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FOREWORD 

o 

This report was first presented as a professional 

paper at the 2nd ICRPG Combustion Conference, held 

at Aerospace Coporaticn, El Segundo, California, 

November 1-5,  1965.   It is now issued as a Technical 

Documentary Report for release to the Air Force,  and 

for distribution to industrial and scientific organizations 

active in the propulsion field. 
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ABSTRACT 

A simplified engineering approach to the analysis of high frequency 

combustion instability in large liquid rocket engines is outlined.    The 

approach stems from theoretical consideration of pressure and time 

dependent droplet combustion.    There results a dimensionless corre- 

lating parameter,  called a stability number (Ng), which essentially 

represents the dimensionless ratio of a characteristic molecular 

diffusion time to a characteristic acoustic time.   Stable and unstable 

ranges of Ng are defined, and N8 is reduced and simplified to common, 

readily measurable engineering terms involving the injector orifice 

pattern (size and number of orifices), the frequency of the acoustic 

modes, chamber pressure, and propellant flow rate. 

The main purpose of the report is to demonstrate the application 

of this approach to real engine instability problems.   An example 

application is shown, using data from the Aerojet Gemini Stability 

Improvement Program.   Other applications conducted over a period 

of five years, to a wide variety of large liquid rocket engines in- 

volving seven injector element types, four propellant combinations, 

and ten combustors ranging in thrust from 8, 000 to 1, 500,000 pounds, 

and in chamber pressure from 100 to 1, 100 psia, are briefly 

reviewed. 

The approach can be used with good accuracy to interpolate or 

extrapolate N8 to stable regions if some instability data is available 

and can be used (with some limitations) to generate design data for 

stability of a new engine. 

-vli- 



o 

CONTENTS 

Page 

ABSTRACT Vll 

INTRODUCTION 

THEORETICAL BACKGROUND. 

CONCLUSIONS 10 

O 
NOMENCLATURE 

REFERENCES 

17 

19 

/"^ 

■ix- 



^— 

— 

INTRODUCTION 

o 

0 

In the process of development of large liquid rocket engines,  the 
problem of combustion instability often becomes of very real and 
immediate concern.    The development engineers, and their supporting 
analytical and research personnel,  are faced with the necessity of 
obtaining some sort of solution of this problem for their particular case. 
Lacking complete  inderstanding of the problem at that moment,  the time 
honored process of cut-and-try has often been successful in obtaining a 
particular solution for stability within narrow limits of the specific hard- 
ware and operating conditions.    This process can be appreciably 
accelerated,  with large savings in cost and time,  if even some simple 
correlating or scaling parameters can be utilized. 

This paper is concerned with the description of such a parameter and 
the results of applications to large liquid rocket engines.    The theoretical 
work involved in development of the parameter was performed by the 
writer over five years ago, but has never been published in the open 
literature.    Recent theoretical work,  notably by Strahle (Reference 1-3) 
and to some extent by Beitran,  et al (Reference 4), covers much the same 
area, but with greater rigor.    For the present paper,  the theoretical 
considerations in the development of the parameter will be described only 
briefly. 

The main strength of this approach lies in the ease with which it may 
be applied to real instability problems in large liquid rocket engines.    The 
theoretical considerations involved have been reduced to common,  easily 
measured engineering parameters.    Successful application to a number of 
real instability problems in large liquid rocket engines has demonstrated 
that accurate solutions to combustion instability in existing engines and 
rough design criteria for new systems can be obtained quickly and easily 
through the use of this approach. 

THEORETICAL BACKGROUND 

High-frequency combustion instability has been observed in large 
engines at frequencies as low as 500 cps.    This represents an oscillation 
period as long as 2 milliseconds.    Instabilities of this type appear to be 
wholly thrust chamber oriented and appear to exhibit a time delay behavior 
(regions of stability and instability).    Some process or series of processes 
in the spray combustion, therefore, must be sufficiently slow to appre- 
ciably affect the dynamics of spray combustion at frequencies as low as 
500 cps. 

