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Abstract

This paper discusses scaling of combustion and
combustion performance in liquid propellant rocket
engine combustion devices. In development of new
combustors, comparisons are often made between
predicted performance in a new combustor and
measured performance in another combustor with
different geometric and thermodynamic characteristics.
Without careful interpretation of some key features, the
comparison can be misinterpreted and erroneous
information used in the design of the new device. This
paper provides a review of this performance
comparison, including a brief review of the initial liquid
rocket scaling research conducted during the 1950s and
1960s, a review of the typical performance losses
encountered and how they scale, a description of the
typical scaling procedures used “in development
programs today, and finally a review of several
historical development programs to see what insight
they can bring to the questions at hand.

Introduction

Scaling of combustion devices for Liquid Propellant
Rocket Engines (LPREs) has never been fully
developed either analytically or experimentally, even
though the first formal studies for rocket engines were
conducted more than 50 years ago, and Damkohler's
seminal papers were published nearly 70 years ago.
Nevertheless, scaling remains a powerful potential tool
for the development of new combustion devices,
especially in the current era where significantly reduced
financing is available for rocket engine development.

Scaling has been defined as “the ability to design
new combustion devices with predictable performance
on the basis of test experience with old devices.””
Historically, this meant changing — usually increasing —
the thrust level of an existing combustor to meet current
needs. Usually, thrust was increased by increasing
combustor size and mass flow rate, rather than pressure;
often, nearly identical injection elements were packaged
in a larger chamber.

Today, some type of scaling is used in every
development program, essentially when information
from one program is used to create a new design. A

well-defined and defensible scaling methodology thus
has obvious advantages for development programs of
LPRE combustion devices. At the top level, a scaling
methodology provides guidance, verification, and
potential cost savings to the combustor design and
development. The guidance allows for achievement of
successful development of full-size designs more
rapidly. Verification of key requirements earlier in the
development process may be possible, as well as
validation and improvement of reliability because of
more thorough evaluation of margins. Development
cost savings are possible due to the use of smaller and
lower flow rate hardware, resulting in reduced costs for
manufacturing  development  hardware, reduced
iterations of full-size hardware, and reduced testing
costs. The latter is possible since the smaller, lower
flow rate test facilities consume less propellant and
require fewer test personnel. One method of scaling,
discussed in this paper, however, may require higher
pressure test facilities, which would negate some of
these cost savings.

With so many advantages, why haven’t scaling
relationships been well defined after such a long time?
One reason is that the number of physical and chemical
processes — literally dozens — and their complex inter-
relationships in rocket engine combustion devices make
clear and unambiguous relationships and interpretations
difficult to obtain. As has been shown in many
instances, maintaining full combustion similarity in
rocket flow systems is practically impossible — there are
too many conflicting requirements. This realization led
to consideration of the notion of “partial modeling,” or
deliberately ignoring some of the similarity
requirements depending upon the problem at hand.
Also, these conflicting requirements created separate
scaling concepts between steady and unsteady
problems, so that the best scaled device to investigate
performance and heat transfer was not necessarily the
best device to investigate combustion stability.

Another reason for the lack of progress in scaling
was the excessively compressed schedules to develop
rocket engines in the 1950s and 1960s. The aerospace
industry was in a great hurry to produce and use the
rocket engines, and funding was widely available, so the
development overwhelmingly proceeded with full-size
devices at the full scale operating conditions. Design
iterations, and even some of the basic research as well,
were conducted with full-size hardware. At the end of

NASA Marshall Space Flight Center



this period, and at great expemse, rocket engine
combustors were developed with  acceptable
performance and thermal and stability margins.

Follow-on research into scaling was also not
conducted after this development period, due to a
number of reasons: (1) high combustor efficiency was
achieved, eliminating the necessity to develop
performance scaling rules; (2) combustion instability
persisted mostly independent of performance
considerations; and (3) computer-intensive analyses
became increasingly complex and inexpensive.2

Despite these advancements, there continues the
desire to develop mew hardware that exceeds the
previously demonstrated performance, with added
requirements to reduce weight and cost, which may
reduce thermal, stability, and structural margins. These
improvements are partly due to new materials, new
ideas, and the slow march of incremental research that
points out that the previous engines can be made higher
performing, lower weight, and more reliable.
Unfortunately, engine development today is occurring
during an era of significantly reduced budgets.
Consequently, the development of new or novel
concepts, or upgrades to previous designs, is occurring
with the same painful process as used previously, except
without the financing. A well-defined methodology for
scaling would be as valuable today as it might have
been S50 years ago, for performance as well as
combustion stability, heat transfer, and ignition.

After 50 years of advanced development in the
United States, what can be said about the scaling of
combustion devices for liquid propellant rocket engines
and relationships to combustor performance, stability,
compatibility,  heat  transfer, and  ignition?
Unfortunately, there is no “holy grail” of scaling yet
defined, that will allow the development of large LPRE
combustors to proceed directly from the information of
small combustors. Yet there is still a path to determine
the best method for this development. ,

The history of rocket engine research and
development provides the design, fabrication, and test
of thousands of different combustors. A compilation of
the information from these devices can be considered a
database for scaling. This database can be mined for
information and cross references that can provide a
significant step toward understanding important and
useful scaling relationships. Each individual rocket
engine company has kept track of some of its own data
and information, but over time, with the turnaround of
personnel, more information is left behind. It has
become critical to capture the historical information and
define scaling relationships with it. One empirical
correlation discussed in this - paper, the Hewitt
Correlation, is exactly such a relationship. In addition
to this hardware test database, another means fis
available today during this era of reduced budgets for
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research and development, with the wuse of
Computational Fluid Dynamics (CFD) to investigate a
large variety of influences to a far greater fidelity than
previously possible.

This paper provides another link in a continuing
effort to examine scaling on the basis of the historical
data, as well as use that data to define appropriate
research and development programs when the
opportunity arises. For this occasion, the emphasis will
be placed upon examining the scaling of steady
combustion and combustor performance efficiency.
The focus will be on how that information can be used
in combustor development. Thus, a brief review of the
previous scaling studies will be conducted, followed by
an examination of a few examples from the database.
This effort will lay the groundwork for future
examinations of the scaling of transient rocket flows
such as ignition, and unsteady rocket flows as are
present during combustion instability.

Scaling of Combustion

Scaling of combustion devices for liquid propellant
rocket engines was originally given substantial
consideration starting in the 1950s in the United States,
and is documented in a handful of well-referenced
documents.”*® A review of these documents and a
modern assessment of scaling was conducted in the
1990s and recently published,'* while an even more
recent review is also available.” Also, an examination
of scaling from the specific point of view of combustion
stability has also recently been provided.'®

Scaling has been defined as “the ability to design
new combustion devices with predictable performance
on the basis of test experience with old devices.”* An
updated definition of scaling would include design not
only from old devices, but aiso from specialized test
hardware, and not only using test experience, but also
analysis."* Some researchers have simply called this-
“modeling,”"" but that term is better left today to purely
analytical treatments. Specialized test hardware, which
can be larger or smaller, single- or multi-element,
reacting or nonreacting, at different pressure or
temperature, or something unique, can improve the
means = to successfully design new, full-scale,
hardware.”*™ Some examples of scaling techniques
recently published from Russia'® emphasized making
the model or subscale hardware much simpler than the
actual object to isolate the phenomenon under
examination, a technique from partial modeling."
Scaling methodologies are required to make use of test
results of this specialized hardware for the design of the
new hardware. Analysis can connect these test results
to the new design, or even substitute for the testing
itself. Thus, scaling techmniques can be integrated
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throughout the design and development process, rather
than used just as a point of departure.

Exact Combustion Similarity for Steady Internal
Aerothermochemistry

Exact combustion similarity between two
combustion flows in chambers of different sizes is a
very rigorous requirement, implying that all component
processes of combustion, although occurring at different
scales, occur in identical fashion.* Thus, the flow paths,
flame patterns, locations and time histories of species
géneration and heat release, and contours of
temperature, pressure, and velocity are geometrically
similar, even though the actual scales may be different.*

A set of similarity parameters for steady internal
aerothermochemistry in liquid propellant rocket
combustion flows was obtained by Penner by writing
the conservation equations for mass, momentum, and
energy in nondimensional form, and identifying the
nondimensional groups of parameters which multiply
the dimensionless differential equations.l’5 This
complete set of such groups for exact combustion
similarity for reacting mmlti-component gas mixtures
neglecting radiant heat transfer and thermal diffusion
effects, are:’
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The first seven groups are familiar from nonreacting
flow processes, and can be maintained constant even
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without chemical reactions in the system. The Reynolds
number (Re) is the ratio of inertial forces to viscous
forces in the unit volume, the Schmidt number (Sc) the
ratio of kinetic viscosity to molecular diffusivity, the
Prandtl number (Pr) the ratio of momentum diffusivity
to thermal diffusivity, the Mach number (M) the ratio of
kinetic energy of the flow to internal energy (or linear
velocity to sonic velocity), and the Froude number (Fr)
the ratio of inertial forces to gravitational forces.

Chemical changes in the flow processes are
introduced by the two Damkohler groups. Da,i is the
ratio of the rate of convection time L/v to chemical time
7, or the inverse ratio of specie generation by chemical
reaction and the rate of removal by convection. Da,iii is
the ratio of the rate of heat addition per unit volume by
chemical reaction, ¢”/%, and the rate of removal of heat
by convection of enthalpy, ve, /L.

Constancy of all nine dimensionless groups for all
processes between different sized combustion chambers
assures that the steady aerothermochemical processes
will be similar, since the different combustion flows
would then be described by identical nondimensional
differential equations. Note that for fixed values of Re
and Pr, the Nusselt heat transfer number is constant, so
that the boundary conditions corresponding to heat
transfer to chamber walls introduces no new similarity
parameter.5 It is also important to realize that many of
the dimensionless numbers occur multiple times in the
equations, because they appear in multiple processes.
The Re, e.g., must be maintained for individual injection
element flows as well as core flows and boundary layer
flows in the combustion chamber. Also, note that this
particular list of parameters does not necessarily apply
to transient or unsteady processes.

Even with steady aerothermochemistry, the number
of processes occurring in liquid rocket combustors is so
large, scaling of these reacting flows with complete
similarity is found to be practically impossible.** There
are so many simultaneous constraints on the similarities
between scales that it is simply impossible to satisfy
them all at the same time. Many of the similarity
parameters require opposable requirements. Even
extensive simplifications of the number of processes
and required similarities, as will be discussed below, do
not allow for reasonable solutions. And even the list
shown, in the end, may not include all the critical
processes. It has been argued that additional parameters
may be required for phenomena involving the liquid
phase.”’

Partial Modeling

Given these formidable initial obstacles, Penner’ and
Crocco® concluded that reasonable conjectures about
scaling procedures would be possible only by
classifying the physicochemical processes of the
combustion into rate-controlling chemical reaction
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steps, and including only the dominant processes,
disregarding the others for engineering purposes. These
tactics are defined as “partial modeling.”!

By assuming homogeneous, low velocity flow
systems without significant external forces, which are
reasonable assumptions for the head end of a
combustion chamber, Penner reduced the required set of
similarity parameters for assuring similar steady
combustion Sprocesses to five groups: Re, Sc, Pr, Da,i,
and Da,iii” These five groups are equivalent to
Damkohler's original five criteria for assuring dynamic
and reaction-kinetic similarity in low velocity flows
without external forces and without heat loss to the
chamber walls.?

For a given propellant system with fixed injector
temperature, the important similarity groups for steady
internal aerothermochemistry reduce to Re and Da,i}
while M may become important for high-velocity flow
processes involving oscillations,® and, as will be shown,
in combustion chambers with coarse element patterns.

For practical scaling laws, the critical variable is
found to be the chemical conversion time . Based on
the functional form assumed for %, a variety of scaling
rules for liquid rocket engine combustion chamber
geometries can be devised.»>*®® Two of the early
methods defined by Penner and Crocco will now be
discussed. The comparison will be made between a
“fullscale” combustor and a “subscale” combustor,
where it is assumed the fullscale is the physically larger
and has higher thrust.

The Penner-Tsien Scaling Rule

An example of the attempt to scale using the
methods described by Penner”® is now provided.
Penner assumed that chamber pressure be maintained
constant, so that % increases with the square of the
engine thrust or the square of the dimensions.” By
assuming the two combustors use identical
physicochemical properties (propellant chemistry,
propellant inlet temperatures, flow mixture ratios, etc.),
the Sc and Pr are maintained constant. Also, since ¢’,
Cp, and T likewise do not vary, then Da,iii is constant if
Da,i is constant. Thus, the five groups are reduced to
two, Re and Dai. Even with such dramatic
simplifications, the competition between Re and Da,i
will demand perplexing requirements.

