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Nomenclature
A = empirical constant, in.~*
A. = chamber area, in.?
A, = thrust area, in.?
C; = orifice discharge coefficient
d = orifice diameter, in.
f = frequency, Hz
F = thrust, Ibf
I = specific impulse 1bf/Ibm/sec
L* = characteristic length, in.; V./4,
L/D = orifice length to diamteer ratio
n = number of orifices

O/F = oxidizer to fuel weight ratio
ODE = one-dimensional equilibrium

P, = ambient pressure, psia
P, = chamber pressure, psia
V., = chamber volume, in.?
w = weight flow, 1b/sec

AP = pressure drop, psi
AV = gas/droplet velocity differential, fps

0% = ratio of specific heats
& = expansion area ratio
Introduction

INCE the 1940’s, when liquid rockets first became a signi-

ficant factor in the aerospace industry, there has been
continued effort to better understand their operation. The
thermodynamic constraints upon specific impulse (/) per-
formance were recognized early, but only recently have the
kinetic factors been understood. Combustion instability
evolved as an operational problem in the 1950’s and has been
the subject of extensive analysis and experimentation since
that time. The problem of wall compatibility is ever present,
but has received significant attention from the propulsion
community only in recent years. The course of research in
these areas has been relatively independent. In 1960, how-
ever, the concept of droplet vaporization was expounded® as a
means of understanding liquid rocket engine operating charac-
teristics. Subsequently, this approach has become the basis
for tying together many of the previously unrelated component
analyses into a general matrix for engine evaluation.

Most liquid rocket engines in use today which operate at
thrust levels of 1000 1bf or greater were developed by methods
which can be best described as trial and error. Original
injector designs were often revised as many as 100 times, with
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each version requiring fabrication and testing to determine
operating characteristics. When a concept evolved which
exhibited acceptable I; and stability characteristics, only then
was wall compatibility considered in long duration firings.
This development cycle was based upon applications of
basic thermodynamic and aerodynamic theory and was
guided by the best analytical techniques available at the time.
The solution of problems was often single-faceted, however,
and did not consider the interacting effects of the parameters
which influenced performance, stability and compatibility.
As a result, many systems flying today are far from optimized.
They operate at nonoptimum mixture ratios, employ cor-
rectional devices to improve stability and have thrust cham-
bers which are much heavier than would be necessary with a
compatible injector design.

Recognition of this situation has led to a great deal of
emphasis on the part of government agencies and industrial
contractors upon providing improved tools for prediction and
analysis of engine operating characteristics. Working
groups were set by the Interagency Chemical Rocket Pro-
pulsion Group (ICRPG) to study the combustion stability
problem and to identify best techniques for performance
analysis. Considerable independent work has been accom-
plished to evaluate the effect of chamber environment on wall
compatibility. The advent of sophisticated droplet atomiza-
tion and vaporization analysis techniques has provided a
common base for each technology area which has served to
consolidate many of the previously unrelated efforts. It may
be said that prediction and analysis of engine operating
parameters has made the transition from an art to a science.
The industry is currently capable of understanding the pri-
mary effects and mutual interactions between the factors
influencing performance, stability and compatibility. This
is the key to design and analysis methods which are within
practical limits of accuracy. :

The operational characteristics of a liquid rocket engine are
determined by the choice of certain definable parameters as
shown in Fig. 1. The definable parameters include the pro-
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Fig. 1 Liquid rocket engine operation.
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Table 1 Liquid rocket engine definable parameters

Propellant Feed System Injector Chamber[Nozzle
Chemical composition Line velocity Injection velocity Length
Viscosity Line pressure drop Atomization characteristics L*
Density Line volume F per element P,
Enthalpy Line inlet temperature Qrifice diameter Contraction ratio
Surface tension Line length Orifice L/ D Chamber L/D

Critical temperature
Specific heat

v of combustion products
Heat of formation
Kinetic constants

Heat of reaction

Sonic velocity
Compressibility

Heat of vaporization
Monopropellant character
Hypergolicity

Channel velocity
Surface finish

Thrust per unit face area
Primary mass flow
Element type

Number of elements
Orifice length

Injection area

Number of fuel holes
Number of oxidizer holes
Surface finish

Orifice inlet geometry
Orifice angle to flow

O/F

Mass flow, primary and secondary
Gas residence time

Throat diameter

Chamber diameter

Chamber shape

Gas velocity

Chamber upstream turning radius
Throat turning radius

Wall material

Wall structure design

Mechanical damping devices

Exit angle

Nozzle contour

pellant properties and design constraints on the feed system,
injector, and thrust chamber. From these, parameters
related to performance, stability and compatibility may be
calculated. Thus, deliverable I, is the difference between
thermodynamic capability of the engine system and the loss
factors which prevent attainment of this potential. Dynamic
stability characteristics are based on the balance between
causes of combustion oscillation land the conditions which
damp such oscillations. Durability of the system is the
resultant of the chamber environment generated and the
response of the wall material to this environment. All of
these factors may be calculated or estimated by techniques
which have been published and are in the industrial domain.
The definable parameters of which knowledge is required are
listed in Table 1. The parameters which may be derived
from this input information are given in Table 2.

The primary factors which influence performance, stability
and compatibility are shown in Table 3. Exact knowledge
of each of these would permit an exact prediction of engine
operating characteristics. Each of these factors results from

Table 2 Liquid rocket engine calculable parameters

Performance

Stability

ODE performance

O/F distribution

Mass distribution

Feed system AP

Orifice inlet temperature
Orifice AP

Orifice discharge coefficients
Hydraulic flip
Momentum angle
Momentum ratio

Spray fan distribution
Drop shattering

Drop stripping
Differential velocity
Blow apart effects

Drop size distribution
Vaporization distance
Mixing length
Turbulence

Fractional loss
Divergence
Three-dimensional effects
Kinetic equilibrium
Particle lag

Stagnation pressure

Initial drop size distribution
Orifice discharge coefficients
Hydraulic flip

Drop shattering

Drop stripping

Mass distribution

Energy release profile
System natural frequencies
Wall energy absorption
Exhaust nozzle damping
Condensed phase damping

Compatibility

Orifice discharge coefficients
Hydraulic flip

Mass distribution

Drop size distribution
Blow apart effects
Spray fan distribution
Turbulence

Radial velocity
Transverse velocity
Heat transfer coefficient
Energy release profile
Wall erosion potential
Wall corrosion potential

Table 3 Rocket engine operating factors

Performance factors

Theoretical capability { Thermodynamic potential
Geometry loss
Boundary-layer loss
. | Kinetic loss I
Degree of Achlevement«“ Two-phase flow loss
O/F distribution loss
Energy release loss

Stability factors

Corrective factor { Damping rate
Feed system coupling frequency

OSCIH?.UOH Chamber natural frequencies ?ygﬁ;;{nc
?autsa ve Susceptibility to ““ pops”’ stabiiity
actors Transient combustion phenomena
Compatibility factors

Thermal environment
Environment {Chemical environment

Gas dynamic environment | .-
Ability to ~Durability
withstand {Wall material sensitivity }
environment

a complex combination of relationships and interactions
between the various calculable parameters. These will be
discussed in detail later.