The approach described herein assumes that only the process of mass 
transfer from the liquid surface to the flame by molecular diffusion due to 
concentration gradient can be sufficiently slow to appreciably affect the 
spray combustion dynamics.    Based on this assumption, then, a model is 
developed which is sufficiently simplified that at least a correlation 
parameter can be obtained. 

Single Droplet Model. 
droplet model are: 

Major assumptions involved in the single 



1. A spherical droplet surrounded by a concentric spherical flame. 

2. Droplet and flame radii and droplet temperature are constant 
over the period of the oscillation. 

3. The ratio of flame to droplet radii is independent of droplet size. 

4. Liquid-vapor phase equilibrium is maintained at the droplet 
surface. 

Thus, from the basic assumption that molecular diffusion by con- 
centration gradient is the important mass transfer process,  the unsteady 
state equation for concentration of fuel vapor as a function of radial 
position and time is 

»Y, 

at =   D, 
a2y F 

T- r 3r (1) 

If the chamber pressure in the region of the burning droplet is oscillating 
sinusoidally, and phase equilibrium is maintained at the droplet surface, 
then the vapor concentration (mass fraction) at the surface will als 
oscillate and will be 180 degrees out of phase with the pressure.  Eq. (I) 
can then be solved for the unsteady component of mass transfer into the 
surrounding flame, by molecular diffusion only,  due to the oscillating 
concentration of the propellant vapor at the liquid surface.    Since all 
processes are assumed to be very fast compared to those of molecular 
diffusion,  the heat release rate in the flame also oscillates and is exactly 
in phase with the mass flow into the flame. 

A solution can be obtained,  then,  for the unsteady component of the 
heat release rate in a unit volume of chamber by summing the contribu- 
tions of all droplets in the unit volume.    This is not as clear cut as it 
appears,   however,  since it requires knowledge of the spray drop size 
distribution at the particular location in the chamber.    The following 
assumptions are made to obtain a solution. 

1. Mass transfer by molecular diffusion is very rapid if the 
boundary layer around the droplet is scrubbed thin by high 
convective gas velocities.    The chamber axial location where 
this layer is most thick is at the region where the relative gas 
velocity reverses and passes through zero.    This region has 
been found to be close to the injector face, and does appear to 
coincide with a region of greatest sensitivity to combustion 
instability.    Therefore,  this axial location, the first few inches 
of chamber length, is assumed to be the important region. 

2. As a result of the first assumption,  only the initial spray size 
distribution is of interest.    The decrease in spray mean size 
and/or the change in distribution as the burning spray proceeds 
down the chamber can be neglected. 

3. It is further assumed that the initial spray distribution in the 
region of interest can be approximated by the empirical relation 
established by Ingebo (Reference 5) where the relative velocity 
between liquid and gas is set equal to zero. 

O 
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4. Considering the accuracy with which a spray mean size and 
distribution can be predicted in a hot firing large liquid rocket 
engine with standard production injectors,  it is considered that 
only the variation of the mean drop size with the orifice diameter 
and injection velocity (as described in Reference 5) can be 
assumed sufficiently general to be useful.    Therefore,  the spray 
is considered to be of a single mean size, and the magnitude and 
distribution are ignored. 

5. Finally, the assumption is made, for purposes of simplicity, that 
the axial velocity of the spray near the injector face is constant 
and equal to the orifice exit velocity. 

As a result of the above considerations, the number of droplets of 
uniform but unknown size in a unit volume of chamber in the axial region 
close to the injector face can be given by: 

N 3 
W kCH 

(2) 

A solution can then be obtained for the unsteady component of the heat 
release rate resulting from all the droplets in the above unit volume: 

O 

u 

cu 

3A YFSH 

XH 
K (K- 1)W HH (3) 

where t (defined in nomenclature) is a dimensionless term which is a 
function only of the dimensionless parameter KB. 