To develop his first important scaling rule, Penner

makes the chamber pressure constant, > Thus,
combining Re and Da,i results in
. ., . )
= (—S—J (10)
Tir Ly
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Equation (10) describes a sitmation such that, at
constant chamber pressure and temperature and
propellant properties, as the length scales are reduced,
the chemical conversion times must be reduced as the
square of the length scales. Thus, e.g., if the subscale is
half the size of the fullscale, then the chemical
conversion times in the subscale must be Y% the
fullscale. It is not obvious how this is required to
happen.

Note that to maintain the Re constant at constant
pressure, then :

Vs | _ [ Lp

Vg L
and to maintain continuity through the injector
elements,

ds ' L
dr ) Uy

Thus, the velocity increases as the length scales are
reduced, while the injector dimensions scale
proportionally to the length scales. In the example of
the half-size subscale, the velocities in the subscale
must be twice the fullscale. Thus, the flowrate through
the subscale must be increased (by increasing the
pressure drop across the injector) since, e.g., the half-
size injector would normally flow only Y4 the flowrate
of the fullscale. Thus, while these conditions force Re
and Da,i to match, the M in the chamber is no longer
constant (to increase the relative flowrate in the subscale
at constant pressure).

This scaling relationship, called by Crocco the
“Penner-Tsien Rule,” essentially requires the subscale
operate at the same pressure and temperature as the
fullscale, but increase the injection velocities inversely
proportional to the scale factor. Certainly the higher
injection velocities will reduce the chemical time scales,
but is it sufficient to change it by the square? Penner
concluded additional control was required, such as ffom
the addition of surfactants in the propellant composition
to change the surface tension and hence the droplet size
in the combustion sprays. This is a formidable
requirement when little is really understood about the
functional form of atomization and vaporization on the
reaction rate.

an

(12)

The Crocco Scaling Rule

Crocco used a different approach than Penner, but in
his “second rule” similarly encountered the competition
between Re and Da,i.” Crocco assumed 7 was inversely
proportional to some power of chamber pressure,
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generating a scaling rule that preserves combustion
similarity and Re, but not M, causing dimensions and
thrust to scale with chamber pressure as a function of
that power.6 The significant differences from the
Penner-Tsien rule were the decision not to maintain
constant pressure, and assuming that 7 ~ 1", or the
chemical times inversely proportional to pressure to
some power. These considerations result in

/ 2m /(m+1)
T.
Rt (i’i) 13
Tir L,
and
/ (1-m) I(14+m)
Vp L,
and
m [{m+1)
and
I 2 /(m+1)
[_I_)S_ = (._E. ] (16)
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Thus, e.g., if m=1 (i.e., T~ 1/p), then
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These equations describe a situation such that, at
constant chamber temperature and propellant properties,
as the length scales are reduced, the chemical
conversion times must be reduced in proportion, while
the velocities are equal and, most importantly, the
pressures are increased. The injector elements are
distorted by the square root of the scale. Thus, e.g., if
the subscale is half the size of the fullscale, then the
injector element dimensions are reduced by the square
root of 2 and the chemical conversion times in the
subscale must be half the fullscale. The pressures, on
the other hand, are doubled.

Conclusions of 1950s Scaling Studies

The paths defined by both Penner and Crocco lead
to challenging design requirements, and, frankly, very
uncertain practices and grave and non-intuitive
distortions between the fullscale and subscale hardware.
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The challenge is undoubtedly to understand how to
model the chemical conversion time, 4, or even to
determine the rate-controlling steps, which will require
a thorough examination of the physical and chemical
processes of combustion in LPRE combustors.
Certainly such misgivings were another reason
preventing the use of these scaling techniques during the
formative years of the late 1950s through the 1960s,
when the vast majority of research and development of
liquid propellant rocket engines in the United States was
conducted. Only time will tell whether these techniques
were practiced elsewhere, such as in the former Soviet
Union.

LPRE combustor development itself to date has
provided no conclusions to these assumptions. As
previously mentioned, early development of LPRE
combustors was well funded, rapid, and intensely
empirical, so stable and efficient designs were created in
a relatively short time and at great expense, using full-
scale hardware almost exclusively. Even later, less
well-funded engine development programs — to regulate
costly test programs — had little incentive to change
these developed and successful designs, even though
applications were often considerably different. It is the
current generation which may use this database and
analytical tools to investigate the scaling relationships.

Scaling of Performance

Relating combustion performance between different
sizes of combustion devices is probably the least
complex problem among all scaling processes. While
this scaling may be straightforward, that does not mean
it is simple, especially in an era today when
performance is often required to be higher than
previously demonstrated.

Performance Subelements

First, the various subelements that comprise LPRE
combustor performance will be identified. These
various subelements have been previously defined in a
number of widely available documents.’®** For this
discussion, the focus is on the combustor performance
upstream of the throat — i.e., the energy release
efficiency, which is still poorly predicted. Performance
losses downstream of the throat (in the nozzle) are fairly
well characterized by analytical means. "

Combustion  performance losses in LPRE
combustion devices —i.e., in the combustion chamber —
can be broken down into five basic categories:

1. Collective (multi-element) inefficiency of all
core elements

2. Collective (multi-element) inefficiency of all
barrier elements

3. Surface boundary losses
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4, TUnintentional maldistribution of mass and
velocity across the injector face

5. Intentional maldistribution of mass and
velocity across the injector face.

The collective inefficiencies of the core and barrier

can be further broken down into the following parts:
a) Single element mixing inefficiency

for each element type
Single element vaporization
inefficiency for each element type
Inter-element mixing inefficiency (or
the multi-element mixing inefficiency,
which is the sum of single element
mixing inefficiencies modified by
element interactions)
Inter-element vaporization
inefficiency (or the multi-element
vaporization inefficiency, which is the
sum of single element vaporization
inefficiencies modified by element
interactions)
Losses due to two-dimensional effects
of the flowstream
Losses due to reaction kinetics
Losses due to the radiation energy
from various combustion species

b)

c)

d)

e)

f)
2

The surface boundary losses, which can be included
in the collective efficiency of the barrier, or, more
handily, kept separately, include the following:

Heat energy losses from the fluids to
the injector and chamber walls
Boundary layer losses (effect of wall
boundaries on the flow streams)

a)

b)

Heat exchange between the products in the
combustor and the fluids in the injector is usually not
modeled, because this process is internal within the
control volume of the injector inlet and the combustion
chamber exit. However, heat exchange between the
products in the combustor and the fluids in the coolant
jacket of the combustion chamber may or may not be
included, depending upon the definition of the control
volume.

Unintentional maldistribution losses are due to:

a) Non-uniform mass, velocity, and
pressure distributions at the injector
inlets
Non-uniform mass, velocity, and
pressure distributions resulting from
the injector manifolding
Manufacturing tolerance variations
on injector metering features

b)

6

Intentional maldistributions losses are due to:
a) Fuel film coolant (FFC) injected into

the chamber periphery

Deliberate mass flow rate bias of
various elements across the injector
face (mixture ratio bias)

Local element mass flow bias (e.g.,
off-set, angled or scarfed coaxial
post)

Deliberate burning rate variations
across the injector face, due to
-different elements used in the pattern

b)

)]

d)

All combustors include some form of almost all of
the first four categories of losses. The fifth category can
be controlled to a large extent. The JANNAF rigorous
procedure suggests that, wusing the prescribed
methodology, performance can be calculated a priori
within 1 %.”® Injector designers today know that many
applications require performance efficiencies in excess
of 99%, putting the JANNAF predictability in question
as well as the capability to measure as accurately.

Influence of the Combustion Chamber Geometry

Certain aspects of the combustion chamber
geometry influence the performance comparison
between scales. For example, one chamber can be
shorter than the other, or use a shorter cylindrical
section, or have a different L* The use of a scaled
combustion chamber is to allow the designer to predict
the full-size thrust chamber (injector and chamber
system) performance and its sensitivities. The two most
important features of the combustion chamber are its
length and its shape.

Chamber Length

The length of the combustion chamber, from the
injector face to the geometric throat plane, affects the
overall vaporization efficiency of liquid and two-phase
propellants, and the overall mixing efficiency. For
vaporization-limited combustion, increasing chamber
length will increase the overall performance until
sufficient length is available to complete vaporization of
all propellants. For mixing-limited combustion,
increasing chamber length can increase the overall
performance but often at a much slower rate, depending
upon the element design. Large (or “coarse”) elements,
or elements that have less initial interpropellant mixing

(such as many impinging element patterns), show a

mixing improvement with increased length, Small (or
“fine””) elements, or elements that have more initial
interpropellant mixing (such as many coaxial element
patterns), show little mixing improvement with
increased length.
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Chamber Contraction Ratio

The contraction ratio defines the mean value of M in
the combustion chamber, and affects the mean level of
mixing in the developing combustion flow field.

Chamber Barrel Length

The shape of the combustion chamber, and
specifically the length of constant diameter sections
before the start of convergence in the nozzle, affect the
vaporization, mixing, and heat transfer profiles.
Depending upon the element axial energy release rate,
the chamber geometry at the head end of the
combustion chamber can have a profound effect on
overall performance (as well as heat transfer and
combustion stability).

Chamber Characteristic Length

The L* is a relativistic parameter that relates back to
the residence or “stay” time of propellants in the
combustion chamber®®  To achieve combustor
performance in excess of 99%, other factors play a
larger role.

Influence of the Injection Element

Undoubtedly, the injection element itself has the
most influence on the characteristics of performance,
heat transfer, combustion stability, and ignition.

One of the first and most obvious relationships
between a fullsize combustor and a subscale test article
is to decide what size of element to use. The Penner-
Tsien rule described above used element dimensions
proportional to the scale, shown in Egn. (12), while
Crocco’s second rule had a distortion of the element
geometry as described by Eqn. (15).

Another key feature to describe is whether there is
any element-to-element interaction. Consider a multi-
element injector with many hundreds of elements. Any
multi-element interaction will be designated as X,
where, for example, the relationship between fullsize
and subscale characteristic  exhaust  velocity
performance is 7Jcxr = Xips*7icrs, OF the relationship
between fullsize and single element characteristic
exhaust velocity performance iS 7jcxy = Xigee™lcxse.
While coaxial elements have been described to have
virtually no interaction'* (i.e., X;,=1), impinging element
patterns not only have some level of interaction but
often rely on it. 1t is certainly not clear that X;, is a
constant value between scales. Comparison between
single element performance and multi-element
performance, where other aspects (such as heat 1oss to
the combustion chamber walls) have been removed, is
the determination of Xj,.

Two Common Scaling Methods
There seem to be two methods in current practice
used to model full-size combustors with small-sized
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hardware: 1) using identical injector elements, and 2)
using photo-scaled injector elements.

1) Identical Injector Elements

The first method simply uses the identical injector
element geometry in the small-size combustor as found
in the full-size combustor, as depicted in Fig. 1. Thus,
the energy release characteristics (subdivided generally
into atomization, vaporization, mixing, and reaction)
can be made identical, depending upon aspects of the
combustion chamber geometry. Note that these
characteristics are not scaled in the sense as described
earlier. The Re of the injector features in the small-size
chamber are exactly the same as the Re of the injector
features in the full-size chamber.

Figure 1. Scaling with constant injector element

dimensions.

As alluded, the combustion chamber geometrical
features can influence the performance (along with heat
transfer and combustion stability) results in this small-
size chamber. The typical chamber profile used in the
small-size hardware is depicted in Fig. 2. This
arrangement is driven usually by the requirement to
maintain the same L’ and the same contraction ratio as
the full-size chamber. Keeping the L’ constant
primarily maintains similar first-order vaporization and
mixing efficiencies, while keeping the contraction ratio
constant maintains the same M at the head end of the
chamber. Also of consideration is manufacturing a
shorter and hence less expensive throat section for the
subscale.

However, as Fig. 2 displays, there is a difference in
the convergence profile from the near-head end region
to the near-throat region, resulting in a different M
profile. If this occurs in the region where the energy
release rate is still changing, then the performance, even
with the same injector elements, can be quite different.
The influence is most profound with coarse elements.
An example of the potential differences between two
typical chambers is shown in Fig. 3.
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Figure 2. Comparison of typical combustion chambers
used in scaling with constant element dimensions. L is
not constant.
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Figure 3. Typical change of M with varying L.

One way to correct this difference is match the
convergence profile (A4/A*) over the whole length of
the combustion chamber, as shown in Fig. 4. This
correction will result in chambers with different
convergence angles. Note that even single element
injectors can be installed in combustion chambers with
constant M profiles. This method is not typically used
because of the increased manufacturing costs of the
nozzle section. Ross did not recommend this method as
a general scaling rule because of the potential for
excessive convergence angles and hence lower throat
Ca.® In general, however, this is not likely to be a
- problem unless the chamber diameter difference is very
large, in excess of 5 times.
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Figure 4. Subscale chamber with constant L, and M.