I, Performance

Rocket engine specific impulse is defined as the amount of
net axial thrust generated per unit of propellant mass flow.
The upper limit is generally accepted as the value obtained at
chemical equilibrium with the reaction products expanded
through a one-dimensional nozzle by an adiabatic reversible
process. This is referred to as ODE performance, and repre-
sents the maximum attainable for a given O/F, P., ¢, and P,,
or the thermodynamic potential of the system.

Achievement of this potential is affected by several loss
mechanisms which degrade the performance -efficiency.
Some of these are inherent to the system and cannot be
completely eliminated in a practical engine. In this category
are geometric, boundary layer, particle lag, and kinetic losses.
Others can be controlled to an extent by system design and
in some cases eliminated completely. These include thermal,
combustion efficiency and nonuniform propellant distribution
losses.
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Fig. 2 Typical performance of a liquid rocket engine.

The relative importance of these loss mechanisms depends
upon the system operating conditions. A low P, engine
might suffer more I loss from kinetic effects than from other
losses. A very low thrust engine might exhibit a predominant
boundary-layer loss. An imperfect injector or very short
combustion length could make poor combustion efficiency the
most significant loss mechanism.

A very high ¢ engine would exhibit a low performance
relative to ODE due to increased boundary layer and kinetic
losses even though I, increases with ¢. Typical engine per-
formance with ¢ is shown in Fig. 2. There is no relationship
between the magnitude of the various losses which may be
considered as generally applicable.

Performance predictions are made by calculation of the
values of the various losses based upon the engine design and
operating conditions. The methods available to do this will
be discussed later. It test data are available, performance
analysis permits apportionment of the observed difference
between ODE and measured I; into the component losses.
Without test data, the greatest limitation to performance
analysis has been the uncertainty in estimating combustion
efficiency. However, even when combustion efficiency has
been established experimentally, serious errors have been
observed in data extrapolation. The probable reason for
these errors lies in interaction effects which have only recently
been recognized and taken into account in performance
calculations.

One such interaction is the effect of the level of combustion
efficiency in the chamber upon the nozzle expansion process.
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Fig. 3 Typical effect of ¢ on apparent combustion loss.

This effect was recognized®-* when a comparison of high and
low & test data on an engine system showed an apparent
reduction in combustion efficiency at the higher ¢. Several
mechanisms have been proposed for this effect.2'5:¢ The
magnitude of the loss is a function of the propellant system,
P., &, and O/F. A typical loss from this effect is shown in
Fig. 3. Note in Fig. 3 that the loss at high ¢ is a function of
the combustion efficiency at the throat, increasing in both
absolute value and percent of ODE as ¢ increases. It has
been established” that this loss in I, cannot be recovered even
if combustion is completed in the nozzle.

Another obvious interaction is the effect of nonuniform O/F
upon any loss that is O/F dependent. For example, kinetic
losses often vary with O/F as shown in Fig. 4. It is apparent
that an engine operating at point A would suffer less loss than
an engine with 50 % mass flow at point B and 50, at point C,
even though both engines have the same over all O/F. Other
interactions of significance? include the effects of incomplete
combustion, nonuniform O/F and nonequilibrium flow on
boundary-layer loss and the effects of incomplete combustion
and three-dimensional flow upon kinetic loss.

Factors Influencing Performance Losses

Each of the loss mechanisms mentioned above is influenced
to some degree by the properties of the propellants and the
design of the thrust chamber. Although thermodynamic and
kinetic phenomena determine the performance potential of the
system, the degree of achievement is controlled by aero-
dynamic effects.® The physical processes which occur when
liquid propellants are injected into a rocket combustion
chamber are atomization, vaporization, mixing, reaction and
expansion. In most cases, vaporization of one propellant is
limiting, the other processes occurring relatively fast by
comparison.

Mixing in the combustion chamber will not resolve non-
uniform O/F at the injector unless the combustor is very long
and narrow or turbulence is generated mechanically. Gas
phase mixing is very rapid within a stream tube of a size
similar to the element spacing. Mixing between such stream
tubes is a function of turbulence intensity,® combustor length
and element spacing. Typical values of rocket chamber
turbulence intensity’® are such that gas phase mixing is
generally 97-98 9, complete in a length equal to 4-10 times the
element spacing. Thus, for an injector with 3-in. element
spacing, essentially complete combustion at the local O/F
would occur within 2-5 in. after droplet vaporization was
complete. Over-all nonuniform O/F distribution will, how-
ever, still be a significant factor in absolute performance.
Both the shape of the I; vs O/F curve and absolute level of
I, will vary as a function of O/F distribution during excur-
sions of over-all O/F from the nominal value. The effect is
compounded by nozzle interactions.'*

Droplet atomization and vaporization are the processes
which generally determine combustion efficiency and have a
secondary effect on kinetic and boundary-layer Iosses.
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Atomization is controlled primarily by the injector design
while vaporization rates depend upon the chamber design
and propellant properties. The optimum injector design for
performance is that which atomizes both propellants to the
degree that they will vaporize at the same rate in the chamber.
Vaporization of both should be completed at the same dis-
tance downstream from the injector. The role of the chamber
is to provide a sufficiently large relative velocity (AV) between
gas and droplets to vaporize completely in the available
length. The AV profile is determined to a great extent by
contraction ratio, A./A4.,.

Many other factors also influence atomization and vapori-
zation. Self-atomization occurs in the orifice effluent stream
in proportion to the orifice AP and the propellant physical
properties. Sheets atomize to a greater extent than jets for
similar flow rates. Initial drop size is dependent on aero-
dynamic effects near the injector face, in particular AV
(Ref. 12). Large drops may be shattered by deformation, or
small elements of propellant may be stripped from the sur-
face.'® Transient oscillations can significantly reduce drop
size.!* Secondary atomization occurs when like or unlike
streams impinge by transfer of momentum which converts
kinetic energy into the generation of surface area. Hyper-
golicity of the propellants or approach to critical pressure
affects atomization results. Induced turbulence or mechani-
cal flow restrictors also increase droplet breakup.'®

Vaporization starts as soon as the surface of the drop
reaches the boiling point. At first, most of the heat transfer-
red to the drop goes to sensible heat either through conduction
or circulation within the drop.'¢-!7 At pressures approaching
critical, no steady-state vaporization occurs as no definite
boiling point exists.'® Heat-transfer rates to the drops are a
function of AV, which has a steady component due to axial
flow an an unsteady component resulting from random
transverse flows or combustion oscillations. As the drop
progresses down the chamber, secondary shattering may occur
as AV increases and the maximum stable drop size decreases.

The distribution of propellant in the spray fan from an
impinging element determines whether or not mixing will be a
determinant of performance. Element type, orientation and
spacing determines the O/F distribution within a stream tube.
I, variations of several percent have been noted solely by
reorienting identical elements to change the degree of overlap
of the fuel-rich and oxidizer-rich portions of the spray fan.
Criteria for design of several types of elements to provide
optimum mixing have been developed.!® These criteria do
not apply to hypergolic propellants which exhibit the stream
separation, or blow-apart, phenomenon.2® It has also been
hypothesized that streams of similar stagnation pressure may
result in an unstable spray fan with random fluctuations in
concentration.?!