According to the Rayleigh criterion,  if an excess of heat is added 
during the period when the chamber pressure is greater than the mean 
pressure,  the oscillation will be unstable (neglecting damping in the wave 
propagation).    Therefore, the total unsteady component of heat added 
during the period when the pressure is greater than the mean is: 

Qu = 6 
YFSH 

CH 
K(K- m (4) 

The conclusion is that, neglecting damping, the mode will be unstable when 
Qu/Pc i« positive. 

Several facets of Eq.  (4) should be noted.   With the exception of the 
term ^)/Ng, all terms are positive and concern only the magnitude of the 
response of the heat release, Qu, to the chamber pressure amplitude, P^. 
Many of these terms (in particular YFS»  H, R, TO  and K) are extremely 
difficult to estimate in the thrust chamber environment just a few inches 
from the injector face.    For these reasons, no attempt is made toward 
further quantitative analysis beyond Eq.  (4).   Further,  more rigorous 
work along these lines can be found in References (1 - 4). 

O 
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The dimensionless term 4i/NB,  however,   can be positive or negative, 
and is a function only of the dimensionless parameter, NB.    Thus,  this term 
establishes the stability boundaries and the relative magnitude of Qu/P' 
The first four zeros of ^/NB occur at N8 = 6.4,  30. 25, 72 and 100.    While 
there is a region of positive gain in the range 72 <NS < 100,  the gain is so 
small that most systems should have sufficient damping to remain stable. 
For engineering purposes, ^/Ng can be considered zero for Ns > 30. 25. 
Significant instability,  then,   should occur only in the range of 6.4<NS<30.25. 
Figure 1 shows a plot of ^/Ng,  expressed as the percent of maximum 
combustion gain,  over this range of Ng. 

It should be recalled that a mode should be unstable for any positive 
value of jft/Ns only if there is no damping in the mode.    It is clearly possible 
that sufficient damping can be introduced (by baffles,  liners,  etc.) such 
that the mode can be dynamically stable even at the maximum of ^/N8. 
Thus,  in the interpretation of Figure 1 (since it is assumed that nothing is 
known of the damping),  if a mode is unstable,  then the value of Ns,  for that 
mode,   should lie between 6. 4 and 30. 25, but if a mode is stable, the value 
of NB is not necessarily outside of this region 

The dimensionless parameter, Ng, also deserves some discussion. 
This term evolved from the solution of the single droplet diffusion equation 
and is defined as: 

.2 

J 

N 2ff 
^ 

(5) 

It can be shown that t2/ZDf represents the time, TJJ, for diffusion over the 
distance,  t, in the presence of a linear concentration gradient.    The 
frequency, f, is obviously the inverse of the acoustic mode period, Ta. 
Therefore, Ng represents the dimensionless ratio of a characteristic 
molecular diffusion time to a characteristic acoustic time.    This corre- 
lating or scaling parameter is perhaps the most useful res alt of the 
theoretical considerations. 

The practical usefulness of this dimensionless ratio is limited, 
however, unless it can be expressed in readily measurable engineering 
terms.    Using the following relations: 

I2 = 4- D:n (K- 1)' >lo 

DF   =  DFo 

(6) 

(7) 

'30 •«^r (8) 

w =pA v o '9) 
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the term, Ns,   can be written: 
r jffp. i 

(10) 

where: 

2  .   u or»,   ,»21 Kr-Hfw (H) 

In Eq.  (11), the first bracket is simply a dimensional constant times 
the density of the liquid.    The second bracket is the atomization constant 
defined by Eq.   (8).    The third bracket essentially represents the kinetics 
of *;he droplet combustion.    Since the second and third terms are very 
difficult to evaluate in an operating thrust chamber, the entire constant. A, 
is assumed to be unknown, and must be determined by correlation of in- 
stability data. 

In Eq.  (10),  the first bracket includes the only terms which define the 
injector geometry.    The second term includes the operating conditions of 
chamber mode frequencies,  chamber pressure,  and propellant flow rate. 