2) Photo-scaled Injector Elements

The second method uses a photo-scaled injector in
the small-size combustion chamber, meaning that all
injector dimensions are changed in proportion to the
combustion chamber length scales, as depicted in Fig. 5.
This method is not similar to either of the two scaling
laws presented earlier. While the injector dimensions
scale as per Eqn. (12), to maintain constant chamber
pressure the injection velocities must be made constant
between scales, which is different than prescribed by
Eqgn. (11). If the injection velocities in the small-size
combustor are increased, by increasing the mass flow
rate through the injector, then the chamber pressure will
increase because the chamber throat diameter has
already been fixed. Thus, Re in the injection elements
are not constant between the scales, and Re in the
combustion chamber are not constant.

009
0%000
Crertely

a\

Figure 5. Scaling with photoscaled injector element
dimensions.

This method is suggested from a compilation of
empirical combustion stability data originally compiled
by Hewitt, and first published openly in [21] (and since
discussed in many forms, including most recently [22]).
A typical plot of the Hewitt Correlation is shown in Fig.
6.”' The Y-axis is the chamber diameter, and the X-axis
is the ratio of the injector element diameter over the
injector element velocity of the least volatile propellant.
While this correlation was developed for combustion
stability, it does also separate performance effects, as
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shown, with higher performance in the upper left and
lower performance in the lower right.

R R

Figure 6. Hewitt Correlation of chamber diameter
versus injector characteristic d/V.2'

For combustion stability, Fig. 6 suggests that
changing the d/V characteristic in relation to the
combustion chamber diameter maintains a constant

combustion stability margin.  Thus, this rule is
essentially

d, (v D

(_L o ¢S an

dp A Vs D, r

Thus, if the small-size chamber diameter is made Y2
of the full-size chamber diameter, i.e., D.s = ¥2 D,F,
then either the injector orifice diameter is to be halved
or the injection velocity doubled, to maintain similar
stability characteristics. A proportional reduction in the
element dimensions with the chamber diameter
reduction while maintaining constant injection velocity
is the photoscaled combustor at constant chamber
pressure just described. This results in an injector
design that is photographically reduced in relation to
the chamber diameter, as depicted in Fig. 5.

What remain to be determined are the suitable
chamber length dimensions. Should the chamber
lengths (barrel and nozzle) be photographically reduced
as well, or is there some other relation? This is not
obvious, since the injector and chamber Re are not the
same between scales.

"For performance, clearly the photographically
reduced smaller element will require less L’ (and less
L*) than the larger element. Without changing the
injection velocitiecs or the chamber velocities
(essentially keeping chamber pressure constant), the
contraction ratios will be the same, and at least the head
end M will be the same. Both injection and chamber
characteristic Re will be reduced from the larger

9

chamber by the scale ratio, which means that
atomization, vaporization, mixing, and probably
reaction characteristics (i.e., the composite energy
release rate) will be relatively worse in the smaller
combustor (i.e., take longer) than had the injection and
combustion Re been maiched with the smaller injector
diameters. Thus, it is equally clear that the smaller
element will require more L’ (and more L*) than the
photographically reduced chamber parameters. The
distinction, illustrated in Fig. 7, is not yet defined and
requires further elaboration.

Elément size
is reduced

/[
\\

[ Full-length chamber too long |

Figure 7. Photo-scaling the Combustion Chamber with
a Photo-scaled Injector

Use of Non-Similar Scales in the Two Common
Methods

Both the identical element and photoscaled element
scaling method use elements that are not properly scaled
to the combustion chamber per the methods described
by Penner or Crocco. For combustion and performance,
the identical element method is preferable because the
injector parameters (defined by Re, etc.) practically
match the fullscale, and with proper geometry, the M
can match as well. As will be shown, this method has
been preferred in development programs to date.

However, the photoscaled element scaling method
offers the advantage of additional information from the
scaled combustor test, primarily for combustion
stability. Can combustion and performance information
be meaningful from this test as well ?

The answer is shown by consideration of the
regimes in which the scaling is taking place. While the
element Re (and Weber Number We) are decreasing as
injector diameter d is decreasing, perhaps the energy
release processes actually do not change dramatically
over the scaling range to make substantial differences.
Investigations into the effect of scaling on the individual
LPRE combustor processes of injection, atomization,
vaporization, mixing, and reaction are required. A
significant, research-oriented evaluation of scaling of
LPRE combustion devices will eventually require
evaluation of all these individual processes as well as
their interactions. Some of these investigations are in
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progress.”® For example, it is well known that liquid
jets in LPRE combustors operate in turbulent regimes
many orders of magnitude above transitional or laminar
regimes, and atomization occurs in the fully atomized
regime many orders of magnitude above poorer
atomization regimes.” One study of scaling of the
primary atomization of LRPE liquid coaxial jets,
reproduced in Fig. 8, shows just how far the separation
between normal operation, or even dramatically scaled
operation, and changes to the regime of primary
atomization lies. The point is clear that the form of
primary atomization for these dramatically scaled
elements will change little, if at all, from their nominal
operating points.

£ 12
10° T o
E RLIOA-3 1o 10% o
s 1| = SSME-Main Injector throttle .
10° F |-8~SSME-Fuel Preburner,
E T to 10%
10t - \RL10A-3 - ~
i scaled
. RLI0A3 4 30,

scaled

10° E
E to 10%

Oxidizer Jet Weber Number py(Vy-Vy'd/g

10° 10 10’s 10¢
Oxidizer Jet Reynolds Number p;Vid/p

Figure 8. Comparison of jet Re and aerodynamic jet We
and typical O2/H2 LPRE coaxial injector elements.?®

Obviously this photoscaling has limitations — the
dimensions can only be reduced so far before
characteristics do change dramatically. Some examples
are evident from development of microthrusters.”**
However, the operable range of the Hewitt
Correlation™™? shows that the useful range for
photoscaling is quite practical.

Historical Case Studies

It is now informative to revisit some of the historical
development programs where notions of scaled
hardware were used, and evaluate the results from the
performance perspective. Note that for some of these
programs, scaling of performance was only one of many
considerations; often, efforts to derive information
about combustion stability and heat transfer were as
important if not more significant.

M-1

Probably the first recognition of the importance of
using scaled hardware during development was with the
M-1 engine, the largest liquid oxygen/hydrogen engine
conceived in the United States. This 6670-kN (1,500
Kibf) thrust engine was an upper stage concept

10
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considered for Apollo and other missions, but was
terminated in advanced component development.?
While the injector was uncommonly large (42”7 in
diameter), and similar in size to the F-1 engine injector,
the less frantic schedule allowed a subscale
methodology to be included during development that
the F-1 program did not attempt.”” The use of small-
size hardware provided optimization of the performance
and some of the combustion stability characteristics.
Characteristics of the fullscale combustor that were
matched in the subscale combustor were element
geometries, element-to-element spacing, chamber length

(L’), chamber contraction ratio, and chamber
pressure.””?®  The baseline element type was shear
coaxial.

The M-1 is an interesting case study because of the
gigantic size difference between the fullscale and
subscale hardware. The full-size M-1 injector is shown
in Figs. 9 and 10. The small-size subscale hardware is
shown in Figs. 11 and 12.® A comparison of the
combustor hardware to scale is shown in Fig. 13. Note
that the subscale injector size approximates one of the
fullscale injector baffle pockets, a relationship that has
implications to combustion stability scaling.

Figure 9. Fullscale M-1 Combustion Chamber.”®

March 7-9, 2007




A comparison of the measured Tjc+ of the subscale to
the fullscale is shown in Fig. 147 At the design
mixture ratio of 5.5, 99.3% efficiency was measured in
the subscale while 96.0% was measured in the fullscale.
To what do we subscribe the rather large difference in
performance between these combustors ?

- 30
7':;‘ g MW;MM
B8 g 1 Substole $20-irs, o
R {#&-com} chambsert o
S = e
® § % & '%V" "% Fall gesis™
L9 1
S% g * -

48 35 £.5 PR

50 55 5.0
Mivturs ratio, P

Figure 14. e+ performance comparison of M-1
fullscale and subscale combustors.”

The first difference is the obviously large
differences in intentional maldistributions necessary to
cool the walls and baffle surfaces. A simple streamtube
mixing analysis as described in [29] suggests the
difference in intentional maldistribution of the fullscale
explains about 1.7% of the 3.3% difference. Another
difference is that the elements adjacent to the baffles,
which constituted 23% of the total number of elements,
were subjected to a mechanical distortion of the round
Lo oxidizer exit orifice, in an effort to further protect the

. 28 baffles from thermal distress. An estimate of the loss
Figure 11. Subscale M-1 Combustion Chamber. due to this change explains about another 0.6% of the
3.3% difference. Since both injectors used Rigimesh, a
porous sintered metal, as the faceplate material, there
were no real differences in loss due to face cooling.
Finally, note that the subscale combustor used a straight
barrel, while the fullscale barrel used a conical chamber.
The axial combustion profile is thus subjected to
different Mach number profiles as well as different L*.
A calculation of this difference using [29] explains
about 0.3% of the variation.

The summation of the explained differences leaves
about 0.7% of the variation unexplained, which is fairly
close to the expected measurement error (0.5%).
However, one final difference may be attributable to
unintentional maldistributions, which can be quite large
in large hardware. The M-1 is one of the largest
diameter injectors (42”) ever tested, and supplying mass
flow uniformly to every element across the injector face
was certainly difficult. The liquid oxygen was supplied
from a single radial inlet, whose point-nonuniformity
was alleviated by a constant-velocity torus in the
circumferential  distribution. The cold gaseous
el hydrogen was supplied from an annular manifold at the
Koy chamber periphery, from where it turned 90-degrees and

. . . . flowed radially through the forest of oxidizer posts
fuugflfznézﬁbsczg_igi%us::;g zg%mpanson of M-1 before turning 90-degrees again and exit the face. CFD

11
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is capable today of making reliable predictions of these
losses.

Space Shuttle Orbital Maneuvering Engine

The Space Shuttle Orbital Maneuvering Engine
(OME), originally developed in the early to mid-1970s,
continues to fly today on the U.S. Space Shuttle.>® This
26.7 kN (6 Klbf) thrust engine uses nitrogen tetroxide
and monomethylhydrazine (N;O4/MMH) propellants at
a mixture ratio of 1.65 and chamber pressure of 125
psia, in a chamber diameter of 8.117>%*' Hardware is
shown in Fig. 15.%°

OME engine, injector, and combustion
chamber hardware.*®

Figure 15.

Critical metering and injection features of the
injector was fabricated by platelet technology, a
manufacturing process that bonds thin metal sheets
etched with desired features into a monolithic
structure.*! The element used for the final design was a
transverse like-on-like doublet, a unique modification of
the typical like-on-like doublet from the use of platelet
technology.®®®*  Other elements investigated in
development included unlike-doublets, splash plates,
and other platelet-modified like-on-like doublets.*>*

Subscale hardware was used extensively in the
development program. Subscale sizes included 600 Ibf
(2.7 Dch) and 1000 I1bf thrust (3.5” Dch, 57 L’)
combustors.'****> A comparison of subscale and
fullscale hardware for a development unlike-doublet
element is shown in Fig. 16.>* While the use of this
subscale hardware was informative for the combustion
stability  verification,”* we will review the
performance comparisons.

12

Figure 16. Comparison of OME fullscale and subscale
injector hardware.®

600-1bf thrust injector Isp-based performance for a
variety of elements is shown in Fig. 17> Included in
this figure are data from the single element testing,
using an L’=4"* As discussed previously, the
difference between single element and multi-element
performance can be an indication of the interelement
interaction, X;,. However, in two cases as illustrated in
Fig. 17, the single element performance is higher than
the multi-element performance, indicating that X;, can
be less than one. However, the mixing continues to
improve with these elements because for all cases the
performance increases with increasing L,

Single
Element
8 SP1, SP2
5

Figure 17. Comparison of OME multi-element and
single element performance.”

Based on the delivered Isp of the flight engine, the
ERE of the flight combustor was 98%.2%*! There were
no barrier-cooling schemes in the final configuration,*
so there were no intentional maldistributions.
Performance in the subscale hardware was within 0.5%
of this value, within the value of experimental error.>**
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NASA LeRC Thrust/Element Tests

While not a scaling study per se, where various
elements are tested in combustion chambers of different
dimensions, the work at the NASA Lewis Research
Center (LeRC) in the 1960s is an informative study of
‘scaling the element size.*® The combustor is shown in
Fig. 18. Chamber diameter was 27.4 cm (10.78 in.).
Propellants were liquid oxygen and cold gaseous
hydrogen, with chamber pressure of 2.064 MN/m?* (300
psia).” Injector elements of similar geometry but
widely varying thrust (or flowrate)-per-¢lement
characteristics were tested in this chamber. Figure 19
shows the injector face for the smallest and largest
element tested. )

Figure 18. 20 KIbf thrust chamber for NASA LeRC
injector element comparisons,

20 1bf/Element

Figure 19. Injector element patterns for NASA
LeRC element scaling testing.*®

Results of this study are shown in Figs. 20 and 21.%

As expected, the performance efficiency increases with
decreasing element size. At fixed L’ of 30.5 cm (12
in.), 20 1bf elements obtained the highest performance.
50, 100, and 200 Ibf elements were grouped together at
slightly lower performance. 572 and 1000 Ibf elements
suffered a dramatic reduction in performance.

