flowfields, including the shear layer
dynamics created between fuel film cooling and the core gas in the vicinity on the
nearby combustor wall; the integrity and effectiveness of the coolant film; and three-
dimensional fuel and oxidizer jet injection/mixing/combustion characteristics in the
primary combustor along with their Jjoint impacts on global engine performance.

Progress to Date
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As a first step in these three-dimensional analyses of the core flow region, only
the hydrogen Jets were treated discretely while the oxygen flow wag modeled as a
uniform axig] stream that entered through the upstream boundary ag shown in Fig.

For computationa] efficiency, the domaij i
the spline sleeve that meters in the film coolant. Some preliminary computations
without the spark plug were done initially, but al] results presented herein include
the spark plug.

experimental setup, with an overall mass flow rate of 0.0322 kg/s, an overal] O/F

ratio of 5.13, and 75% FFC. The hydrogen fuel is injected at 400 K while the core

0Xygen enters at 300 K. These flow rates result in a hydrogen injection speed of 325
S, and an oxygen core flow speed of 13 m/s,



Prior to presenting the combustion results, we give an overview of the zold flow
solution to provide perspective on the mixing. To show the three-dimensional
effects, we use one-fourth of the combustor which involves three injection holes.
Contours of the hydrogen concentration are given ‘n three-dimensional view shown -
in Fig. 6. This plot shows the hydrogen concentra <ion at the axial location where it
enters from the side wall an at several locations downstream. The spark plug,
represented by the shaded region, lies just upstream of the injection holes. Ag can
be seen from this figure, each hydrogen jet bends rapidly toward the downstream
direction and splits into two counter-rotating spiral vortices.

located 5 mm downstream of the injection port. The hydrogen jet induces two
clearly observed counter-rotating vortices that are symmetric about the center plane
of the injection hole, These vortices roll the oxygen to the top of the hydrogen jet
and down inside its center portion, eventually splitting the hydrogen jet into two
parts.

cold flow case are presented in Fig. 8 to better understand the detailed local mixing
effects and flowfield chax:acteristics. Four cross-plane locations starting from the

downstream of the spark plug. The cross-plane shown in Fig. 8¢ does not lie
beneath the injection port, so this hydrogen concentration is the result of jet
diffusion and expansion in the 6 direction.



behi ] a 30 degree sector) are plotted in Fig. 10 to demonstrate the
eifect of the horseshoe vortices in the combustion case. These five axial locations
are 5 mm, 10 mm, 20 mm, and 30 mm downstream of the injector port, ag shown
schematically in Fig. 11. The counter-rotating vortices induced by the hydrogen jet
as it is injected into the chamber can be seen in Fig. 10a. As the Jet travels
downstream, these vortices grow in size as seen from Figs. 10D, ¢, and d, but their

Representative Cross-sectional plots of the velocity vectors at five axial locations
d a single injector (

Cross-s
locations g

concentration because g portion of the hydrogen has been burned. Beyond the 20
mm location (Figs. 13d and e), the nydrogen is nearly completely burned.



For the inside boundary of the jet (closest to the centerline), the gradient first
causes the OH concentration to rise to a maximum and then to drop rapidly back to
zero. The OH concentration near the centerline then remains near zero at all
locations. The maximum on the lower edge of the hydrogen jet clearly represents
the location of the diffusion flame,

exception to this is the Symmetry plane in Fig. 144 where the double steep gradient
surrounds the hydrogen Jet on both the bottom and the top.

Platelet Injector - Hydrogen and Oxygen Cross-Stream Injection

For the computations with cross-stream injection of both propellants, the oxygen
is injected at an axia] location near the curved region of the spark plug contour (not
shown for simplicity in Fig. 2) 0.59" from the upstream end of the combustor. Each
oxidizer injection hole 1s 2.03 mm x 2.03 mm (0.08" x 0.08") in area. The hydrogen
fuel is injected into the chamber Just downstream of the end of the spark plug,
staggered at an angle of fifteen degrees with respect to the tangential location of the
oxXygen jets again as shown in Fig. 2. Each fuel injection hole is 1.52 mm x 0.76 mm
(0.06" x 0.03") in area. The center of the hydrogen port is located 20 mm (0.78")
from the upstream end of the combustor and about 2 mm (0.078") from the end of
the spark piug. The overall mass flow rate is 0.0322 kg/s (0.0146 Ibm/s), and the



overall O/F ratio in the Primary combustor is 20.5 which is identical to that used in
the computationg for the simpler geometry,

ong a tangential plane bisecting a hydrogen Jet (0 location — see Fig. 2) are shown
in Fig. 20a for the simplified case of transverse hydrogen Injection into an axial