In all of the above analysis, droplets of a single propellant are 
assumed to be burning in vapors of the other propellant.    Thus, the 
controlling propellant must be determined or assumed and the appropriate 
terms used in Eq.  (2) through (11).    For example, in the LOX/RP-1 
system,  RP-1 is obviously the slower burning propellant and controls the 
stability of the thrust chamber.    In storablt propellant systems, the 
controlling propellant is not so obvious, and must be determined by trial 
correlations of stability data. 

Thus, Eq.   (10) consists of readily measurable engineering para- 
meters by which instability data can be correlated, with an unknown 
constant, A.    By comparison of the correlated stability data with the 
stability regions predicted by Eq.  (4) or Figure 1, the constant may be 
-oughly determined.    Design data can then be extrapolated or interpolated 
for any other system involving the same injector element type and pro- 
pellant system to obtain stability. 

Example Application.    One problem in applying this technique to 
instability in a real engine involves the type of instability data which is 
available.   Most early engine development programs did not pulse or bomb 
the thrust chambers to evaluate instability.    The only data available were 
obtained from spontaneous instabilities.    If a given injector sustained one 
or two spontaneous instabilities, the design was usually abandoned.    Often 
the necessary data for correlation was lost when the thrust chamber and 
instrumentation were destroyed.    As a result, very little instability data 
was available,  and often the most unstable regions were characterized by 
the complete absence of data,  stable or unstable. 

More recently, thrust chamber stability has been evaluated by pulse 
techniques.   Here the stability of a given s,   tem can be more accurately 
evaluated,  over wider ranges of operating conditions, before it is 
abanJonca.   Also, because a given system can be fairly accurately and 
completely evaluated in just a few pulse tests, a wider variety of systems 
can be evaluated in a single program. 

-5- 

   



As an example of the application of the correlation technique described 
herein, data from the Gemini Stability Improvement Program (GEMSIP) 
which utilized both tangential pulse guns and non-directional bombs to 
evaluate stability, will be used (Preference 6).    This program was conducted 
by Aerojet-General Corporation, Sacramento,  California. 

The Aerojet Combustion Dynamics groups normally use the engineering 
parameter thrust-per-element (T/E) to characterize the injector configura- 
tion. In order to be consistent with their data, (T/E) can be substituted for 
the injector term (nd^) in Eq.   (10) according to: 

nd" 

: or ding 

KJJTTE" (12) 

where 

Kl  = [ 
4w 

l3/2 

c^ir JZgoAP 
1 

IF nsl 

1/2 
(13) 

and all the terms in Eq.   (13) are the nominal values which result in the 
nominal sea level thrust, F    ,.   Eq.  (10) then can be written: ns 1 -»    «    » 

Ns   ' JTTE" 
fp 

w 
(14) 

Early screening of a wide variety of injectors with 100 lb thrust per 
element showed that the first radial mode could be triggered unstable, and 
that a 1200 cps mode was often spontaneously unstable.    Preliminary 
analysis, considering the baffle pockets as side branches on the transverse 
modes,  indicated that the 1200 cps mode could be the first tangential mode 
(approximately 1900 cps when urbaffled) reduced in frequency by the 5-inch 
long baffles.    (This was later confirmed by phase and amplitude analysis.) 

Injectors with larger orifices (thrust per element greater than 100 lb) 
could not be triggered in the first radial mode.    The majority of the baffle 
configurations tested were radial baffles only.    Thus, no baffle damping was 
introduced in the first radial mode.    The observed stability in the first 
radial mode (uniform injection density) with larger thrust per element 
injectors, then, must be due to dynamic stability of the mode itself.    Since 
the value of N8 increases with thrust per element and stability increased 
with thrust per element,   data on the first radial mode must lie in the region 
of Ng around the upper stability boundary at Na = 30. 25 (see Figure 1). 
Similarly, since the first tangential mode was spontaneously unstable with 
the 100 lb per element injector,  in spite of the large damping introduced by 
the 5-inch long baffles,  N8 values fo - this mode must lie near the maximum 
gain at Ng = 9. 0. 