2

L’=127

3 % :
F1gure 20. mc+performance comparison of NASA
LeRC testing with varying thrust/element.
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Figure 21. mc» performance comparison of NASA
LeRC testing with varying thrust/element. >

It is important to realize this performance loss of the
coarse elements turns out to be vaporization-limited. If
the coarse elements are tested in a longer combustion
chamber, the performance is dramatically increased, as
shown in Fig. 22. Also included on Fig. 22 are data
from the subscale M-1 testing, which used a similar
coaxial injection element but a rather large
thrust/element of 1267 Ibf, which in a longer L’
chamber achieved performance as high as the 100 Ibf
element. These results provide a demonstration of the
coupled scaling between element and combustion
chamber dimensions.

590

s R
Open Symbol L'=12"
Solid Symbol 1'=22"

. M-1 Coarse Element, 1."=29"
e 1267 (5635) 19

Figure 2. "nc* pe' “f(')rmance comparison of NASA
LeRC and M-1 subscale testing with variations in

L’ 28,35
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Summary

Developing full-scale liquid rocket thrust chambers,
especially booster engines, is still an expensive and
time-consuming process because most of the
development testing occurs with full-size hardware
rather than something smaller. Fuil-scale hardware is
used because no  well-defined  development
methodology for wusing smaller size hardware is
generally accepted throughout the rocket engine
community. Unfortunately, a “holy grail” of scaling has
never been invented which can provide in one
examination verification of all the important processes
for a LPRE combustor — performance, heat transfer,
compatibility, combustion stability, and ignition.

Certainly one reason for this lack of invention is that
scaling of the combustion flow in a LPRE with full
similarity of the internal aerothermochemistry is not
practical, even for steady conditions. There are simply
too many conflicting requirements. Even partial
similarity was found to be difficult; Penner and Crocco
in the late 1950s developed two scaling rules, discussed
herein, where some distortion of the injector or chamber
geometry was required, and where uncharacteristic
manipulation of the chemical conversion times was
required.

However, combustor development since that time
has made use of scaled hardware, even when it violated
similarity relationships. One relationship — the use of
constant element dimensions in combustion chambers of
difference diameters and lengths — has been used in a
number of programs and shown to succeed in validating
the performance of the larger combustor, when proper
features of the chamber are included.  Another
relationship — the use of photo-scaled element
dimensions in combustion chambers of difference

diameters and lengths, based on the Hewitt Correlation’

— has been shown to predict combustion stability

characteristics but is not yet shown to validate

performance.

A Note for the Future

Certainly one of the most significant differences
between the current era and the past is analysis
capability, represented by the increasing use of CFD
methods, especially for combustion and particle-laden
flows. While the use of CFD as a design tool for rocket
engine combustor development generally lags behind
the rest of the combustion industry (in no small part due
to the significant increase in mass flux and energy
density of the problem), the last 10 years has seen a
dramatic increase in the use of CFD in this field. CFD,
used in carefully crafted “mimerical experiments,” can
advance the development of the scaling methodology as
much as the investigation of the historical database, or
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the conduct of hardware-oriented experiments. These
avenues are currently being explored at the NASA
MSFC, and future publications showing the results of
such “numerical experiments” in relation to aspects of
scaling are planned.

Nomenclature

A = area, m”

A" = throat area, m”

¢ = velocity of sound, m/sec

C, = discharge coefficient

¢, = specific heat at constant pressure, kJ/kg-K
¢, = specific heat at constant volume, kJ/kg-K
c* = characteristic exhaust velocity, m/sec
Da,i = First Damk&hler Group

Daq,iii = Third Damkdhler Group .

D = diffusion coefficient, m*/sec

D, = thrust chamber internal diameter, m

d = diameter, m

Jf=frequency, Hz

Fr =Froude number

8. = gravitational acceleration, n/sec?

h = enthalpy per unit mass, kJ/kg

hg =hot gas heat transfer coefficient, KW/m2-K
I, = specific impulse, N-sec/m

k = thermal conductivity, J/m*-sec-K

L =length, m

L, = chamber cylindrical length, m

L’ = geometrical chamber length (injector face to
geometric throat), m

L* = characteristic chamber length (V//A*), m
m = mass flow rate, kg/sec

M =Mach number

N = number of injection elements

p = pressure, N/m?

P, = thrust chamber pressure, N/m*

Pr =Prandtl Number

g = volume flow rate, m*/sec

g’ = heat addition per unit volume, kW/m’

Q =heat load, kW

Q/A = heat flux, KW/m*

r = oxidizer-to-fuel mixture ratio

Re =Reynolds number

Sc = Schmidt number

t = thickness, m

T = temperature, K

T, = adiabatic wall temperature, K

T, = hot gas wall temperature, K

T. = combustion chamber gas temperature, K
V., = chamber volume, m’

v = velocity, m/sec

We = Weber number

X;, = multiclement interaction index

o= reciprocal of the equivalence ratio
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¥= specific heat ratio

A4 = finite difference

{'=mass fraction

7].»= characteristic velocity efficiency

M = absolute viscosity, kg/m-sec

v = kinematic viscosity, m*/sec

p = density, kg/m®

7= characteristic delay time, sec; sensitive timelag, sec
7 = characteristic conversion time of chemical species i,
sec

7, =relaxation time, sec

¢ = equivalence ratio

Acknowledgments

The author would like to thank the Japan Society of
Aeronautical and Space Sciences for the invitation and
opportunity to deliver this lecture, and Dr. Takuo
Onodera of the Japan Aerospace Exploration Agency
for organizing and funding my participation. The
author would also like to thank the NASA MSFC for
travel support. Thanks finally to Ross Hewitt of Aerojet
for continued inspiration to investigate these topics.

References

1) Penner, S.S., Chemical Problems in Jet Propulsion,
Pergamon Press, London, 1957, pp. 345-347, 376-
388. -

Harrje, D.T., and Reardon, F.H., (eds.), Liguid
Propellant Rocket Combustion Instability, NASA
SP-194, 1972, pp. 221-226.

Weller, AE., "Similarities in Combustion, A
Review," Selected Combustion Problems, II,
AGARD Combustion Colloquium, 1956, pp. 371-
383.

Stewatrt, D.G., "Scaling of Gas Turbine Combustion
Systems," Selected Combustion Problems, II,
AGARD Combustion Colloquium, 1956, pp. 384-
413,

Penner, S.S., "Similarity Analysis for Chemical
Reactors and the Scaling of Liquid Fuel Rocket
Engines,” Combustion Research and Reviews,
AGARD, 1955, pp. 140-162.

Crocco, L., "Considerations on the Problem of
Scaling Rocket Engines" Selected Combustion
Problems, II, AGARD Combustion Collogquium,
1956, pp. 457-468.

Penner, S.S., and Datner, P.P., "Combustion
Problems in Liquid-Fuel Rocket Engines,”
Proceeding of the Fifth Symposium on Combustion,
Sept. 1954, pp. 11-28.

Penner, S.S., and Fuhs, A.E., "On Generalized
Scaling Procedures for Liquid-Fuel Rocket
Engines," Combustion and Flame, Vol. 1, 1957, pp.
229-240.

2)

3)

4)

5)

6)

7

8)

15

9) Penner, S.S., "On the Development of Rational
Scaling Procedures for Liquid-Fuel Rocket
Engines," Jet Propulsion, Sept. 1957, pp. 156-161.

10) Ross, C.C., "Scaling of Liquid Fuel Rocket
Combustion Chambers" Selected Combustion
Problems, II, AGARD Combustion Colloquium,
1956, pp. 444-456.

11) Spaulding, D.B., “The Art of Partial Modeling,” 9"
International Symposium on Combustion, The
Combustion Institute, 1963, pp. 833-843.

12) Lawhead, R.B., and Combs, L.P., “Modeling
Techniques for Liquid Propellant Rocket
Combustion  Processes,” 9"  International
Symposium on Combustion, The Combustion
Institute, 1963, pp. 973-981.

13) Beer, JM. and Chigier, NM.,, Combustion
Aerodynamics, Chapter 7, “Modeling of
Combustion Systems,” pub. John Wiley & Sons,
New York, 1972, pp. 196-211.

14) Dexter, C.E., Fisher, M.F., Hulka, J.R., Denisov,
K.P., Shibanov, A.A., and Agarkov, AF., “Scaling
Techniques for Design, Development and Test,”
Liquid Rocket Thrust Chambers: Aspects of
Modeling, Analysis, and Design, edited by V.
Yang, M. Habiballah, J. Hulka, and M. Popp,
Progress in Astronautics and Aeronautics, Vol. 200,
ATAA, Washington, DC, 2004, pp. 553-600.

15) Anderson, W.E., Sisco, J.C, Long, M.R,, and Sung,
I-K., “Scaling Test Methods for Combustion
Devices,” Fifth International Symposium on Liquid
Space Propulsion (CD-ROM), Chattanooga, TN,
USA, 28-30 October, 2003.

16) Fisher, S.C., Dodd. F.E., and Jensen, R.J., “Scaling
Techniques for Liquid Rocket Combustion Stability
Testing,” Liquid Rocket Engine Combustion
Instability, edited by V. Yang, and W. Anderson,
Progress in Astronautics and Aeronautics, Vol. 169,
AIAA, Washington, DC, 1995, pp. 545-564.

17) Delabroy, O., Lacas, F., Labegorre, B., and
Samaneigo, J.-M., "Paramétres de Similitude Pour
la Combustion Diphasique,” Rev. Gén. Therm, 37,
1998, pp. 934-953. (in French).

18) “JANNAF Rocket Engine Performance Prediction
and Evaluation Manual,” CPIA Publication 246,
April 1975.

19) Coats, D.E., “Assessment of Thrust Chamber
Performance,” Liquid Rocket Thrust Chambers:
Aspects of Modeling, Analysis, and Design, edited
by V. Yang, M. Habiballah, J. Hulka, and M. Popp,
Progress in Astronautics and Aeronautics, Vol. 200,
ATAA, Washington, DC, 2004, pp. 601-620.

20) Huzel, D.XK., and Huang, D.H., “Modern
Engineering for Design of Liquid-Propellant
Rocket Engines,” Progress in Astronautics and
Aeronautics, Vol. 147, AIAA, Washington, DC,
1992,

20™ JSASS, Sendai, Japan  March 7-9, 2007




21) Anderson, W.E., Ryan 111, HM,, Santoro, R.J., and
Hewitt, R.A., “Combustion Instability Mechanisms
in Liquid Rocket Engines Using Impinging Jet
Injectors,” ATAA Paper No. 95-2357, July 1995.

22) Hewitt, R.A., “Combustion Instability in Liquid
Rockets (with a d/V Correlation Perspective),”
invited lecture  delivered at the 31"
ATAA/ASME/SAE/ASEE Joint Propulsion
Conference, July 10, 2006.

23) Kenny, RJ., Moser, M.D., Hulka, J., and Jones, G.,
“Cold Flow Testing For Liquid Propellant Rocket
Injector Scaling and Throttling,” ATAA Paper No.

. 2006-4705, July 2006.

24) Mueller, J., “Thruster Options for Microspacecraft:
A Review and Evaluation of Existing Hardware and
Emerging Technologies,” AIAA Paper No. 97-
3058, July 1997.

25) Bruno, C., “Chemical Microthrusters: Effects of
Scaling on Combustion,” AIAA Paper No. 2001-
3711, July 2001.

26) Barsotti, R.J., Datsko, S.C., Louison, R., Kovach,
RJ., Miller, DJ., and Pullman, WP,
“Development of Liquid Oxygen/Liquid Hydrogen
Thrust Chamber for the M-1 Engine, Technology
Report,” Aerojet General Corp., NASA CR 54813,
AGC 9400-5, May 15, 1968.

27) Dankhoff, W.F., Johnson, L.A., Conrad, EW., and
Tomazic, W.A., “M-1 Injector Development —
Philosophy and Implementation,” NASA Lewis
Research Center, TN D-4730, Aug. 1968.

28) Scott, HE., Bloomer, H.E,, and Mansour, A.H,,
“M-1 Engine Subscale Injector Tests,” NASA
Lewis Research Center, TN D-4053, July 1967.

29) Muss, J.A., Nguyen, T.V,, and Johnson, C.W.,
“User’s Manual for Rocket Combustor Interactive
Design  (ROCCID) and Analysis Computer
Program, Volume I,” NASA CR-187109, May
1991.

30) Neill, T., “Flight and Development History of the
Highly Reliable Space Shuttle Orbital Maneuvering
Engine,” ATAA Presentation, 42
AIAA/ASME/SAE/ASEE Joint Propulsion
Conference, Sacramento, CA, July 12, 2006.