The blow-apart phenomenon results from surface reactions
in hypergolic streams at. the impingement point. The gas
generated from these reactions expands and separates the
streams, which then reform in a cyclic process.?? Specific
blow-apart characteristics are a function of P, and stream.
size.?* Smaller streams show less tendency to separate.
Impinging sheets are less likely to blow-apart than jets of the
same flow rate.?* The atomization characteristics of hyper-
golic propellants differ significantly from nonhypergolics as a
result of this process.

Hydraulic effects in the injector orifices or manifold can also
effect achievable performance. The magnitude and location
of AP in the manifold flow passages determines O/F distri-
bution. Heat soakback from the injector face is a further
complicating factor, as propellant temperature will vary with
element location. Further, since fuel and oxidizer often enter
the injector from opposite sides, a situation may exist where the
coldest fuel is injected with the warmest oxidizer. This will
affect atomization characteristics in a manner that is very
difficult to define when other hydraulic perturbations are
superimposed.

J. SPACECRAFT

Surface finish of the injector orifices influences hydraulic
behavior as do entry geometry, orientation to the flow, L/D
and AP. A 10-209% reduction in C, was noted between
orifices with a 5 pin. ground surface compared to a 50 uin.
EDM surface.?® Stream effluent geometry and direction are
influenced by manifold velocity and the angle of the orifice to
the flow.2¢ Streams from a round orifice vary from round
Jets to bushy sprays and flattened sheets. Stream direction
has been observed to deviate by 20° or more from the orifice
axis. Thus, orifices designed to impinge at a given point may
miss each other completely. Hydraulic flip within the orifice
is also commonly observed if orifice L/D is in the range of
3-8. Below this range consistent sharp edge orifice flow is
usually obtained and above L/D =8, attached tube flow
generally occurs. When hydraulic flip occurs, C, variations
of 10-309%; are observed, leading to large local O/F variations.
It is clear that these hydraulic effects make generalizations with
respect to atomization very risky indeed.

Performance Analysis Techniques

Until 1968, most performance analysis was accomplished by
summing the results of independent calculations of boundary,
geometry, kinetic, multiphase flow and thermal losses. The
methods used were generally based upon use of an optimum
nozzle contour,?” a given chamber pressure, propellant system
and over-all O/F. No method existed for calculation of
combustion efficiency based upon design and operational
variables. Combustion efficiency was either estimated by
gross rules of thumb, or determined from measured c¢* or by
difference between measured I; plus known losses from ODE.

Little uniformity existed within the industry. Over 70
different techniques have been reported for boundary-layer
calculations alone. Kinetic rates as reported in the literature
varied over a range which often was wide enough to account
of several percent I,. Claims made in proposals submitted
to government agencies were difficult to confirm because of the
lack of uniform calculational methodology.

Concern over nonstandardized performance analysis led
to the formation of the Performance Standardization Working
Group (PSWG) of the Interagency Chemical Rocket Propul-
sion Group (ICRPQG) in 1965. The mission of this group was
to survey the available techniques for evaluating I, and recom-
mend the best combination of analysis methods.28

The PSWG met its initial goal in 1968 with the publication
of the ICRPG Liquid Propellant Thrust Chamber Perfor-
mance Evaluation Manual.? This document presents an
over-all matrix for performance analysis which not only uses
the best calculation techniques, but takes into account
interactions related to O/F distribution and incomplete com-
bustion. All of the required methodology?-28 is available on
request from the CPIA.

The method recommended by the PSWG does not include a
method for independent evaluation of combustion efficiency
from basic design and operational data. It is used primarily
to extrapolate test data to other operating conditions and to
evaluate the distribution of losses from experimental results.
Interaction effects resulting from incomplete combustion are
estimated by thermodynamic and kinetic calculations based
upon reduced enthalpy of the reaction products at the
throat.>"> An improved technique has recently been sug-
gested which determines combustion efficiency and nozzle
interactions independently by droplet vaporization analysis.??
This technique fills the need for a method of calculating com-
bustion efficiency which does not depend upon test data and
which can take into account specific injector/chamber design
variables. The limitation to use of this method is in deter-
mination of initial drop size distribution.

When extensive firing data are available on similar engines,
statistical methods may be used to predict I of future engines
of the same design. Multiple covariance computer methods
can be used to determine the primary effects of variations in
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O/F, P., propellant temperature and thrust level. No under-
standing is required of the effects of interactions or thermo-
dynamic processes. The independent variables are merely
related to ¢*, C;, and I, by statistical analysis. This method is
limited in that it only applies to engines-exactly the same as
those fired to obtain the original data. Usually, 20 to 100
test firings are necessary to reduce the confidence limits on
predictions to within acceptable bounds. Thus, statistical
methods are attractive only for systems which are available in
production quantities.

The accuracy of measured performance parameters is a
primary determinant of the quality of performance analysis
results. The PSWG recognized that accurate analytical
methods would be of little value if the input data were in
question. This led to publication by the PSWG of a docu-
ment outlining best practices for measurement of engine
parameters.?® Of course, there is always some measurement
uncertainty even with best practices used. This uncer-
tainty derives from two sources: fixed bias errors and random
variations which affect precision. Techniques for evaluation
of the uncertainty in measurements have also been published
by the PSWG.31:32

Stability

The combustion process in a liquid rocket thrust chamber is
inherently unsteady. Hydraulic factors can lead to non-
steady flow within an orifice.2® Under certain conditions, an
element with steady flow will exhibit an unstable spray fan.?!
Even in stable operation, at steady state, pockets of propel-
lants are constantly being formed, reacted and reformed, so
that the radial and axial distributions of energy release are
undefinable except in time-averaged terms. The amplitude
of the random fluctuations of any combustion or flow quantity
varies within the chamber depending upon the local condi-
tions. For example, there is no single place where a truly
representative pressure measurement may be taken, either for
its mean absolute value, or its fluctuation intensity. If the
measured pressure fluctuations are quite small, the combustion
is considered smooth. If they exceed about 5%, of the mean
P,, it is classified as rough.®** The difference is only a matter
of degree, as there is no fundamental change in combustion
behavior regardless of the measured level of random pressure
variations. Indeed, the stable combustion process may be
characterized as a series of random events which fall within
certain bounds. They are self-correcting about the mean,
as a higher pressure reduces the flow of propellants to the
chamber which in turn lowers P.. A single, large amplitude
fluctuation sometimes occurs, and is referred to as a pressure
spike. However, if pressure fluctuations interact with the
natural frequencies of the feed system or the acoustic proper-
ties of the chamber, periodic oscillations may occur at
frequencies characteristic of the system. Once initiated, these
oscillations may be damped, maintained or amplified by the
combustion process. The occurence of sustained oscillations
is generally termed combustion instability. Random fluctua-
tions may be superimposed upon the periodic oscillations as
illustrated in Fig. 5. Two or more modes of periodic oscil-
lations may occur simultaneously as well. Absence of pe-
riodic escillations is referred to as stable operation regardless
of the level of random pressure fluctuations.