■ 

D 
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Table I shows calculated values of Ng/B for the first radial mode. 
Although two data points disagree, it is clear that operation at Ns/B values 
less than 1. 55 is significantly more unstable than for values greater than 
1. 55.   Considering this boundary to correspond to N8 of 30. 25 yields a 
value of 1. 95 x 10 "^ for the unknown constant, B. 

Applying this constant to data on the first tangential mode (Table II) 
yields values of N8 which are in the region of maximum gain, as expected. 
Again,  the stability data is not exact, but Table II shows that all five tests 
with gain less than 96 percent of maximum were stable, while 9 of the 12 
tests with gain greater than 96 percent were unstable.    Table II also shows 
that the pulse type used in the tests varied from the largest (220 grain non- 
directional bomb),  which could not trigger the mode when the gain was low, 
to no pulse at all (spontaneous instability) required to trigger the mode at 
maximum values of gain. 

Using the above correlations to conclude that the unknown constant B 
for this configuration is 1. 95 x 10"^, the thrust chamber could be made 
dynamically stable, without the need for baffles, by increasing the thrust 
per element to greater than 450 lb (considering that the first tangential 
mode frequency increases to approximately 1900 cps when the baffles are 
removed).    This is considered too large a modification,  from the stand- 
point of performance and injector face cooling.   The final configuration uses 
200 lb per element.    Thus, the first and second tangential modes still have 
approximately 41 and 3 percent of maximum gain,  respectively, and there- 
fore must depend on some baffle damping to remain dynamically stable.    A 
single test with the baffles removed confirmed that the first tangential 
mode with a 200 lb thrust per element injector was still unstable.    All 
modes higher than the second tangential are dynamically stable, and need no 
baffle damping. 

Results of Other Applications.   The general technique described herein 
has been applied to a wlae variety of large liquid rocket engine systems 
over a perir d of five years.    These systems included seven injector ele- 
ment types,  four propellant combinations, and ten combustors and ranged 
from a hydrazine monopropellant model motor with full cone swirl nozzle 
injectors to the LOX/RP-1, F-l thrust chamber with a doublet injector.    A 
short chronological summary of the major results of these applications is 
listed below: 

1. 

2. 

3. 

Hydrazine Monopropellant  - A model motor program in which 
droplet mean sizes were estimated by the light transmission 
technique.   Good correlation obtained in longitudinal mode. 
Operation could be made stable or unstable at will (Reference 7). 

Rocketdyne Jupiter Thrust Chamber - Inconclusive as a result of lyn(       _   ^  
insufficient instrumentation to clearly determine whether the 
instability was combustion instability or feed system coupled 
instability. 

Rocketdyne F-I Thrust Chamber - Obtained reasonably good 
correlation which predicted minimum fuel orifice diameters to 
stabilize the baffled and unbaffled first tangential modes. 
Subsequent pulse testing showed excellent agreement (Reference 8), 

O 
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4. Rocketdyne H-l Thrust Chamber - Results inconclusive because of 
the lack of spontaneously unstable tests with the unbaffled injector 
and a predominant low frequency feed system coupled mode with 
the baffled injector. 

5. F-l Gas Generator - Good correlation obtained in longitudinal and \J 
first tangential modes.   Longitudinal modes minimized by reducing 
reflection efficiency in combustor body, tangential modes reduced 
by increasing fuel orifice diameters (Reference 8). 

6. Rocketdyne LEM Thrust Chamber - Good correlation obtained 
initially but effort terminated before conclusive results could be 
obtained. 

7. Rocketdyne Experimental Engine (B5H9/N2H4) - Reasonable 
correlation obtained with three widely different injector types. 
Attempt to develop a stable design by placing the frequency of 
maximum combustion gain between two chamber frequencies was 
partially successful (Reference 9). 

8. Titan n Stage II Thrust Chamber (Gemini Stability Improvement 
Program 

stn n Stage II Thrust Chamber (Gemini Stability Improvement 
»gram - Successful correlation indicated in Example Application 
tion of this report (Reference 6). 