31) David, D., “Space Shuttle Orbit Maneuvering
Subsystem (OMS) Rocket Engine Development
Status Update — July 1977,” AIAA Paper No. 77-
811, July 1977.

32) Kahl, R.C,, LaBotz, RJ, and Bassham, L.B,
“Platelet Injectors for Space Shuttle Orbit
Maneuvering Engine,” AIAA Paper No. 74-1108,
October 1974,

33) “Space Shuttle Orbit Maneuvering Engine Platelet
Injector Program,” NASA CR-151442, Aerojet
Liguid Rocket No. Final Report 13133-F-1, Dec.
1975.

16

34) Hurlbert, E.A., Sun, JL., and Zhang, B,
“Instability Phenomena in Earth  Storable
Bipropellant Engines,” Liquid Rocket Engine
Combustion Instability, edited by V. Yang, and W.
Anderson, Progress in  Astronautics and
Aeronautics, Vol. 169, ATAA, Washington, DC,
1995, pp. 113-142.

35) Salmi, R.J., Wanhainen, J.P., and Hannum, N.P,,
“Effect of Thrust Per Element on Combustion
Stability Characteristics of Hydrogen-Oxygen
Rocket Engines,” NASA Lewis Research Center,
TN D-4851, Oct. 1968.

20™ JSASS, Sendai, Japan ~ March 7-9, 2007




L00T U9Te] SSVST
ﬂ .

VSN TV IIAsIunH “DASIN VSYN
dno1p S1.SH “Sunesursuy sqodef

eY[ny{ sowef

LOOT "L YoTeN

$10)SNQqUIO))
JUISUH 19Y00Y Jue[pPdorJ pmbry
Ul DUBULIOJIDJ JO SUI[BIS

A21u2D 14811 3. YSLD
o

I03U3)) 131 9oedg TEUSIEN VSN
uonistnboy jo somog



LO0T YSTe]N SSV ST

swerdoid [eo11031s1y woiJ soueuriorrod
Q[RIS[NF 0} A[BISANS JO SINSAI QUIOS JUISIIJ o

SQUISUQ
193001 Jue[[odoid pInbr| 10J S9OIA9P UOTISNQUIOD
JO Qouewo}rad 107 SUI[RIS 01 SNO0J AU} MOIIBN] e

SUOISNJOUOD
JI91)) JO dwios Juasard pue ‘s)9g] A[Ied pue sOGe|
AU} UI PIJONPUOD [OIBISAI SUI[RIS Y} QLIS o

3urreos Jo 1deduod 9yl NOA 01 AONPONUI-IY

A21u3D) 131 200dS [IPYSIDIN

N=J\ikk]lelg)!




LOOT YdTe]N SSV ST

«(9OURIOS,, & 0} MIe,, Uk WOIJ USISIP 10J0o[UT QA0 —
[00] jusuido]aaap e se JuI[eds asn o) ST 9ATAAQO

IsnIy) asva.10ur 01 Apsowt porjddy —

9Z1S JSNIY) AUR WIOIJ AZIS IS
~Aue Jo s901A9p uOnsNquioo dofoaap 03 pasn aque) .

«' SOOTAIP PO YIIM OUSLIOAXD
Hmmw JO s1seq 2y uo @oc.mzaoﬁ@m 9[qe1orpaid ym
SOOTASP UOTSNQUIOD MU dofeasp 01 L1Iqe oy, .

4?9

A21U30) 1811 200dS 1YW

(, SUI[BOS ST JRYAM




LO0T YdTeIN SSV ST

SUISIew JO UONBN[BAd YSNOIOY) 9I0UI Y)IM A)IIQRI[oI 9SBaIou] —
SonIIoe] 1593 2Inssaxd JOUYSIH ((, +) e
[ouuosiad 189} 10ma] ‘uondwnsuod jueredoid ssog () o
SANIIOR] 159} 9JBI MO[J JOMO] ‘Io[[ewiS (-)

81500 3unsa) Juotrdo[oAsp donpay —

dremprey 9ZIs-[[nJ moN SUOTIRID) ONPY —

dremprey Juowrdo[oAsp SunnjoeINUBW JOJ S1S00 0NPY —

juswrdoraAsp 3urinp
Qrempirey d)el MO[J IOMO] PUe IJ[[BWS JO SN MO[[R ABJN

$59501d Juowdo[oAdp 9Y) UT JOI[IR SjusWoNnbal Aoy 9jepIe A —
APomb a10w $$920nS 01 JASO[D Ik JBY) SUZIsop azis-[[nJ dofossg —

1uoudoroAdp pue
u31Sap 101SNQUIOD 3} 0} UOTIBPI[BA PUR 0URPING SOPIAOIJ e

123U30) 181 290dS 1IPYSIDI

;, uepoduwiy ureog st AYM




LOOT Y21 SSV ST

I[easqng

BIpP]

uonIuSI pue ‘Iofsuen; 18y ‘KIIqe)s
uonsnquiod ‘doueutiofrad 10§ uonepieA gordwor) i

d[qronpoid A[earsuadxour pue Afiseq ‘¢
[eur3rio ueyy anssord omo 7
[eUIS1I0 uey]) orer MO[J JOMO] pue ZIS paonpay |
:SI9JJO JBY} SAOTAIP UOT)SNQUIOD
10J ASofopoyiowr 3uress juswdo[osap e QIY) ST

421437 1814 200dS [OYSIDIY

(. ITe1D) AJOH,, SuI[eos © o10y T S|



LOOT Y2Te]N SSVST
< 0" 6€ >

%E L6 ="l

%8'€6 =l

423U30) 1811, 200dS 1DYSIDIN

-4 01 [-H Sulfesg




LOOT YOXeIN SSVSI
- JACPIT=H/d » «—> JAQI 096 =

ad

oNJ TOL XO P/ o [ONJ ZT9 X0 GO¢ o
JADI TTST =1Sd o «— JAII SOT =[S o
BISA QZTT =04 ersd G0L =0od
BV =% o BV =% o

007 =T o CTE=T o

«C6E=UA o« +—> 60T=10Q o
%8'€6 =W o «—> % 16= 30U

L2143D 1311, 200dS yLYSIDI

g

, Y20/ 311, UpIp AYM — -4 01 [-H Surfeog




LOOC UY9TeN SSV ST

So[NI SUIedS AWes JAY)
dAEY 0] PIJOAdXI 10U AT SMO[J Apealsun Jey) 9JON e

AT)STUIAUOOWISY)OIIE [BUIIUL APBIIS UO SNJ0 o
Aroo19a pue ‘amssaid ‘armeroduio) Jo SINOIUOD) —
9SBA[AI 18AY JO SALIOISIY QUWIT) PUB SUOTIBIO] —
UOTIRIOUAF 10ads JO SALIOISIY QW) PUB SUOBIOT] —
| _ suroped owre] —
syred mopJ —

SO[BIS JURIALJIP YIIa INdD0 A3} Yy3noy)
UQAQ “UOIYSEJ [BOTIUAPI UL INID0 SASSAV0IA [V o

1314370 1811 20D DYSIDIN

ALIeTIuarg uonsnquio)) 10exXyg



6 LOOT YSIeN SSV ST

CS61 ‘Iuud Aq paur(q

71’8 :
= .4,J = "ON 9PNOIL]
4 Aa
'2.1%4 m
— = = 111D = dnoin _yoyweq pay, iy
T, ml& = J = "ON OB\
14 o © .
— =1"D(J = dnoin) Jo[yoyue(J 18I
7T , W =d4dd = 'ON [puelq
dy e
o = A = oney 1eoy o1yroadg ad |
— = 2§ = "ON IpTIIyOS
Iy %
A>\ ) = & ,
AT/ n

— = 2Y] = "ON SP[OUADY

121U90) 1811, 200dS NNNEEQE

AJIR[IUITS UOT)SNqUIO)) J0eXH I0J suonenbyy £31ouy
pUE ‘WNUIUWIOTA ‘SSBJA] WOIJ SId)oWreIeq AJLIBIUIS




01 LOOT YoTeN SSV ST

'2.1%4

— 5 H.ﬁéQums&@BEQEEQEEH

— =17 = dnoIn JoryouIe(T ISIL]

$9559001J MO[ SUNOLIY-UON
10J s1ojouIeIeq AJLIBTIIIIS USADS



4! LOOT YoTeIN SSV ST

18
N> |
F o= 'ON JORIN
A0
¢/l
— =d4d = ON [Ipueld
J
— =/ = oney 8oy oyroadg
7 L2 = 55 = oN Iprurgog
L414)
AT/

= 2) = 'ON Sp[OUASY
T

A21U27) Y81 200dS PYSIDW

$9S89001J MO 3unoRay

I0J s19joweIed AJLIRJIUIIG OM T,




4 | LOOT YOTRIN SSV'ST

"2 1% “
~— =D = dnoIp [yeyureq prIyL
\.N\ .
‘24
— =1'@ = dnoir) IS[YONUIR(T I1SIL]
1 |

A Ad = ‘ON Ipueid
795

S90I0Y [eUINXH IUBOTUTIS ON o

KOO A MOT o % _ 6= oN IPIUIYOS

n
MOT SNOUASOWIOH

|

— = 2)] = 'ON SP[OUAY

Ad23uaD) 181y 200ds 1YSIVH

JOUUQJ WOIJ 1S pPaonpay




el

LOOT USTBIN SSV ST

AT, "2 7% q
5 1PA = THPA S dnoxg Iayoywe prYL,
= dnoion Ioyoywe( I1SI
L 4d = 'ON [Ipueld
%o |
ad
—7~ =25 = ONJPIUUOS
Q
ueISuU0d = “0 ‘q M d . { 7 = 2)] = "ON] SP[OUAY

131430 1Y811q 290dS 1IDYSIDI
O

1'D(] PUe 2 UM |
uonnadwos ur jnsai [[im sanradoid juejsuo))




14! LOOT YoTeN SSV ST

Apradoid paress are g pue 2y oours Apredod
PaTeds 2Tk SONSIISNORIRYD IQJSURI) 18y ‘QI0JOIOYT,

Md x2Y % JUBISUOD) ~ MA] = "ON] J[OSSNIN

POXIJ ST 71J IOQUINU J[ISSNN] 9I0JOIOY], o

A ik
— — (4 = 2Y = "ON SPTOUA?
74, =4d = ON [pueid 7 " i N SPI A

POXIJ QIR L J PUR 2Y] o

42320 1811 200dS OYSIDIT -

STl A\ EQEEU () 0} IOJSUeI], J8oH




Sl

LOOT YSTe]N SSV ST

oreosTIny | | oreosqns |
24 | 24
7 |1
JURISUOD) = 1D(] o
mwN 44 S[RIS[[NY o[BISqNS
L= 55| 57 | = ¢> = 1A
! uelSuon) = U = 2
} D= T = & o
A ad
JURISUO)) = = 1] JURISUOD) = —_ = O
79 n

(9 ‘q 0 1) wersuo)) = sonredorg

- 423u2D 131 200dS NOYSIDH

QINSSAI JULISUOY) 29 S[NY USIS I -IoUUd]
< [[eWIS 29 93Ie UMIQY SUITRIS




91

L00Z U9TeIN SSVST

oz1s 11doIp
Jo Jonuood AQ paureqo SI [0NUO09 STY) PIPN[OUOD ISUUDJ —

{, PA210J 9q 11 1snur Jo ‘AfTeinyeu uaddey STy) SO0 o
(POIqQNOP SaNId0[RA) YAz =54  uoy
(9reds ommowods Jrey) 7 =57  se
U9y} ‘JUB)SU0I=2Y JO Isnedq 18] AON

(poxoyrenb sowm [eorwayd) 44 vy =5 woy
(ore0s o1owoas Jrey) 47 v4 = 57 se ‘ojdwexs 10 —
S9[eds YISul Ay

JO 2.4pnbs J) Se paONPAI 9q ISNIU SIUWIT} UOISIOAUOD
[eOTWIAYD A} “PAONPAI Ik S[BIS Smaoﬁ Y
se ‘Qrmjeradwo) pue 2Inssaid IOquUIBYD JUBISUOD I o

123u2D) 1y811.T 200dS [IYSIDIY

T )

JO SUTUBIN YT,




L1

LOOT Y218\ SSV ST

©*IRJ[0 JON ¢, parmbaise Y vy =5" stng .
OT1BI UOTIOBNU0D JqUIBYD 93UBYD — JUBISUOD 10U ‘JA
¢, 1ueISuU0d sanssaid roqureys ng .@@Esow S9Jel MO[J oI MOH -—
POYOIRW [[1S ST 2y 1Y) SION —
UOT)RZIWIOIE PduRYUR Yim sAeids AJIO0O[QA YSIH —
dV SouI) { 9ASIYOR 0) 9)eIMO[J 9}
25D2.40U1 0) AR “YUAWIS[A PIZIS-J[eY © YSNOIY) ‘QIOJIY], e
19V ¥ ~ Aapd ~ S45d ~ 5qy doip amssaid juomorg —
Tyt vy = Sl “YUSUISLR 9ZIS-JBY JLIJOUWI093 YIIm JBY) QJON e
fut vy = (14 7)1y yp)(A0) = S Hmunuoo Mmofy JUSUWS[H —
dag=Sadyy=Sypue py=Spuoy  “T7 =T psnyr, .
OTJRI 9[RS = ISJOUWIRIP SOIJLIO J0102[UT 18] 910N o