A combustor which is capable of sustaining periodic oscil-
lations does not necessarily exhibit such instability at all
times. It may operate in a metastable condition, only
suffering instability when a combination of random events
triggers it. An artificial disturbance (produced, for example,
by an explosive charge) is often used to test the stability
characteristics of an engine, permitting observation of the
response to a sudden local release of energy. If the engine
fails to develop oscillations or the oscillations are damped
within a sufficiently short time, the engine is considered
dynamically stable.
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Fig. 5 Typical combustion oscillations in a rocket engine,

Periodic combustion oscillations have been categorized
according to the parts of the engine system which are inter-
acting.®® Frequencies in the range of 10-200 Hz (“low-
frequency” instability) result from coupling between the
combustion process and the propellant feed system. “High-
frequency™ instability (over 1000 Hz excepl in very large
chambers) is associated with the acoustic properties of the
chamber volume. Intermediate frequencies are believed to
involve hydraulic or thermal phenomena within the injector
flow passages, or mechanical vibrations in the engine struc-
ture. Sizable combustion oscillations, either random or
periodic, are normally considered undesirable in that they may
lead to increased thermal stress in engine components and
thus reduce engine life.

By analogy to the classical acoustic modes of a cylindrical
cavity, cases of high-frequency instability are classified as
longitudinal, radial, or tangential. Combined modes also
occur. The tangential modes are most destructive; they
often exhibit oscillation amplitudes (peak-to-peak) equal to
the mean chamber pressure and increases in wall heat transfer
up to an order of magnitude higher than normal. Exposure
to such an oscillation for as long as 0.3 sec will usually result
in destruction of the chamber.

Factors Influencing Stability

The random pressure fluctuations that occur in every rocket
thrust chamber yield results similar to those of periodic
oscillations, though far less destructive. The transverse
flows generated do have an impact upon heat transfer rates,
impingement of orifice streams, droplet atomization charac-
teristics, and vaporization rates. In addition, these random
perturbations may occasionally trigger instability. Pressure
spikes, random fluctuations of greater than normal amplitude
often approaching the magnitude of P, itself, have been
observed to trigger instabilities.?® This is not surprising
since they act very much like an explosive charge, suddenly
releasing a large amount of energy in a local area of the
chamber.

Local perturbations in the combustion process are the cause
of random pressure fluctuations. These combustion pertur-
bations are related to propellant properties and injector
design features. Each element of the injector functions
essentially independently®*4 as a vehicle for atomizing and
mixing the propellants. The degree of mixing achieved is a
function of the orifice entrance conditions and mechanical
characteristics which vary from element to element. There is
only a limited correlation between events occurring at dif-
ferent locations within the chanber. The effects of random
pressure fluctuations can be minimized by axisymmetric
propellant flow, uniform O/F and mass distribution and small
elements. However, these fluctuations can never be elimi-
nated in a practical rocket engine.

Low and intermediate frequency instabilities require
coupling between the combustion process and a flow process
or mechanical system external to the combustion chamber.
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Thus, the natural frequencies of the feed system or of struc-
tural components under dynamic conditions determine
whether or not this type of instability can occur. The
combustion process can be decoupled from the flow system by
increasing the AP across the injector orifices. If the AP is on
the order of }P., low frequency instability will rarely occur.
The use of suppression devices or impedance matching allows
AP values lower than 3P, to be used while still maintaining
stability. Alternatively, the natural frequency of the feed
system can be changed by altering line lengths or manifold
volumes or by installing energy absorbing devices such as
Helmholtz resonators or quarter-wave tubes.®® The natural
frequency of a mechanical component can be varied by
changing connection points or adding stiffening braces.
Changes can also be made within the chamber to decrease the
range of susceptibility to low or intermediate frequency
oscillations. An increase in L* or injection orifice L/D
usually improves stability.®® For gaseous H, systems, lower
propellant density decreases the tendency toward insta-
bility.37:38

High-frequency instability is usually independent of factors
external to the combustion chamber, since it results from an
interaction between the combustion process and the chamber
acoustic resonance properties. Thus, it is influenced by
propellant characteristics as well as chamber geometry. The
important propellant properties are those relating to the
dynamic response of the combustion process to disturbances
within the chamber. This response has been represented by a
characteristic time and a sensitivity factor,** which are
dependent on propellant volatility, hypergolicity, degree of
atomization, and the operating chamber pressure and mixture
ratio.3® The chamber design not only determines the
characteristic acoustic frequencies, but also strongly influences
the gas/droplet AV, which controls vaporization rates.

The most sensitive stability zone is where AV is lowest,
usually within a few inches of the injector face.*® A typical
vaporization profile is shown in Fig. 6. The vaporization rate
per unit of droplet surface area increases with AV while the
total droplet surface area decreases. Thus, the vaporization
rate and gas velocity reach a maximum rate of increase at
point A on Fig. 6. The liquid velocity starts at the injection
velocity and decelerates until AV =0 at point B. Beyond
point B, the gases are accelerating the droplets, but a lag
remains until the droplets are completely vaporized at point C.

Factors which determine the location of the A}V =0 point
are*'~*3: drop size distribution; transient heating rate of
drops; propellant volatility; gas velocity; mass flux distri-
bution; P.; and O/F distribution. The closer the AV =0
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Fig. 6 Typical vaporization profile for a conical
chamber with 4./4, = 3.
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point is to the injector, the less stable.** The sensitive region
moves closer to the face if the following things occur*4-42=47:
decrease in orifice size, injection velocity, A./4.; increase in
propellant temperatures ; transverse flows; more uniform mass
and O/F distributions.

As the AV =0 point approaches the injector face, the
energy release per unit combustor volume near the injector
increases, providing the driving force for a sustained insta-
bility. Transverse waves near the injector face may exhibit
a pressure ratio of 20/1 (Ref. 41). When transverse flows
occur, liquid may be stripped from the local droplets adding
energy to the waves and supporting the instability.?**”
Since stripping or shattering is a function of drop size, there
may be a critical size which minimizes stability.*® However,
at high AV, the atomization rate is less sensitive to pressure
oscillation.*8

For combustors operating above the critical pressure of the
propellants, the driving mechanisms for instability may be
quite different. That is, the heating-up of the propellants
becomes much more important than at low pressures,*® and
there are no sharp density change across a phase boundary.
Thus, there are similarities to operation with gaseous pro-
pellants. For similar geometry, gaseous systems are generally
more stable®? although not completely free of combustion
instability problems. It has been found that increasing
propellant density3”-3® and operation at off-stoichiometric
mixture ratios’!-52 increase the tendency to unstable operation
of gas rockets. Coupling between feed system and combus-
tion chamber oscillations appears to be a significant factor in
both low- and high-frequency types of gaseous system
instability.3”

The size of the disturbance required to initiate instability
varies widely, ranging from the level of the unavoidable,
random fluctuations always present in the combustion system
up to pressure amplitudes of the order of the mean chamber
pressure. Because of the complex interactions involved in
combustion instability, there are no simple rules-of-thumb
for predicting the size of the triggering disturbance for a
given system. In fact, this perturbation amplitude is com-
monly used to measure the resistance of rocket engines to
combustion instability (see Chap. 10 of Ref. 53).