Three other injector combustor systems are presently being analyzed. 
One is the Titan III Stage I thrust chamber.    The stability of this system 
appears to be very much the same situation as in the Stage II engine 
(GEMSIP), and the same solution should apply for a dynamically stable 
injector. 

The other two systems are the Aerojet (AGO) and the United Technology 
(UTC) Transtage systems.    Since the operating conditions of these two 
completely independent systems are identical, the frequencies of their 
predominant modes of instability should be inversely proportional to the 
values of (nd|) for their injectors.   Based on preliminary frequency data 
(References 10 and 11): 

,3 Predominant nd _ o Frequency,  cps. 

AGO 0.0419 3900 

UTC 0.0192 8800* 
3 

Clearly, the frequencies are inversely proportional to the values of (nd ) 
within the accuracy to which the frequencies could be determined. 

7  
Based on the only two tests where instrumentation was known to be 
reliable. 
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A further interesting point in the UTC data concerns the lower trans- 
verse modes.    The predominant mode of instability appears to be either the 
fourth or fifth tangential mode near 8800 cps.   If this corresponds to the 
point of maximum combustion gain at N8 = 9. 0, then Ng values for the 
first,  second, and third tangential and the first radial modes will be less 
than 6. 4 and should be stable.    Extensive frequency analysis of one of the 
tests where the instrumentation was known to be reliable clearly showed 
that all transverse modes up through the fifth tangential were excited by 
the tangential pulse gun, but within 15-30 milliseconds all modes lower 
than the fourth tangential damped out and the instability sustained in the 
fourth and fifth tangentials. 

Table III lists the various combustor assemblies for which correla- 
tions have been obtained and values of the unknown constant, A, determined. 
Although the reason is not apparent,  it appears that the conctants are 
remarkably similar despite the rather wide variation of injector element 
types and propellant systems shown in the table.    This appears to indicate 
that stability is nearly independent of these parameters.    If this is the case, 
then rough initial design criteria can be established for stability of an 
entirely new engine system.   An average value of A (5.7 x 10-3) can be 
assumed initially,  recognizing that this value is based on only seven 
samples with a range from 4. 0 x 10-3 to 6. 9 x lO'^.   While this range of 
uncertainty in N8 seems very large,  it must be recalled that the unstable 
region shown in Figure 1 covers a range of N8 from 6. 4 to 30,  or a factor of 
nearly 5.    Of course,  stability data from early tests of the new system can 
be used to quickly refine the initial estimate of A. 

An attempt to use the above procedure to analyze the stability of the 
United Technology Transtage engine before any stability data was obtained 
resulted in the prediction that all modes below 9250 cps (lower Ns boundary) 
should be stable.    Subsequent pulse tests showed all modes below 7300 cps 
were stable.   Thus, the initial assumption was in error by 27 percent. 
This error seems reasonable,  particularly if it is noted that the Transtage 
engine represents an extrapolation by a factor of about 10 in chamber 
pressure and about 25 in flow rate from the engines used to determine the 
average value of A.    Thurt, the fairly close agreement in the case of the 
UTC Transtage engine further supports the observation that stability is 
relatively independent of injector element types or propellant systems. 

This result agrees with the experimental observations of Reardon 
(Reference 12) that the sensitive time lag and interaction index for a wide 
variety of injector types and propellant combinations can be correlated by 
single curves.   According to theory, the sensitive time lag is equal to half 
the acoustic mode period.    Therefore, the frequency term in Eq.  (10) can 
be converted to a sensitive time lag and a direct comparison made between 
Eq.  (10) and the empirical plot of Reference 12. 

Using the value of the constant, B, determined from the GEMSIP data, 
curves of sensitive time lag versus thrust per element can be developed for 
given values of the stability number, Ng.    Figure 2 shows that the empirical 
curve of Reference 12 corresponds closely to a curve developed from Eq.(14) 
for Ng = 30, the so-called upper (in Ng) stability boundary.    Clearly, the 
empirical curve of Reference 12 shows that the sensitive time lag is 
approximately proportional to the square root of the thrust per element,  as 
predicted by Eq.  (10). 