1 131427y 1811 200dS 1IOYSIVIN

dry 'ty |
| =| = | JO SurueoN UL

T $

(4



LOOT Y9Il SSV ST

SUOTISUQWIP JOqUIBYD SB QUWIBS 9[RS SUOISUSWIP J010a[u] —

yueedoid anejoA ssof oy 10J sAeids
QUIJ pue SANIOO0[IA uonddur Y3y yirm s1oyo9fur
J[eIS [[ewIS SUTISI) SOAJOAUI JUSWAOTIAID QUISUF

SONI[IB]OA JUIIJJIP AT1ea18 Yiim syuefodoidiq
10J ATuo paystduroooe Ajqeqoid 3ur[eos [NISSA0ING o

sjuage
‘AQ UOISUQ) 90BJINS JO UOTIBLIBA —
9z1s 1o1doIp
JO UOTIBOIIIPOU [RIOIITIIR AQ PAUTRIqO ST 9)el
UOTSIQAUOD TBITWAYD JO [OIIUOD PAPN[OUOD IUUSJ o

QAT)OR QORJINS /3

U220 181 290dS [YYSIDI

SUOISN[OUO)) S JOUUd]




61

LO0T Y9TBIN SSVSI

A Ad A A

1 P a

| =| 5| PUe ..WM =| - | e AI0ON
(T+w) fut 1 (w+1) /(=) 1

) a[eos[Iny o1ROSqNS

T i) 24 ‘24

)= || e— T = T
(v g 1 ‘2 1 1

JURISUO) = 1D(] o

m\N A4Y 44 oTROSTINJ oreosqns
L= || 5|7 €= |7ad = |7ad

n
d ~ 0 pue eIsuo) = 7 =9y o

A23U30) 148117 200dS [IDYSIDH .

w-d ~ 2 douopuado(] 2INSSaIg 2 099010
< [[eWS 29 93Ie UdIM]Y SUI[edS |




0¢

LOOT USTBIN SSV ST

JuBISUOD = py 10 “ 1a =S4 ‘osyy —
1d 7 =5d 10

‘% 74%) = ,(1d / 5d) QOUIS ‘ased
STU) UT "PIsBAIdUI ST 2Inssald Ioquueyd oY) ‘“IoOAdMOH —

=51 uoy
(9reos omewoas Jrey) 47 74 = 57 se ‘ojdwrexo 10, —
ATreuoniodord paonpar oq SN SIWT) UOTSIOAUOD
[BOTUISYD AY) “PAONPAI Ik $3TIS YISUI[ o) Sy —
%N dly
?N §1,
(09001 WOIJ ‘d/T ~ 2 “9T) T =W IO

(

g RN”.N . _ 23u37) 1811, 200d, w,EHSE
g 2 |
5| T 5| $0 SUrue9A] Y.
.b .

[+uw) fuig



1C

L00T YdTe]N SSV ST

{, poxmbarse 1 ¢4 =51 stos[y .
PAydIRW [[1)S QI 2Y 18] 9ION —
sAeids Ly00719A Tenbyg —

JueIsuod St doip 2unssaid 0s payqnop St eaIe
JUSWIAS INQ PA[QNOP ST IBIMO[] JUSWA[D ‘OI0JOIAY], o

19y ~ Aald ~ fa3d ~ 5 gy doip amssaid yusworg —
A[reuniou “ut v = Sus ‘JUSWIS[e ZIS-J[8Y YSNOIy) 18Y) SI0N o
T on = (La)(y o) (Ad) = S AmMunuod MO[J TUSWIH —
o =24y g =Sy pue “p = Sp uoy) —
“dry 74 =57 pue [=w 10J UINUTIUO))

g n&@ 121U27) 1B 200 .N,wwﬁuug
7 2
=| —— | JO SUurueaN Y[,

th %“.N..N

(T+w)/ug



C

LO0T Y9Te]N SSV ST

SUOTSUQUIIP
JoquuIeyo B QuIes ) womm“um Jou QI8 SuoISsuAWIp I0109[uy —

saInssaxd Y31y ypim sioyoolur
J[BIS [[eWS SUI)SA) SOAJOAUTL JUIWAOTIAIP QUISUY

ainssaid Jo joxnuod
AqQ paurelqo SI 9JeI UOISIOAUOD [RITWAYD JO [ONUO))

423u30) 1811 200dS IIDYSIDA

SUOISN[OU0)) S 03001




154

LOOT YdTeN SSV ST

1 J0J syuowainbal

UIe)Ia0un ‘SUOISUSWIIP 10109[Ur PaIoISIp Yim
sainssald roquueyd IoY31y 18 s10109[ur [ewrs :00001) —

1 JOJ sjuawaIinbal urereoun

‘SOTJRI UOTIORIIUOD PAIIOISIP PIM sIoquuieyd ut sdoap
Q1nssa1d paseaIdur YIIM SI0103[Ul [[ews (Uals ] ~Iouusd —

SUOT)EM)IS UFISIP JNOLHIP
ut pay[nsar s10joweIed oY) JO SWOS JO AJLIR[IUIIS

121u37) 1811 200dS [IOYSIDI
5

SOIpMS 3UITROS AJIRY WOL] SUOISN[OU0))




ve

LOOT Y9TBIN SSV ST

"908J 10309[Ur oY) sso1oe
AJI00[0A PUE SSBUI JO UONGINSIP[RUL [RUOTIUIU]

9JkJ 10309[Uur 9y} ssoxoe K)I00[oA
- pue ssew JO uonnqrusIpletl [PUONUS)UTU()

S3sSO[ Arepunog

SJUSUISS IoLIIeq
[Te JO ADUSIOTJUT (JUSUIS[S-T)TNU) QATIOA[0D)

SJUQWIA]3 210D

ITe Jo \mosoﬂowﬂoﬁ Gsoﬁoﬁo..u?&v o>ﬁo®=oU,

1

129U30 W81 290dS 1IPYSIDI

SOUBWLIOJIQ J0ISNQUIOY) JO SJUSUWI[H-qNS AL




4

L00T YOTeIN SSVST

~ s910ads uonsnquIod
SNOTIBA WO} ASI9US UOTIRIPRI 9Y) 0] NP SISSO

SOTJAUTY UOTJOBAI 0} NP SASSO]
WIBAIISMOTJ 9} JO $109JJ3 [RUOISUIWIP-0M) 0} NP SISO
(SUOTIORIUI JUSWII[

AQ POLJIPOUI SAIOUAIDIIIAUI UONRZIIOdRA JUSWIS[S 9[3UIS

JO wns 9y} ST Yorgm ‘Aoudrdnjjour uonezriodes JUSUI[Q
-NW 9) 10) AOUAIDIJJaUL uoneZIiodeA juouIoe-I0uy

(SUOTIORIOIUI JUSWIS[O AQ POIJIPOU SOTOUSIOIJISUT SUTXTUL

JUOWISA A[3UIS JO WINS 9] ST YOTYM ‘ADUSIOTJouT SUTKTI
JUOWR[R-T[NUI A1) JO) AJUSIOIJOUT SUTXTUI JUSWIS[-IJU]

adAy
JUOWII[D YOBS I0] AJUQIJIJJOUL UOTIRZIIOdRA JUSWA[S Q[3UIS

od A1 yuswIoTe Yord 10J AJUQIDIIJOUT SUIXTU JUIWA[S A[IUIS

131Uy 14811 200dS 1IDYSION

s1red AUuBIA JO pasuduo))
aIe IQLLIRY PUR 9I0)) JO SAIIUIIDIIJH AATIIJ[0))




9¢

LOO0T Y2TeN SSV ST

(Sweans MOTJ aU)
UO SILIBPUNOQ [[eM JO 103]J9) SISSO[ JoAR] Arepunoyg —

S[[eM IoquIeyo

‘pue 10309[Ur 29U} 0} SPIN[J Y} WOIJ SISSO[ ASIdUD JBOH —

:3UIMOT[OF o) opnpout ‘Aayeredas 1doy “Afrpuey
QIOW ‘IO ‘ILIIRQ Y} JO AJUIIDIIJO QATIIQ[0D A}
UL POpN[OUI 9q UBD YITYM ‘SISSO ATepunoqg Y], e

| d

123437 1B 20D :S%EE

SISSO \Cm@qnom




LOOT USIe]N SSV ST

we)yed Sy} UL pasn SJUSUIS[S JUSIIIJIP
0} onp ‘98] 10109[UT A7) $SOIOL SUONBLIEA o)l SUNLINg 9JeIOqIR( — —

(s1s0d Terxeos
PAJIRIS JO PI[IUR )as-JJO ““F'9) SBIQ MO[] SSBUl JUSUWIJL [BOOT]  —

(Serq oner aInyxTuL) 908] J030a[ur
S} SSOIOE SJUQUISO SNOLIBA JO SRIQ 9)Rl MO[J SSBUI JRISQIO(] —

Aroydrrad xoquueyo oy ojur psyoalur (0,4, JUB[O0D WIJ [oN]  —
[eUOTIUIU]
S9INJe9J SULIQ)OW I0303(UT UO SUOTIRLIBA 9OURIS0) Juumoenuey -

Surprojrueur 1o109[ur
) WoJJ suonnqLisIp amssaid pue ‘KI100[9A ‘sseur ULIoJIun-uoN  —

syorur Joyoofur
S} Je SuonnqrysIp omssoid pue ‘AJI00[AA ‘SSeW WLIOJIUN-UON — —

[euonuauIu ) e

429U 811, 200dS yYSIDI

S9SSOT UOTINQISIPTEIA



8¢ LOOT Y>Te]N SSV ST

< 1

Ioquuey)) uonsnquio)) 9y} JuIfeos

A21U3D) 1B 30




6¢

LOOT YoIBIN SSVSI

A21U27) 131 200dS 1IDYSIOIY

suoneIN3JuUo)) Iaquiey) 9[edosqng [eordA [




o€ | LO0T YOTeN SSYST

duIes 3Y) SI P IZIS JUIWIA]

S A 4§ e b e — -4 o —— § — ——r §  § — ) — |_— — — — — — — — — - o . s — —— - — ¢ - o

131430 14811 200dS 1IDYSIDIN

SUOTISUWII(] JUSUWIAH IURISUO)) YIIm 3UI[ROS |




1€ LOOC Y2IBIN SSV ST

“ Jue)ISuod = 1

A21U2D Y811 200dS 11DYSIOI

Kepo], pasp) suoneindijuo) Jaquuey ) 1eordA T,
— SUOTISUSUIT(T JUSWIA[H JUBISUO)) (PIM SUI[LIS




(43 - LOOT YT\ SSVSI

'ON JOBJA] JUBISUO)) UTRJUTRIA]
— SUOISUWI(] JUQUWIS[H JUBISUO)) PIM SUI[RIS




te

laquinN yoep
© N~ o W T oA
S © O o © O O

— O
o O

@
o
|

— O
- -

LOOT Yd>TeJN SSVSI
9oe4 J10308[U| Woiy souelsIg

| | . |

]

I 0 I I I O O O O L B O B L B

I I 1 i 1 I 1 i 1 1 | |

"ON cmm_\,_ qibuoT ------ .
‘ON UOBN qTHOUS = =
q7 Buo

g7 Hoys e

‘snipey Jequey)

i:vlinHi:nliillilyliHiigm:illlirll

RN

sIaquuet) [a1eq U0 pue 10YS
UL SQOUIAJJI(] "ON YORIN

L2130 81 200dS [OYSIOI

&




14 LOOT Y2TBN SSV ST

§ R R TR SR 4 S S G LG e 4 S o 4 o i 4 o s ¢ 3 o 4 3 o 4t~ 4 4 . 4 2 4 -~ " ‘- — ¢ — ¢ —— o+ 4 ¢ _— s+ s e+ s+ i

PIONPAI ST IZIS JUIWI[FH

121420 148117 200dS 1IDYSIDI

SUOTSUQWIL(T JUSWIS[H PI[eISOI0YJ Y SUI[edg




Se

12 Sa Y Ap IojouwreIp Ioqureyo 0} PoxXIJ

mdQ 44 S p ST A/P 90sLIa)oeteyd .HOHO@.—,QH °

A21U2D) 1811 200dS 110YSIDI]

3ul[ess I0J A/p NIMOH



9¢ LOOT YdTBIN SSV ST

SU0[ 00) JoquIeyd YISud[-[[nq

- PIINPAUI ST
IZIS YU

wqﬂmomogoam OLIQWION) IIM
Iaquiey) uonsSnquio)) Ayl ureos




LOOT YdTeIN SSV ST

T/P'Ad 1oquunN spouksy 191 10ZIpIx()