Stability Analysis Techniques

The development of theories for analysis of high-frequency
instability has been actively pursued for 30 yr. The total
effort devoted to stability analysis probably exceeds that
applied to performance and compatibility theory by an order
of magnitude. Unfortunately, only a small fraction of this
analysis effort has been applied in engine development pro-
grams. Most emphasis has centered on two widely accepted
approaches, the Sensitive Time Lag Theory** and the Droplet
Vaporization Model.** Another, more empirical approach
has been developed which has practical utility but is not based
upon a comprehensive theory.*%5¢ The application of these
and other theories to the definition of design criteria to
minimize instability in engine development programs has been
the objective of the ICRPG Liquid Propellant Combustion
Instability Working Group.

A comprehensive compilation of the various analytical
theories and experimental results has been prepared recently. 53
It contains contributions by many eminent specialists in the
stability field, and represents the most complete treatise
available on stability theory and practice. An earlier, less
detailed general introduction to stability theory, analysis
methods and fixes is given in Ref. 33.

The concept of a combustion time lag was first proposed in
1941 by von Kéarman. Initial application was to low-fre-
quency instability,57>5% with the time lag regarded as a
constant. The concept was extended to high frequency
oscillation problems in the early 1950s by regarding the



MAY 1972

combustion time lag to be sensitive to fluctuations in the state
of the gases in the chamber.?* The combustion time lag is a
mathematical artifice introduced to simplify the analytical
description of the unsteady combustion process. That is, the
continuous evolution of products from a given mass of
reactants is replaced by a step-function change from reactants
to products. The sensitivity of the rates of the combustion
processes is similarly simplified by assuming that the total time
lag can be represented as the sum of a constant “insensitive
time lag” and a variable “sensitive time lag,” the latter being
only about 109 of the total time lag. An ““interaction
index” is also defined; it measures the degree of sensitivity,
that is, the amount of variation of the sensitive time lag for a
unit pressure perturbation. It has been found that the
combustion responses calculated from this very simple model
are in good agreement with more sophisticated formulations.°

The sensitive time lag and interaction index have been
determined by experiment to be functions of propellant
combination, injection pattern, chamber pressure, and mixture
ratio (see Sec. 6.3 of Ref. 53). For a given combustion
chamber configuration, stability boundaries can be determined
in terms of the sensitive time lag and interaction index, as
shown in Fig. 7. At the stability boundary, the energy pro-
duced by the unsteady combustion process can be completely
dissipated by the aerodynamic processes in the chamber. In
the region of stability (below the curves in Fig. 7), more
energy can be absorbed than is generated, so that oscillations
will be damped. In the region of instability (above the
curves) the energy generation exceeds the absorption; hence,
the oscillation amplitude will increase. Comparison of the
calculated stability boundaries for a given combustion
chamber with the values of the interaction index and time lag
for the given injector allows the stability of the injector-
chamber combination to be predicted.

The sensitive time lag theory has been most completely
developed under the simplifying assumption that perturba-
tions in chamber conditions are small enough that nonlinear
terms can be neglected. Both longitudinal and transverse
modes have been considered, as well as the effects of thermo-
dynamic state and gas displacement on the combustion
response. In recent years, a significant amount of work has
been done on nonlinear effects. A summary of theoretical
and practical aspects of this approach has recently been
published.?® A design guide is also available.®®

In 1962, a stability analysis technique based on quasi-steady
droplet vaporization was presented.>* The energy required to
support oscillating chamber conditions must come from the
droplet burning process. In the original formulation, the
burning rate was taken to be identical to the vaporization rate,
which depends at any instant on the gas density and relative
velocity between droplet and gas. Thus under oscillating
conditions both chamber pressure and relative velocity
fluctuations (AV) relative to their steady-state values, deter-
mine the energy contributed to the oscillation.

REGION OF INSTABILITY (GROWTH RATE > DAMPING RATE}

SECOND
TANGENTIAL
MODE

FIRST
TANGENTIAL
MODE

FIRST
LONGITUDINAL
MODE

STABILITY BOUNDARY
{GROWTH RATE = DAMPING RATE)

INTERACTION INDEX, N

REGION OF STABLE OPERATION (GROWTH RATE <DAMPING RATE)

SENSITIVE TIME LAG, 7

Fig.7 Sensitive time lag stability map.
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Fig. 8 Typical stability map based on vaporization.

Because this approach is based on numerical solution of the
conservation equations, nearly all studies have been restricted
to one space dimension. That is, the analysis has generally
been applied to an annular region (within the combustion
chamber) the axial and radial dimensions of which are small
compared to the chamber diameter. Typically, the stability
is determined as a function of the axial and radial location of
this annular volume, in effect assuming that the various
regions of the chamber act independently with regard to
combustion oscillations.

The model shows that the most sensitive zone is where the
steady-state A}V is minimum, usually near the injector face. A
typical stability map based on vaporization theory is shown in
Fig. 8. The region inside the stability boundary represents
a condition where a pressure oscillation will diverge to an
equilibrium value, represented by the upper dotted line. As
AV increases, the region of instability recedes. The curves
also indicate that minimum stability occurs at a certain value
of burning rate. This suggests that there is a particular drop
size which will result in minimum stability.*®

Several improvements and extensions of the basic model
have been published. The computational techniques have
been simplified, and the monopropellant character of amine
propellants taken into account.*” Experimental and analyti-
cal studies have been performed to correlate the effects of
design variables with stability results.** The effects of drop-
let drag, propellant spray distribution, and independent
addition of heat and mass have been evaluated.®® Limited
studies using two space dimensions have been performed,
showing qualitative agreement with the one-dimensional
analyses (see Sec. 4.3.3 of Ref. 53). The model is limited to
liquid propellants as a result of dependence upon vaporiza-
tion rates. Extension to consider supercritical chamber
pressures and transient response has been accomplished,
however.62 The primary limitation to use of the model is
lack of knowledge of droplet size distribution in a given
system. Even so, it has become a widely accepted tool for
stability predictions.

A simplified approach for determining the potential for
instability has been suggested.®® This method has generally
been found to agree with the Sensitive Time Lag and Droplet
Vaporization results.*® It is based upon an analysis of the
unsteady burning of a single droplet in an oscillating pressure
field. A combustion gain parameter is defined

N; = A(nd?®) fP.jw ¢}

such that the droplet burning rate oscillation is in phase with
the pressure oscillation of 5.6 <N, < 30. Hence, when N,
falls within that range the combustor is potentially unstable.
In Eq. (1), the constant A is an empirical parameter, which
must be estimated from existing instability test experience.
However, it has been found that the value of 4, although
somewhat dependent on propellant combination, is between 7
and 10, and thus does not introduce a large uncertainty into
the predicted stability behavior.
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Stability Fixes

The accuracy of stability predictions is limited by the
random nature of the injection and combustion processes and
the primarily meta-stable nature of the instability phenome-
non (i.e., a finite disturbance is required to initiate it). Stabi-
lity analysis can, however, discern the probability of sensitivity
to the various modes of instability. Knowledge of the most
probable mode or modes provides direction for making the
physical changes necessary to reduce sensitivity to the critical
frequencies. These changes must a) reduce the energy input
to the combustion wave by altering the combustion time lag or
burning rate, b) increase the ability of the system to absorb
and dissipate the energy, or ¢) change the resonant frequencies
of the chamber. Stability fixes are either chemical, aerody-
namic or mechanical in nature. The first two operate by
changing the energy release profile in the chamber. The latter
type affects either the resonant frequencies or the energy
absorption rate.