-9- 



The sensitive time lag theory assumes that the actual combustion 
interaction index is symmetrically distributed about a given value of the 
sensitive time lag.   Because of the relationship between the assumed 
combustion interaction index and that necessary for instability, the 
sensitive time delay is assumed to correspond most nearly to the highest 
observed unstable frequency (or the smallest time delay).    Thus, it is 
reasonable that the empirical curve of Reference 12 should correspond to 
the high frequency boundary of Eq.   (10) and Figure 1. 

CONCLUSIONS 

O 

A simple correlating parameter has been developed which can be 
extremely useful in the engineering solution of high-frequency combustion 
instability problems in large liquid rocket engines.    The parameter has 
been reduced to common, easily measured terms for direct application to 
engine development programs.    This approach has been successfully 
applied to a number of Tull-scale engine systems ranging in thrust from 
8,000 to 1, 500, 000 pounds, and in chamber pressure from 100 to 1100 psia. 

The approach may be used with good accuracy to interpolate or extra- 
polate to stable conditions if instability data is available,  or can probably 
be used for initial design data, with somewhat limited accuracy. 

The theoretical considerations from which the approach was developed 
may serve to indicate fruitful avenues for research leading to complete, 
rigorous solution of the high frequency combustion instability problem. 

J 
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NOMENCLATURE 

stability constant defined by Equation (11) 

cross  sectional .area of the combustor at the Injector face,  in. 
2 

total Injector orifice area for a given propellant,  in. 

AK, = stability constant defined by Equation (14) 

injector orifice discharge coefficient 

in? binary diffusion coefficient, —— 

binary diffusion coefficient at standard atmospheric pressure, 
in? 
sec. 

volume-number mean spray droplet size,  inches 

injector orifice diameter,  in. 

nominal sea level thrust,  lb. 

frequency of the acoustic modes, cps 

32. 2 ft/sec 

heating value of propellant, Btu/lb 

ratio of the radius of the flame zone surrounding a droplet to 

the radius of the droplet, dimensionless 

proportionality constant for drop size (Reference 1) 

defined by Equation (8) 

constant defined by Equation (13) 

radial distance from the droplet to the surrounding flame zone, 

in. 

number of droplets of mean size,  D30, per unit volume of 

combustor near the injector face 

stability number or correlating parameter, defined by 

Equation (5), Equation (10),  or Equation (14), dimensionless 

number of Injector orifices for a particular propellant 

Pc ■ injector end combustion chamber pressure, psia 

• 
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NOMENCLATURE 

P =       unsteady component of chamber pressure, psia 

P' =       amplitude of unsteady component of chamber pressure, psia 

P =       atmospheric pressure,   14.7 psia 

Ap        =       pressure drop across the injector orifices, psi 

0 =       unsteady component of heat added per unit volume of chamber 

during the period when the pressure is greater than the mean, 

Btu 

Q =       unsteady component of the heat release rate per unit volume of 

the chamber near the injector face,  Btu/sec. 

R = gas constant 

r = radius, in. 

r, droplet radius,  in. 

Tc = gas temperature,  0R 

T/E = thrust per element, lb. 

v = injection velocity at the injector orifice exit, in. /sec . 

w = total flow rate of the injected propellant,  lb. /sec. ^J 

Y-, = mass fraction of the specie F 

Tpg = mean mass fraction of the specie F at the droplet surface 

T = acoustic mode period,  sec. 

T_ = diffusion time delay,  sec. 

Jl) =       dimensionless parameter related to the in-phase combustion 

gain and defined by 

1   B   (cosh 2^-cos ZJFJJ) r7r 

where <p =  -r—    -    arc tan fcoth^   tan^j 

05 =       acoustic mode frequency,  rad. /sec. 

O 
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