01 01 ,0T1 01 01
FETTTTT T T 1 _______ T T w...___ l T lOOﬁ
w quL3Y - mu
: m m
3 .01 3
aun3ay I &
uoyv2iuogy|  J %
; i Z
. =
Z,01 =
| g S
H ) - o)
SuINQald [ONJ-HINSS == 2 >
10309(U] URIN-HIASS vt | s
ST & |1 =
. (AN Nl 01 o
Ve-e-VOITd a | | a
CVOI'TI ¢ |7
i < 01

121D 1811 200dS 1DYSIOP

- uopezuoly Areurtid odurexy
sdnoin Ayreriung paimboey] o) gjeneas-oy




LOOT Y2Te]N SSV ST

1/p'AId ToquunN sproukey 191 10ZIpIXO

01 OT 0T 01
TT T 11T 1 T T w__”___ T T m—w_”__ T i IOOAH
. .
2 01 =
()
= 01 o
%01 01 1 <
pops L N
BLEN eyory Y I .
pafeos \_vo | ] W
e EVOTT 2,01 W
%01 ) SUINQ91 9N-FINSS -] =
. . IR >
w SHom 1000fu] U -ANSS | | o
%01 0} €-VOI T STL & |1 <
oMoy cre = of s
- VE-€-VOITI O | S
EVOITI & |3
=01

121U3D) 14811 200dS [OYSIOI

SOUISoY UOTIRZIMO)Y ATBUNLI]
a3uey)) JON SI0(T S[BIS JO UOIONPIY JULIJIUTIS ,



6¢

LOOT Y2TeIA SSV ST

o/p,('A-°A)*d 10quInN 1990 M 10[ LOZIPTX()
01 01 01 01 ) 01 01 01

| | | | ]
L0 5L O S I T T T 1 DAL (LR . [T T 1T 1T

ToUmQald [o0J-HINSS o | .. ” ‘ e
10)00[U] UTCIN-HINSS wigsn| | m s
STl | | W 2
1 e | | Suppsind ﬂ\ ”
VE-€-VOI'TI O nkaEM \\
EVOI'Td & : :

01

\

Jire e

2
-

I A 0 T T |

) \ =N 0}

L
S
[ T N
I
©
i

o
4
Pk o
(=W
a
N
(@]
-
|
[¢]
[ ot
o)
[¢’]
<
=
@]
s,
[
7]
Z,
[
m :
o
(€]
o]
°
<
e
=

©
<
—

23437 1811, 200dS 1IOYSIDI

uonezruol)y Arewnrq :ordwexg
sdnoiny Ayre[ruarS pormbaoy] oy srenteAs-oy]




oy

LOOCT Y3TBIN SSV ST

o/p,('A-* A)*d JoqunN 19go M 10f 10ZIPIXQ)

,01 01 01 0T 01 01 01 Ki)i
LT T T T T “::___ ] m:____. T “______~ i “_:____ T ”:_____ T n_______ T \ NO‘—H
Toumgaid [Ng-JINSS =g=| , m s
10309 (U] UTEN-HINS'S it N
ST # m 7]
[ @ Suypsind ﬂ\ : ]
Vee-VOI'Td O -12dng - .V\..\:_; u0180y 2 01
€VOITI & “ A __ adfy
M 71 uSoeoy
%01 0 E |
oo Pt w&@ B P 3,01
_ ¢-VOI'Td 1241,y _ i
%01 0} . uo13ay ]
omomp 7 m ad(] :
g M %T7E 0} pareos ” : ]
L g PO e-vor T ]
AR evora ]
Pe swta ; .. : = oOM

o
>
o o
o
P &
N
(¢
Do
[—
[q"]
1-!7
=
[¢]
]
=
O
pamey
N
V5]
Z,
[
=
on
(€]
l
=)
<
n/u..
=

SQWIZSY UORZIWO)}Y ATBWILI]

a3uey)) JON SI0(] SA[BIS JO UOTIONPIY JUBIIIUTIS

dapua0) S 200dS [oYysIDY




4%

LOOT USTe]N SSV ST

IQ)oWRIP
Ioquueyd JUe)SUOD UT JUSUIS[S/ISNIY) USdMIq OTJRI [:0C —

JUSUWI[H/ASNIY ], I9IUS)) [OIBISY SIMOT YSYN o

| 1snay)
S[eIsqNs pue 9[eIS[[N] WSIMII] SOTJeI T:)] pPue [:9 —

31 0009 —

WISAS SULIDANSURIA [€3IqI0) A[NNYS 90edS
JSTLIY) 9[edsqns pue o[eds[iny UaoMmlaq onel 1:00] —
, ISOIY JQIN ST —

. I'IN -

421430 1y81g 200dS 1YSIDIY

;mmﬁamxm [BOLIOISTH




T LOOT UDTEIN SSV'SI

yudwdoaaap Jusuoduros
POOUBAPR UL PAIBUTWIIO], o

SUOISSTW I9YJ0
pue o[jody 10J PoIopISUOD
1doou09o o3e)s rodd)
e1sd 0001 ~9d »
syue[edord ‘HT/OT e

JArI 00S°T
N 0L99 =ISnI{], e

1

121U20) W8N 200dS 1IOYSIOI

Rquey) 1SNy 1-IN




197

S
2
‘.\.\\
33
3

=
R
3

.
.
.

o
3

LOOT YdTeIN SSV ST

10309(uy uren 1

N

42143 1y811d 200dS oYL




(4%

LOOT YOI SSV'S[

B8

704 4

101Snquion) o[BaS

g 1-N

421U3D) 1SN 200dS vy




SP

LOOT YoTeIN SSV ST

10)sSnquioy) areosqngS -]

123U3D) 14811 200dS [IOYSIDIN




9

.v

LOOT YdTeIN SSV'ST

JUSUIA[F 3SAB0)

JUIUIA

ULy

SI0309lu] UTRIA S[RISqNG [-IN




LY LOOT YdTe]N SSV'SI

AreISqNS

Ifedsinyg

‘sIoquuey)) ISNIY .
o[eosqnS pue 2eds[ng [-JA Jo uostreduron)




LOOT YoTe]N SSV ST

3i0 ‘0138J 3NKiW

E R

»

&

=
=,

Bamoaeece oo P biaide

el

{43

d23u3D) 1311, 200dS 1YSION

....... o

QOUBULIOLIDJ QTROST[N
0} 91edsqng [-JA Jo uostredwo))



61

LOOT Y9I SSV ST

$10)09[ur Jo)owRIp 9318 AI0A 10J 9510 93Inb
9q UBd YO SUOTINQINSIP[RUI [EUOTIUSIUIUN PIISPISUOD 19K JON

% Q't JO N0 9, ¢'¢ ~ **Uy POIUNOOI. [BI0],
% €0 ~ *>Uy S[edS[[N PUL A[eISqNS USIM]SQ SUOTIELIEA Jf

ws:ooo@oﬁ%m owmm@
JOJ AO[J JOZIPIXO JUSW[D S[FUIs FULId)[ O) onp 94, 9° 0~

wa:ooo
qoelIns oEm@ pue [[em IO} [onJ SunnqIysIpaI 0} anp 94 L1 ~ Uy  —

SUOTINQLNSIPIRIA [BUOIUNU]
O[edS[[NJ pue 9[BOSqNS U SWIBS UOTNQLISIP JUB[O0D 908, —
SIempley [[eWS UI SISSO[ UONNGLYSIP[RUI [[PWS —
3u1j009 I91IRq ON —
% L'0~ Uy 10 ‘% ¢'66 ~PLoto) —

IaquIeyod 9[eIsSqNs U0 Paseq AJUSIOIIIO 9100

AQ® OV ~ *U—\rﬂ SSOJ 1e10] HOV 9% 096 ~ +J|| [€10] PAINSBIOIN o

121420 Y31 200dS JIDYSIDI

suostredwo)) 9ourUWLIONSJ [-]A




0s

LOOT USTEN SSV ST

A 9) NJ 9T

smmnys aoedg
'S[1 Y31 UO Aepo) ST
SOT=4H/O -
eisd 71 =0
siue[edord HINIA /"O°N

= ISNIYT, e

QUISUY SULIDANSURIA] [RIIGI()
onys aoedg

121U30) 13114 200dS yOYSIDIY




2
<
O

=

=

o

3

=
s
O

S
=

75

-

-

%2

>

@

Injector Comparison

Marshall Space Flight Center

51

Subscale

JSASS March 2007

Fullscale




(43

LOOT YT\ SSV ST

oney AIMXIIA

RUREG— S A—— A AN Y =
=
&
-
rQ

|
~
(q>
Pt
&
oo
7]
| ®
=
=}

ADUINI

A21u30) 1Y81g 200dS 1OYSIDI

1IOYS UT SINS9Y 1S9, AIL{-1I0H IUQWS[ S[SUIS




TN YIIBIN SSV ST

oney INIXIA

JH 9Sé9[9}1 ;Kﬁ.mflg[

J

AU

42337 81T 200dS 1IPYSID
-

(7 = 1) stequrey)
JIOYS UL SINSAY 1S9, QIL]-10H JUSWI[H 9[3UIS



123

¢ds ‘1dS
YW

JsuIS

LOOT YdTeIN SSV ST

SINSY 1S9, 9IL]

JOH 9[eosqng 1snIy

b

I

4

I

423u3D 31,1 200dS 110YSIDRY

009




198

LOOT Y2 SSV ST

Juowary JuatdooAs()

oyerdaoey 10309y 191qno(y

421U3D) 1811 200dS 1YsIDIY

X HINO °redss[ing




9¢

LOOT Y2TeN SSV ST

Ioqurey)) uonsnquIo

42142 13117 290dS 1IOYSIOIY

AUIS-1BSH HINO °[eos[Ing




LS

LOOT Y21\ SSV'ST
Ny IMXIA]

E )

k T %

B

= BIE

L]
o
A

o BiE

G

|osmduy om:)ads

Iaquiey)) uonsnquio))

JUIS-JBoH UI Q0URWIONR] L.(X HINO T89S

A21u3D W31 200dS NOYSIDI




8¢

LOOT YdSIBIA SSVSI

ADSUQIO1JJo QTeOS[N] Y} paInseswl A[o31e]
3Ur)$9) I9qUIRYD J[LISNS UO PIsSLq AJUSIOLIIS 910))

=Ly 9[RIS[[NJ PUB 9[eISqNS UaM]aq maoumﬁm\/oE o
0 = suonnqInSIpreIN [euonuAUuy —
drempiey [[ewrs

Ul S9SSO[ UOTINQLI)SIP[eW [[eWS ‘SUIJO0D JOLIIRG ON o

(% 0°C
~ *J|Ly7 SSOJ 18101 10) 9% ()'86 ~ *u: [810) PAINSBIIN o

121u30) 181 200dS [oYSIDI

mﬁOmﬁ@Q&OU uewIoLIod SINO




6S

L00T YoTe]N SSVSI

S0961 9y} SuLmp
'S 2y} ur weidoid

UoIeasal 10309(ur

QAISUAIXQ JO IR o

e1sd 0001 ~ °od
syue[[edo1d ‘H /O e

Ja S1)
N3 L9 =3snIY],

131430 148114 200dS 1IDYSION

SQIPMIS JUSWAIH/ASIUYL, DYST VSYN




09

LOOCT YoTBN SSVSI

JURW_TH/IAL 0001

JURUWRIH/IAI 0T

SOIPN)S JUSWS[H/ISTLIY

133430 1814 200dS 1IDYSIDIN




19

LOOT Y2TeIN SSV ST

%, Hamieniued v Lisbe

SSIPMIS JUSWA[HISNIYL, DYIT VSVN

121430 1481 200dS [IDYSIDIW




9

LOOT YdTeIN SSVSI

| 3 e A - USROUDAY

«67="T ‘YIIWAY 98120 T-]A R

«C7=.T [oquAg pI[oS
«CT1=.T [oquIAS uad()

1)

#

R

A21U30) 181 200dS 1IDYSIDI

ﬁmﬁaﬂnﬁOﬁmNEOQN A 218 SJUSWIA[H 3sIe0))




€9

8 68

LOOT Y2IBIN SSV ST

i SR PRI

i

EEHE
_ ]

8 g e B gy

1

&

AT

f "1y BT

A P ke e i, R T

LB

=
SHEEES

A

e
A

oA

Kl

5

o3

[

G L

44

A21U37) 1811g 200dS OYSIOW




79

LOOT YdIeN SSV ST

1SOJ SI SUOTSUQUWIIP JoquUeyD
pUR SUOISUSWIP JUQWIA[Q Uaam}aq digsuone[ay e

JUBISUOD ~ 'L SOUWIT) UOISIOAUOD [ROTWIAY) e
_ SUOTSUSWI(T JUSUIS[H JUBISUO)) Iim JUIedS,, —

***SQZIS
JoquIeyo 9[dnnur ur 9Z1S JUSWIAYS JUBISUOD JO AS[) o

A21u27) 1811 200dS 1IDYSIDIN

SUOTION] [BOLIOISTH QWOS JO ATRWIUINS




S9

LOOT YoTeN SSV ST

[eon10eId ST 90URULIOJIdJ UONSNquIo)) JO SUI[BOS
urdrews AJI[Igels UoTSnquIod 9SeaIou] —
douewIojrad asearouy —
aremprey azrwnd() e
$1S00 JUQWIdOTOASD Q0NPAY
| Aep0) UoAy —
JuWdO[9Ap 10ISNQUIOD
QuI3 U9 Jo3001 Jue[[odoid pmbry 03 uonepiea
pue 2oueping d[qeneAur apraoid ued 3uredS .