Chemical additives offer the advantage that they can be
applied without changing the hardware design. Addition of
10.99, of Hybaline A, was found to suppress instability in a
LO,/RP engine.®®* Ammonium Nitrate has been used to
stabilize N,04/N;H, engines.®* The suggested mechanism
was that the additive in concentrations of 5-10%, increases
droplet shattering, thus changing the energy release profile.
The damping rate was found to increase by 100-200%;,. Less
than 19 additive had no effect. Aluminum particles were
found to stabilize an experimental O,/H, combustor.®
One-half percent aided stability over a wide range, but less
than 0.229 tended to destabilize the system. In another
study,®® the threshold for stability improvement using alumi-
num particles was 209 concentration. Near the threshold
concentration, reduction in particle size from 6 p to 3 u was
destabilizing. O/F increase raised the threshold level, but
no effect of P, variation was noted up to 500 psig.

Fixes which adjust the aerodynamic environment in the
chamber require hardware changes. Addition of a tangential
flow has been found to amplify or damp transverse oscilla-
tions depending upon the phase relationship to the combust-
tion wave.®” Radially nonuniform mass injection distri-
butions have been used to stabilize large engines.®® Varying
the injector distribution changes combustion profile, which
can reduce the amplitude of the pressure response to a dis-
turbance. Changes in injector or element design, when per-
missible, can have the greatest effect upon stability margin.>?
Variations in orifice size, location, impingement angle or in
element type will result in significant changes in energy release
profile. As noted previously, changes which tend to distri-
bute the energy release axially and move the AV =0 point
away from the injector will tend to stabilize the system. An
increase in chamber A./A, will reduce gas velocity, thus slow-
ing the vaporization rate. The energy release will then be
distributed over a longer axial distance, tending to improve
stability.

Mechanical fixes can generally be applied with minimum
change to the geometry of the injector or chamber. Two
devices which have been very effective in controlling stability
are baffles and acoustic resonators. Baffles (Fig. 9) are
effective against radial or tangential instability modes. They
effectively form compartments within the sensitive zone near
the injector face. These compartments exhibit different
resonant frequencies than the unbaffled chamber, thus
preventing a sustained oscillation.

The theory and practice of acoustic resonators (Fig. 9) has
received a great deal of recent attention. Resonators may be
placed in either the injector face of the chamber and provide
effective damping. A general discussion of the theory of
acoustic liners and their application is given in Ref. 33. In
another investigation,®® a description of acoustic liner theory
is presented with a discussion of the results of use of these
devices. Evaluation of the placement of cavities and analysis
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Fig. 9 Baffles and acoustic resonators.

of admittance characteristics has also been accomplished.”®
It has been shown that baffles can be replaced by acoustic
liners and result in a dynamically stable system.”

Wall Compatibility

Wall Compatibility is a term which has relative rather than
absolute meaning. Any combustion chamber which is
capable of meeting its design operating duration is considered
compatible. All exposed surfaces must meet the durability
requirement, so the injector face, baffles, or any other device
which extends into the chamber have to be adequately
protected.

The durability of the thrust chamber represents a balance
between the destructive forces in the combustion volume and
the ability of the wall materials to withstand these forces.
Three components of the chamber environment may be
identified : thermal, chemical, and gas dynamic. The thermal
forces are determined by the temperature of the gases near the
wall and the heat flux into the wall. Chemical damage is
related to the reactivity of the wall material with the propel-
lants or reaction products in contact with it. Gas dynamic
forces can cause severe erosion of the wall and may be the
dominant factor in compatibility in some cases.”?

There are interactions between the three primary compo-
nents of chamber environment. The rate of chemical reac-
tions is significant at typical combustion temperatures, but
may be negligible a few hundred degrees lower. The chemical
and thermal wall environment is often controlled by contain-
ing a hot core flow within a cooler boundary flow of fuel-rich
gases. It is also obvious that gas dynamic forces would be
insignificant in the absence of high temperatures. The ero-
sive nature of radial or tangential flows is not a result of the
physical forces, but rather an increase in heat transfer coeffi-
cients, reduction of boundary-layer thickness and transport of
adverse chemical species to the wall. The importance of
controlling transverse flows is based upon the need to mini-
mize these interacting effects.

The relative importance of the three environmental com-
ponents is determined by the type of chamber, which is in
turn influenced by mission requirements. Engines for long
duration service requiring relatively consistent operation may
require geometric stability over the entire operating life.
These systems would require active cooling with no throat or
wall erosion permissible. If, for example, regenerative
cooling is applied, the primary concern for compatibility
would be the thermal design. If the entire wall is maintained
at a temperature below the point where structural strength
diminishes, and if the burn-out margins are satisfactory, the
system will be compatible. Chemical reaction is unlikely to
occur between the metal wall and typical oxidizers at this
itemperature level. Steady state transverse flows are not
important if the thermal conditions are met.
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Conversely, a graphite chamber or component might be
totally insensitive to the temperature level, but subject to
chemical attack, particularly if oxygen is present, at tempera-
tures as low as 1200°F. An ablative chainber is subject to
damage from all three sources, with rates. of attack generally
increasing as ablation occurs and the wall becomes roughened.
When surface recession takes place, radial outflow of main
core gases occurs to a greater extent. This results in a reduc-
tion in boundary-layer thickness and possible chemical attack
as well.

Factors Influencing Compatibility

Development of liquid rocket engines has consistently
tended toward higher energy propellant systems. Combus-
tion temperatures over 6000°F are common, much higher than
can be withstood by conventional structure materials. Con-
sequently, the problem of compatibility has required more
attention in recent years.

The choice of propellant system is thus a significant factor
influencing the achievement of compatibility. The thermo-
dynamic potential of the system determines the driving force
for thermal damage. Kinetic factors can become important
as well. The pyrolysis reactions of ablative materials vary
with temperature and yield different products.”?

The geometry of the chamber also affects compatibility.
Sudden inward turning of gases can result in radial outflows
downstream of the turn, and near stagnation at the point of
turning. The chamber A./A, determines gas velocity in the
zone where energy release is highest, near the injector. Wall
roughness in ablative chambers may become self-accelerating,
as the gases will tend to stay attached to the wall. If a
depression occurs, gases flowing into 1t will be turned in the
radial direction and may stagnate at the base of the depres-
sion. The increase in temperature and gas dynamic force will
cause the depression to grow rapidly.