Figure 21 shows the streamlineg and velocity vectors for the transverse

ydrogen and 0Xygen injection cage for tangential wedge cross sections at a fixed
axial location (see Fig. 2) along the combustor length. A single wedge is shown
because the flowfield ig periodic between each oxygen jet, At the axia] location
bisecting the hydrogen jet (x/L=0.4) shown in Fig. 21¢, the upstream oxygen flow
impinges directly on the center of the hydrogen Jjet, Creating a fan region and
breaking the hydrogen into two distinct lobes. At an axial location approximately 5
mm downstream (x/L=0.5) shown in Fig. 21b, severa] strong vortices are produced

from a combination of the hydrogen/oxygen Jet interaction and the recirculation
region behind the jomi i in i iXi



interactions described earlier. At x/L = 0.5 or 5 mm downstream in the

multiple jet case (Fig. 23b), two lobes of burned hydrogen are demonstrated by the
OH concentrations in the central region. The flame region has also been diffused
significantly downward toward the centerline of the combustor, likely as a result of

true for the hydrogen jet/axial oxygen flow case shown in Fig. 24b, although a strong
core region exists where no OH is present. This is a reflection of the hydrodynamic

at the outlet.

The temperature contours for transverse hydrogen and oxygen injection at two
tangential planes are shown in Figs. 25a and b. Figure 25a shows the tangential
plane bisecting a hydrogen jet (see Fig. 2), and Fig. 25b presents the plane bisecting
a oxygen jet (0 location 15° staggered with respect to hydrogen jets). The flame
zone is established as the hydrogen is injected into the domain and convected
downstream. The primary combustion zone is at approximately the flame
temperature and is established near the wall of the chamber, and extends more
toward the centerline as the flow is mixed downstream by the Jjet horseshoe vortices
and the igniter recirculation zone. Similar contours at identical locations are shown

The corresponding temperature contours in Figs. 25a-d clearly show that a large
region of cold flow remains near the centerline. Inspection of other flowfield results
verifies that this central core region contains a large fraction of unmixed, unreacted
oxygen. This cold core region extends from the centerline to about one-third of the
way to the combustor wall. Because of the geometry, this corresponds to just over
10% of the area, but, with a temperature of less than 1000 K as compared to the
3400 K temperature in the outer region, this small area contains almost one-third of
the mass flow. This constitutes a very strong non-uniformity at the exit plane, and



combustor reflects the pPresence of significant combustion Products, although more
OXygen appears tq be present in the multiple jet injection case, possibly ag 5 results
of increaged mixing due to Stronger vortica] nature of the flowfield, Discrepancies in
the resultg reflect the fy]] three-dimensional nature of the flowfield at the
combustor exit, and the difﬁculty in making Comparisons with single line of
experimental datg on a given tangentia] plane, Inherent biases due to
inhomogeneities in the axia] velocity field also affect the averaging Procedure,

. S Impinging injector wag designed by
researchers at Lewis. A schematic of the injector ig given in Fig. 28, Ag the figure
shows, the 0Xygen enters axially through a single centra] Jet while the hydrogen
enters through foyur Smaller jets at an angle with the 0Xygen jet (see Fig. 28).

Representative axisymmetric solutions for this geometry (with the hydrogen
entering through an annular s]ot instead of through four holes) are shown on Figs.

t get between the hydrogen Jet and the wall). Also note that the hot
Z0ne at first getg thinner with distance from the injection plane before starting to



thicken. This suggests that the flame is nearly quenched in this area and may
represent a potential difficulty in flame-holding (at least in the computation). The
thicker region further downstream may also represent a second flame-holding
location near the impingement point. Again, this axisymmetric configuration lacks
the 3-D relief effects that occur in the real (3-D) injector. ‘

Attempts at extending this axisymmetric geometry to three-dimensions by
closing part of the annular slot to form four injection ports have been started with
both cold flow and hot flow computations. Thus far, these efforts have failed to lead
to convergence. The main issue is finding an appropriate initial condition that will
lead to convergence. This process has been hindered by the computational
requirements for the reacting 3-D problem. Another possible difficulty may be that
no steady solution exists but that the hydrogen jets flap in time and in this manner
preclude convergence. Obtaining a solution appears straightforward, but requires
additional efforts. Finally, we note that the chosen grid is still rather coarse to
enable the problem to fit on a single workstation. We have access to parallel
machines, but it is preferable to conduct exploratory calculations like the present
one on single workstations to obtain the initial solution for a new problem. Finally,
we also note that continued grid refinement in realistic combustion problems
invariably results in an unsteady solution rather than a steady one. The present
problem would not appear to be different. Itis expected that this impinging ejector
will be unsteady if the grid is made fine enough. We do, however, note that
combustion heat release typically stabilizes the flowfield somewhat as compared to
a cold-flow computation in the same geometry.

GOX-Ethanol Spray Combustion

The third and final topic concerned methods needed to compute GOX-ethanol
spray combustion. The steps involved in modeling a liquid fuel with a gaseous
oxidizer have been assessed and a method of approach has been formulated. The
only actual computations with spray combustion that have been done have been for
liquid oxygen with gaseous hydrogen. These, however, are sufficient to indicate
that useful results can be obtained which will provide meaningful engineering
insight. The steps completed are summarized below.