\,§§U 811 2o0ds 1OYSIDI

Areuruung




99

LO0T Y2IeIN SSVST

soourUOSaI Aouanbaiy 10Uy 03 pa3oafgqns SJUSWOT
[[oM PIeIs 10U A)I[Ige)S UonSnquio))

POTBIS 10U 9FBISA0D JUSUIO[O
MOI JOJNO PUE BAIE QOBJINS [[BM JOqUIBY))

[[oM PI[eIs Jou I1Jsuen 1LY
[011eq Ul pA1o[dUIO UOOBII INSUD ‘IO o

"'ON JOBJA TUBISUOD
UIeJuIew PINoYs UOReIN3Juod I0qUiey))

[[oA [BS URD QOURULIONIOJ
S .1 JuRISUOD ~ SUIRIAI 1030aluy

1 ~ 7 IOUYM SI[NI SUL[BOS [[B SIIB[OTA

Surgeyord Surdueyd 9[IYM JUBISUOD SONSLIS)ORIRYD UMW sdooy]

pasueyd a1k (SA[eOS YISUI[ PUL ISJOWRIP) SUOISUSWIP JOqUIRYD
ATy JueISu0d AJarewrxoidde 1doy SUOTSUOWIP JUOWS[T o

1214370 1811 200dS 1IDYSIOW

QZIS JUQUWIATH JURISUO)) PIIM SUITRIS — ATRWIWING

(




L9 LOOT Y2TeN SSV ST

POUrBIUTRUI ST ONSLISNORIBYD A /P NIMIK
[[oM [BdS urd AI[IqeIs UOTISNqUIO)) —

Areuonrodoid
POeIS 93BIDA0D JUAUI[ MOI I9INO b
pUB BAIR Q0BJINS [[BM JOqUIRY) o

[[om 9[eds Pnoys IoJsuel) 1Bl —

ureraoun SuIfeos 90URULIONIOJ —
JUBISUOD = 2 JUSWIAQ 9I9YM SONI SUITBOS SOJR[OTA —
PoUIRIQL QI8 JUSWI[Q PUB ANOWIO09S Uaamiaq sdigsuoneoy —

(Soreos ISUQ[ pue I2JQWERIP) SUOISUIWIP IqUIBYD
[Te Y Areuoniodord a3ueyd SUOISUSWIP JUSWIS[H

431420 1YB1]4 200dS 1IDYSIVIY

3uI[eIS010YJ JLIIOWO0AN) YIIM SUITRIS — ATRWIUING




89

LOOT Yo>TeIN SSV ST

Sawtredxs reotrownuy,, Surpess wiojred o) SosATeue
(D) somueuA( pInfy [euoneinduro)) uonsnquIod oS N o
SONIANOR Paseq-sorsAyd oL ur serpnys Surpeos opnpouy —
UONIBAI ‘SUIXIW ‘UONIBAI ‘uonjezuiodea ‘uorneZuole
Arepuoods ‘uorjezruore Arewrid “‘uonoSlur ur SANIANJE YoIeosoy —
- AT ur sessaooad
[enprArpur juelroduwr [[e 10] sdrysuornear Sureos UST[qeISH
| 91sem 0} 03 $891301d oArsuadxo siy) 197 3 U0 —
| SIOISNQUIOD JO SPUBSNOY) YIIAM $)$3) JO SPUBSNOT)
JO Spuesnoy) — uorjeurioyur MSEMOm JO jjeom B m@@ﬁwoﬁm \COumwm —

sdrgsuoryerer ureos ot
suryap droy 03 9seq ejep [edLIOISIY Oy  QUIUL,, 0) ANUNUO))

121U3D) 14811, 200dS PYSIDIY

{, 2In, 9t ur Surpeos Surpuesiopun)




69

LOOT YdTeN SSV'SI

sop1[S dnyjoeg

123U30) Y811,y 200dS 1IDYSIOI




0L

LOOT Y2TeN SSV ST

«C 6% >

PP
S

juounedwo)) ayreyq - ue
w[rews stjuaunredwo)) apred 1-H

123ua7y W81 200dS [IDYSIDIN




IL

LOOT YOTeN SSVSI

dd g7 =5d 10
‘(5% 74%) = ,(4d 7 5d) 2ours
“I0W U9AQ PISeaIdul ST arnssaxd roquieyo oy ], —
1 10L0="224 /=52 uow
(oeos o1nowoa3 JTey) 47 74 = > se ‘o[duexo 10 —
1004 2.4pnbs AY) Se PAONPAI 9 JSNW SAWI) UOISIOAUOD
[eOTUISYD Q) ‘PAdNPal Ik $a[BIS PFUI[ AU SY —

A A1
.wm. _| 2] ueym
g §%y

¢/

($61-dS uopreay woiy ‘c,;d/T ~21 “9T) ¢/T =UIO]

A A1
gl 2
5| =| ¥, | 3O SUIUBSN YT

&

121U Y81 290dS 1IDYSIDIN

(1+u) fug



L

LOOT YoTBA SSV ST

paxmbax se 4% /"0 =51 seop ‘suaddey sy uSyA o
payojell [[1IS a1k 2y 18y} )JON —
91eIMO[J SUISBAIOUL S[Iym A)ISUSp oY) 27d14i~
0) 9ARY ‘JYUSWI[S PAZIS-J[eY © YSNOIY) ‘QI0JOIY], e

19V 66 ~ Aazidg 7 ~ fa5d ~Sqy doap aissaid jusurorg —
Areuniou 4wt vq = Swr “yuowrefe 9Z1s-J[ey YSnoIy) 1ey) SJON e

fut = (1ay 1)( 1y ) (108 7) = S AHmunuod moyy Juswaryg —

(1087 =70 ‘10) 1dg7 =5d a1 =54 Iy vy =Sy uoyy

‘p Yy ="p pue ‘¢/T=U IO

A ..‘Nﬁ 1 431U 1YS1 20 YSID
1 2 ,@
- T, | 30 Surued\ oy




eL

LOO0T USIE]N SSV ST

id @'1 =5d J0
‘(2 /4h) = (4d /5d) 2ours
‘QIOUI USAS PISLIIOUT ST 2Inssaxd yoquieyo oy [, —
T pp0=1 ey
(Sreos omewoas Jrey) 47 v4 = 57 se ‘opduwrexd 10 —
ADYSI[S PIseaIour 9q JSNUl SOUWIT) UOTSIOAUOD
[ed31aayod a3yl ﬁﬁmozﬁm.u oJe SI9[BIS ﬂw%ﬁoﬁ Ul SV —

q g1
TI_1 22wy
LT

(-1d/T ~ 2 2D Y=uI0g

123U 1811 200dS 1IOYSIDI

| = ll JO SurueayA Y.




LO0T Y2Te]N SSV ST

{, permboarse 4% /0 =5"% soop ‘suaddey] siy) UYL e
PayoJel [[1IS A1k 2Y JeU) QON —
91RIMO[J pue ANISUIP AY) 25V2.L0Ul

0) 9ARY ‘JYUSUWISY PAZIS-J[eY € YSNOIY) ‘QI0JIAY],

d
dV
7T~ Aag19dg 1 ~ Sa3d ~ S gy doip assard yuourorg —

Afreunzou 4wt vy = Sw YUOWQ 9ZIS-J[ey YSnoIYy) Jey) QJON e
dyy
= (AT (Y )(“08'T) = Swt (MUNu0d MOy JUewo[y —
(1dg'1 =50 ‘10)4dg'1 =5d <4411 =54 Ay vy =Sy uoy) —

p Yy ="p pue ‘g=uioq .

2120y 81 200ds 1IOYSIDIN

A A1
1 2
7 =| | JO SUIURIIN elif)




SL

LOOT YdTe]N SSVSI

¢, UOTO®AI pue ‘Surxrw ‘uonezriodeA
‘UoTjRZIWIOJR JOJ SA[RISAWI) [eo1dA) 9I8 JBYAN o

{, UOTONPAI 9[BIS YIFUI[ o) Jo a1enbs
o) Se PIONPAI $AS$00Id ISAY} [[B JO SO[ROSOWIT) oIy —

Afreuoniyodoid poonpar are sassaooid 4 e asoddng

UoT)oRaI pue ‘SUrXiu ‘uoneziiodeA ‘uonezruioye —

$9s59001d , 0JuT 2 Yealq om asoddng .

A nN« 1 21U27y 14811 200dS YDYSIDIT
\N .-N\ -
57| = | vy | 3O SUTuB9A U

-




9L

LO0T YoIeN SSV ST

SOTIQUILY UOTIORY —

yI/T ~ 7 T/eA ~ 2P ~ 2 Surxiux aseyd sen | .
Surxiy —

yI/T ~¢TfeA ~ P ~2 QwuneIIo[doIiqg e
uoneziode A —

T/1 ~A/p ~2 dnyeaiq A1epuooes e

A ~P 9718 19[dOI(T

A/[ ~ T ‘2 URISUOD JOJ OUIS

71~ A/T~2 Y8udl dnyealq [euruy e

UON)RZIUIO)Y —

so[eosawn) [eoIdA ], e

n.Na 1 123U Y31 200dS %SA@E
—— | JO Surue9N Y7,

‘1
m..w




LL

LO0T Y2TBIN SSV'SI

v61

dS WolJ sa[eosawl ], [eo1dA T,

314270y 1811 200dS 11DYSIDI




8L LOOT Y2TBIN SSV ST

A21U27) 18117 290d! AD

JUSWIATH S[SUIS I0J USAH J{/ JUBISUO)) UTEIUTRIA
— SUOTSUSWI(] JUSWI[H JULISUO)) 1M 3UITeOS




6L LOOT USTBIN SSV ST

A21U27y Y511 200dS [IOYSIOW

3UITROS010YJ OLIOUI0N)




08

LOOT YdIe]N SSVSI

3ul[eog 10} A/P NIMOH

431430y 1811 200dS 1IDYSIDW




18

LOOT YSTBIN SSV ST

Qo8] 10109luy

UreiN 1-IN

21420 3y811d 290dS JIOYSIDI




(4

3

L00T Y2Te]N SSV ST

JOISNqUIO) JuWeatu) 1-IN

12Ju30) 148117 200dS pvYsIL




€8

LOOT YSIEN SSV ST

12142 1813, 290dS 1IOYSIDIY

SIIASIY 1S9 T, 2I1J-10H I[easqng i1sniyf, F91-009




13

LOOT UYSTe]N SSV ST

121U2D) 181 200dS 1IDYSIDIY

Ioquiey)) UOTISNqUIO))
UIS-1BOH UT 90URULIONId] LAX AINO 9TeoS[[N



S

8

LO0OT Y2IeN SSVYS[

5E46-00 11860.43K4 —r

aqod saneiadiue) gmﬁwmwj

BAUEYL VORSHGLOT~,

w2z BBAKG

e SAENY JG30iLy
ebixg
&
S48INPIURIY 24TISSIHDY, /
Arupnbaiy-ufy

| it v g 2 RN T
ao.4d armpradiey usboaphy .4 ! saquey s
uab LR o /

423ua) 131 200ds poYsiop

SOIPMS WUSWAH/SNIYL, JYT VSVN




LOOT YoTeIN SSVST

Y SR I 2 saknd ifug e,

Uz menz A0 HOONR R B SR B "afeg) M&&mg

UOFFRTIGEY ,5.5 3 Egas SnstaRs .«éo fap By
LEBTOES WORSIMs 1 ﬁﬁﬁe& P 3 1 ~ EL e

4 tﬁfzzh %_:gag?m

&, RERAEN B

IR

2 9

A
2445 SRR

i . “ g8
; "

® Sgbded -t
o ST g 2]
5 : i 2
193 kv
B4 [
256 2

IR

B ST RIS He 18Py

421U2D 13 200ds foysivpy

SAIPMIS JUSWS[HSOIYL, DT VSVN




L8 LOOT YoTeN SSVST

Jq1 0009

JAI 0001

uosueduwo)) requey) uonsnquio)) Jr.Ll

421430 1y8y.q 200dS jpvYys

&

74