Distribution of propellants near the injector face and vapori-
zation rates will influence this energy release profile. Distri-
bution of heat, and unreacted propellants has been shown to
be directly relatable to erosion.”* Elements should be
designed to provide similar vaporization rates for each
propellant. Stream separation with hypergolic propellants
can result in local O/F distribution which affects compati-
bility. The degree of separation depends upon element
orientation as well as the pressure and temperature of the
injected propellants.23-75  Figure 10 illustrates some typical
spray fan distributions. ,

Design of the injector probably influences compatibility
more than any other single factor. Uneven mass flux or
energy release distribution results in transverse flows. The
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Fig. 10 Typical spray fan distribution.
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force of lateral gas movement can cause misimpingement of
element jets, sometimes permitting oxidizer to spray directly
on the wall or in other chemically sensitive areas.2® 1t is
highly probable that most rocket engines suffer a significant
percentage of elements that impinge improperly or not at all.

Compatibility Analysis Techniques

Compatibility analysis has progressed from evaluation of
material response to a carefully controlled thermal input to
sophisticated techniques which consider chemical interaction
and a three-dimensional flowfield. In a recently completed
study,’® all of the factors believed to be of significance to
compatibility were considered in a calculational method using
a system of seven computer programs.

Methods for evaluation of thermal and chemical effects are
numerous. Where thermal effects are dominant, flame
temperature and P, were found to be the most significant gas
properties.”” Thermal conductivity and density are the
controlling material properties. The ASTHMA (Axisymet-
tric Transient Heating Materials Ablation) program predicts
temperature history in depth and surface recession for a
two-dimensional assymetric noncharring material.”®
- A program entitled ACE (Aerotherm Chemical Equilibrium)
calculates surface thermochemical response with kinetically
controlled surface reactions.”® This study was based upon
graphitic materials where pyrolysis was not a factor. The
2D-ABLATE (two-dimensional ablation) program includes
chemical reaction, transient ablation and heat conduction.
Recent improvements’® permit consideration of anisotropic
materials, more than one charring material and irradiation at
the heated surface.

In another report,®° four computer programs were used for
prediction of erosion rates and thermal response, including
chemical effects. The technique applies to both charring and
non-charring materials. Either thermochemical equilibrium
or kinetically-controlled surface reaction may be considered to
evaluate thermal response and ablation rates. Results with
thethods for considering thermal and chemical effects are
limited by the accuracy of experimental heat transfer data and
thermodynamic input data.®' They can also be affected by
local variations in gas dyriamic flow patterns.

A program entitled LISP (Liquid Injector Spray Patterns)
may be used to calculate mass and O/F distribution down-
stream of the injector,®? giving a three-dimensional evalua-
tion of the gas flowfield. Some experimental results of the
effects of transverse flow on compatibility are given in Ref. 72.
This study used a geometric method to estimate the magnitude
and direction of crossflows for a given injector design.
Variations in chemical composition within stream tubes was
also considered to define critical zones at the wall. The most
complete program currently in use evaluates injector effects
on wall response.”®  Using known mass and O/F distribution,
a three-dimensional gas flowfield is evaluated considering
droplet vaporization as the limiting process. Heat transfer
to the wall is determined considering the non-uniform flow-
field and spray impingement on the wall. Finally, charring
and erosion rates are calculated.

Performance/Stability/ Compatibility Interactiohs

Knowledge and understanding of the interactions between
the factors influencing performance, stability and compati-
bility are the keys to minimizing development requirements.
There has been general recognition of some basic interactions
for many years. One such example is the fact that high
performing engines are often unstable and incompatible. It
has often been observed that a fix applied to one problem area
leads to another for seemingly inexplicable reasons. Droplet
vaporization theory appears to provide a mechanism for most
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of these observations, permitting understanding of the inter-
related effects.

Random pressure fluctuations (combustion roughness)
appear to have a generally bad effect upon thrust chamber
operation. If several random events occur in phase, they
may trigger an instability. The turbulence caused by pres-
sure variations generally results in poorer compatibility
because of the reduced boundary-layer thickness and higher
transfer coefficients. Rough combustion may affect per-
formance either way. The turbulence improves mixing which
would raise I, in chambers which are length limited. Lateral
flows may cause imperfect impingement, however, reducing the
degree of droplet atomization. Even this effect may be offset
by secondary shattering or stripping due to transverse flow.

Low-frequency instability may act similarly to rough
combustion in providing a trigger for high-frequency insta-
bility. The degree of droplet atomization in an LO,/GH,
engine was found to increase significantly when feed system
coupled instability occurred.®® The higher degree of atomiza-
tion leads to higher energy release near the injector. Periodic
oscillations combined with the normal random fluctuations
may provide the initial disturbance required to trigger high-
frequency instability in modes where sensitivity exists. For
gas/gas systems, feed system coupling may be a factor in high
frequency instability.®® Coupling of flow and pressure
oscillations increases with propellant density.

When instability occurs, the I, may either increase or
decrease. The passage of a transverse wave over an evaporat-
ing droplet will result in the release of additional mass.®+
Transverse flow can result in highly atomized propellants
with much different energy release rates than that produced
by impingement.** Experimental results with low performing
units showed a significant I; increase when instability occur-
red.®®> With efficient combustors, however, combustion
oscillations increased the length required to achieve essentially
complete combustion.?$

Instability in an LO/GH, combustor caused the controlling
factor in the combustion to switch from turbulent mixing to
vaporization.®” In this case, the oxidizer was injected through
showerhead elements into the gaseous fuel. Installation of a
flow restrictor increased performance of a GO,/heptane
engine.!®> Droplet breakup caused by induced turbulence was
thought to be the mechanism.

Controlled oscillations have been found to increase
measured heat transfer rates. Oscillations in the 34-680 Hz
range increased heat transfer coefficients by up to 65%; in an
air-water system through increased turbulence.®® Transition
from laminar to turbulent flow in the boundary layer caused
an increase in heat transfer coefficient in another system
when a 100 Hz oscillation was imposed.?® Four-fold
increases in heat transfer with 280 psi peak-peak tangential
mode oscillations were observed in a 150 psi LOX/ethanol
engine.’® Heat transfer more than doubled at the mid-
length for a similar amplitude longitudinal mode instability.
Average drop size may also be reduced by imposed oscilla-
tions. A reduction from an average drop size of 217 u to
62 n was noted as a result of 1190 Hz oscillations.**

Changes in operating conditions on existing engines can
lead to unexpected effects. An increase in propellant tem-
perature would be expected to increase I; to the extent the
enthalpy of the reaction products is increased. Greater
effects have been observed, however, than can be explained
by enthalpy alone.®* The difference may be explained by
improved atomization resulting from reduced surface tension
of the propellants at the higher temperature. Reduction in
O/Fled to increased performance in a fuel vaporization limited
system.®! It was believed that increased fuel flow led to a
better atomization. In another engine, reduction in O/F led
to severe degradation in compatibility even though the thermal
and chemical environments were directionally better.”?
The increase in lateral flow due to unbalanced stream momen-
tum was found to be the cause. Variations in flow rates,
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either up or down, may result in unstable orifice flow.2% If
hydraulic flip occurs, a 10-209% reduction in C, may result.2¢
This can lead to serious compatibility problems as a result of
maldistribution of propellants, and may possibly lead to
unstable operation as well.