The kinetics of any hydrocarbon fuel are exceedingly complex. Current detailed
reaction kinetics for methane involve some 50 species and 200 reactions. The
number of species and reactions for ethanol would be much larger than for methane.
This complexity precludes all but exploratory research computations of simple
hydrocarbons with detailed kinetics. (Such computations are, however, possible,
and we are pursuing a detailed CH4-Og computation under other funding.) Reduced
kinetic mechanisms and global one- or two-step mechanisms are, however, also
available and are quite appropriate in two-dimensions The authors have used an

approximate global mechanism for RP-1, and similar steps are easily accomplished
for ethanol.

In terms of spray combustion, we have made considerable progress with LOX-
hydrogen. Our approach is Lagrangian in nature and tracks a large number of



representative drops. Key issues in spray combustion computations are the
definition of initial drop size and velocity distributions. Computational resources
dictate that these atomization effects be supplied from simple correlations or direct
experimental measurements. There are no theories available that are sufficiently
advanced to predict drop distributions in configurations of interest. Another major
issue is the potential differences between cold-flow atomization (where a large '
amount of data is available) and atomization in the presence of combustion (where
almost no data is available).

Flame-holding also is an important issue in spray combustion computations.
The indications are that small droplets contribute much to flame-holding, while the
larger droplets dictate the major characteristics of the flame. When small drops are
omitted, the flame may anchor at the wrong location (or for the wrong reason) and
thereby distort the entire flame shape. Similarly, when large drops are omitted, the
global burnout characteristics are altered. Thus, it appears important to retain a
complete (and generally wide) droplet distribution. The use of a droplet distribution
(as opposed to a single drop size) also increases the number of drops needed to
obtain statistically meaningful results.

Appropriate interaction between a Lagrangian liquid phase and an Eulerian gas
phase requires additional considerations. We have been able to obtain results that
appear meaningful, but additional work is needed to identify the most efficient
paths for reaching convergence simultaneously in both the liquid and gas phases, or
even methods for verifying how well converged the results are. These are relatively
mundane and simple tasks, but are ones that should be addressed.

Important effects that can be studied with spray combustion models include the
manner in which the drop size changes with axial distance, both in terms of mean
size (such as Sauter mean), or the size distribution function. In addition, effects of
changes in the drop size on the overall flame characteristics can be studied. Initial
results (in LOX-hydrogen) indicate the global flame characteristics are relatively
insensitive to changes in the mean droplet size, but additional detailed study of the
flame-holding mechanism must yet be completed.

Summary

Three-dimensional computations of the Aerojet platelet injector have been
successfully completed. The results show the core flow region of the engine contains
significant non-uniformities, and that there is, in particular, a cool, oxygen-rich
region in the shadow of the spark plug. Extension of these computations through
the entire combustor to the nozzle have not yet been attempted, but are important

to see how well these three-dimensional striations mix by the time they reach the
throat.

These computations are rather compute-intensive, and are stretching the
capability of current workstations. Mevertheless, they are possible, and become
more so with each workstation upgrade. Computations on parallel machines (with
from 8 to 32 processors) would be reasonably efficient, but it continues to be difficult

10



to get the necessary CPU allocations to run these cases practically (8 processor
machines would require about four days while 32 processors would require
approximately 24 hours). Single workstations appear to be able to provide enough
computational results to interact effectively with an experimental research
program.

4

Attempts at obtaining solutions to the impinging injector problem have thus far
been unsuccessful, but a careful methodical approach should be able to remedy this.

Turnaround remains a major issue, but substantial progress can be made at a
relatively low level.

Formulation of the ethanol-GOX spray combustion problem has also been
addressed. Companion experimental-computational studies in this area would
appear to be very timely. The computations need experimental insight to be sure
they describe the physics properly, while the computational results should provide
more insight to the experimental measurements. At the present time, it does not
appear practical to predict drop size or even its evolution in the computational code.
Finally, incorporation of a drop size distribution is important in spray combustion,

and details of flame anchoring must be reproduced qualitatively to get the overall
flame structure correct.
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H, Mass Fraction

Figure 6: Hydrogen mass iraction contours in one-quarter of the
combpustor. The spark plug is represented bv the shaded region.
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Figure 3: Hydrogen mass fraction contours for a series of § cross-planes.
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H, Mass Fraction

Figure 9: Hvdrogen mass fraction contours in

one-quarter ot the combustor.
Reacting Flow Sslution. The spark plug is re

presented by the shaded region.
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Figure 20a: Velocity vectors for transv

erse hydrogen injection into
uniform oxygen flow. Tang

ential plane bisecting a hydrogen jet.

Figure 20b: Velocity vectors for transverse iniection of hydrogen
and oxygen. Tangential plane bisecting a nydrogen jet.

“igure 20c¢: Veiocity vectors for transverse injection ot hydrogen

and oxygen. Tangential plane bisecting an oxygen jet.
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Figure 21: Transverse hydrogen and oxygen injection streamlines at two axial
locations: a. Bisecting hydrogen jet; b. 5 mm downstream of Hg jet.
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Figure 22: Transverse hydrogen injection into oxygen tlow streamlines at two

axial locations: a. Bisecting rvdrogen jet: b. 5 mm downstream of Ho jet.
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experimental data from NASA LeRC: a. Water mass fractions; b. Oxygen mass fractions.
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