The use of acoustic liners for stability control may eliminate
the interactions between stability and performance.®® If
liners can provide sufficient damping to prevent pressure
oscillations at sensitive frequencies from being amplified, then
injector design can be optimized without consideration of
stability effects.

Use of Analysis Methods for Thrust Chamber
Design

The goal of an engine development program is to produce
the best compromise between performance, stability, and
compatibility consistent with specified design constants.
Typical constraints are the propellant system, pressure
schedule, duration requirements and engine envelope size.
Other such as over-all O/F, minimum I,, transient impulse
response, maximum weight and cost are often applied. It is
understood that the engine must be stable and compatible
within these specifications.

The first task is to establish the relative importance of the
various constraints. Some may be inviolate, others more
flexible. Many tradeoffs are possible in the predesign phase.
Stability margins may be increased at the expense of ;. Film
or barrier cooling may be provided for compatibility, again at
the expense of I,. Throat location may be adjusted to take
maximum advantage of the envelope by designing elements
which will permit complete vaporization in the available
length. Fuel and oxidizer manifolds may be reduced in vo-
lume for improved transient performance, but with increased
AP and probable maldistribution of O/F. Large elements and
simple flow passages will result in reduced manufacturing cost,
generally with a negative effect on I,. It is highly desirable
that the final design be operated at its design point. Require-
ments, for example, of additional coolant flow with a fixed
design may result in serious degradation of the engine opera-
tion. Removal of fuel from the main core will result in re-
orientation of oxidizer rich element resultant vectors toward
the wall, thus creating an even greater coolant requirement.

Preliminary injector/chamber design is the next step in the
development process. Elements should be chosen to provide
essentially similar vaporization distribution for that element.
Chamber A./A, should be low enough to provide sufficient AV
to insure that vaporization is complete upstream of the throat.
Below about 1.5, however, boundary-layer losses in the cham-
ber may become excessive. The chamber length should be at
least 30 times the element spacing to avoid possible I; loss due
to incomplete mixing.

Hydraulic analysis of the feed system and preliminary in-
jector/chamber design will provide mass flux and O/F distri-
bution. Combined with droplet vaporization profiles, this
determines the energy release profile for the chamber, both
axially and radially. This information provides the basis for
stability and compatibility analysis. Weaknesses in these
areas can be resolved by iteration of the injector pattern until
a satisfactory compromise is reached.

Stability can be improved without degradation of I if acous-
tic liners are applied. Baffles also improve stability, but nor-
mally require changes in the injector pattern which reduce I,.
Compatibility may be improved without affecting I, if im-
provements in materials or regenerative cooling techniques are
the basis. Subsequent to all changes, the final design should
be adjusted to insure proper element momentum ratio and
resultant vectors within the final hydraulic design. Ideally,
this might require a large variety of orifice sizes for direct
control of mass and O/F distribution, particularly if feed
manifold AP is high. In practice, satisfactory control can be
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achieved with few orifice size changes by controlling element
spacing.

To apply the specific analysis techniques considered earlier
to a given design, the two basic requirements are hydraulic
analysis and atomized drop size distribution. The former can
be calculated from design dimensions, or evaluated by cold
flow testing. The latter can rarely be simulated satisfactorily
in cold flow and can best be estimated by correlation with re-
sults of previous tests with similar element configurations. If
such data are not available, the published techniques of the
previously cited literature may be used as a first approximation.

Through the methodology which has become available in
the last few years, it is now possible to predict performance,
stability, and compatibility characteristics from a mechanical
design with little or no test data. Accuracy of the available
methods is such that convergence to the optimum design
should require no more than two or three design iterations.
These significant technological advances will undoubtedly re-
sult in reduced costs for future engine developments compared
to what would have been possible as recently as two years ago.
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High-Thrust Density Colloid Source Development
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An improved high-thrust colloid emitting source is being developed as the basic microthruster for use in 0.1-1 mlb
(0.5-5 (4 N) electric thruster systems in the 1000-2000 sec specific impulse range. The source, a thick needle type
geometry, is shown to be a result of work with earlier linear and annular slit geometries. Short and long term
performance, including a 2000-hr continuous life test, is discussed. Electrostatic thrust vectoring performance
characteristics and reliability implications are also discussed.

Introduction

LTHOUGH colloid microthruster systems are already

competitive as secondary propulsion systems for certain
missions on Earth orbiting spacecraft,! further increases in
thrust density can lead to additional size and weight savings.
A research program is currently underway with the objective
of attaining improvements over the performance of conven-
tional needle type colloid thrusters. Specific advantages
sought are 1) high-thrust density leading to a minimum
thruster size and weight, 2) fewer number of individual com-
ponents per thruster, and 3) the development of a two-
dimensional electrostatic thrust vectoring capability.

Thruster Development

The search for a high-thrust density colloid source began
at TRW with three independent lines of investigation: a) the
thick needle concept was originated in 1965 and was investi-
gated until late 1967 when 0.028” OD needles were tested,?
b) the linear slit geometry research dates back to mid-1964
and was the subject of extensive investigation over the 1966-68
period,® and ¢) annular slit geometry research was begun in
early 1965 and work has continued to the present time by
several researchers.?-5

The linear slit geometry requires higher voltages than con-
ventional needle geometries to produce a given extraction
field. Thus, a higher I, is attained for a given charge to mass
ratio. In addition, the linear source is a geometrically con-
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tinuous emitter, resulting in high-thrust density. Scalability
of this concept was demonstrated by developing a module*
consisting of two parallel slits, each having an emitting length
of 1.5 cm. The module produced 220 uN thrust at 1500 sec
specific impulse. Excessive fabrication difficulties, wide beam
spread and limited thrust density have discouraged further
development of this concept.

Small diameter double rimmed annular slits have also been
investigated. These have been shown to have better focussing
properties than linear slits, but field enhancement at the smaller
diameter inner extractor has caused voltage breakdown pro-
blems. Increasing the source diameter can eliminate this
problem. However, this results in a return to the basic per-
formance features of the linear slit geometry since its radial
field divergence is now less significant in the vicinity of the
emitting rim.

A cure for the central extractor voltage breakdown problem
would be to eliminate the center extractor. One such con-
figuration*-¢ consists of a small diameter annular slit in which
the inner emitting rim and extractor are replaced by a central
plug, held at source potential. Recently, devices of this type
have achieved 110180 uN of thrust at 1500 sec I, with high-
beam distribution efficiency and low-beam spread. In addi-
tion to single unit tests, mulitisource module experiments have
also been performed. A seven unit module has been life
tested for 500 hrs. Tests such as these indicated that the
life limiting factor for these devices was performance degra-
dation due to sediment buildup on the center plug. This
problem was then solved by eliminating the center plug, thus
letting the center fill with sufficiént fluid to maintain a liquid
solution. In the following, we discuss the performance of
this latter device.

Thruster Design

Figure 1 shows the major design details of the thruster.
The main features of the emitter are a sharp radius of curva-
ture (~0.025 mm) and an experimentally designed “meniscus
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