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ABSTRACT

The objectives of a comprehensive investigation of three techniques for
rating the combustion stability of liquid-propellant rocket engines were
the establishment of the characteristics of the techniques and of their
intercorrelations. The techniques studied were: (1) nondirected explosive
bombs, (2) directed explosive pulse guns, and (3) directed flovs of inert
gases. Characterization was accomplished through cold-flcw experiments;
each rating device's output pressure, impulse, velocity, etc., were quan-
titatively correlated to variations of its descriptive parameters, e.g.,
explosive charge wveight, explosive type, burst diaphragm strength, bomb

case thickness, etc. Correlating equations are given.

Correlations among techniques vere sought by applying them at various
positions and directions to an operating rocket and measuring the com-
bustor's stability response. Two different propellant injectors vere

tested with N20,‘/N2B,.-UM (50-50) propellants; one of the injecters was
tested with Nzo,‘/mm propellants. The nominal operating conditions were
150-psia chamber pressure and 1.6 mixture ratio. It was discovered that
combustion vith these propellants and operating conditions is insensitive

to transverse velocity or displacement perturbations; the gas-flov technique
initiated no chasber pressure disturbances. Howvever, considerable sensfitivity
to pressure disturbances from bombs and pulse guns was observed.

The combustor's ultimate stability following a pressure perturbation could
not be correlated to either boab or pulse gun paramcters or characteristics;
recovery to stable operation occurred randomly. The amplitude of the imitial
pressure vave was correlated quantitatively to both the rating devices'

parameters and characteristics. The best correlations vere with the param-
eters, so direct comparison of the techniques through their output character-
istics wvas not possible. The initial modes of instability vere qualitatively
related to the techniques and their application positions.

By reviewing the determined merits and limitations of the rating techniques,
recomendations for selecting a rating method for particular rocket engine

programs vere developed. The preferred method of rating for general applica-

bility is seen to be a complementary combination of bombs and pulse guns.

Recommendations for development of improved rating technigques also are given.

iii/iv
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SUMMARY AND CONCLUSIONS

Results are reported from a comprehensive study of three techniques for
rating the combustion stability of liquid propellant rocket engines:
(1) nondirected explosive bombs positioned within the combus‘'ion chamber,

(2) pulse gun blast wave and explosion products directed into the combus- .

tion chamber, and (3) metered flows of inert gases directed into the com-
bustion chamber., The objectives of the study were to characterize the
techniques by means of cold-flow fluid dynamic experiments and to estab-
lish correlations among them through hot-firing determination of a particu-

lar combustor's stability responses to them.

BOMB CHARACTERIZATION

Cold-flow characterization of explosive bombs consisted of exploding them
in the open air and measuring specific characteristics of the resultant
air blast waves. High-explosive charges were encased in closed-end cylin-
drical nylon and Micarta shells and variations of charge wveight, charge
length-to-diameter ratio and case thickness were made., Some lowv-explosive
(tast burning, double-base pistol powder), nylon-case bombs were also
tested.

A Beckman and Whitley Model 200 camera was employed to obtain simultaneous
high-speed streak and framing photographs of the blast waves and Kistler
Model 603A pressure transducers were used for measuring blast-wave pressure-
time histories at specific distances from the bombs. Blast~wvave over-
pressures were obtained in three ways, viz., by direct transducer measure-
ment and by calculation with the normal air shock relationships using both
transducer-transit-time-derived velocities and streak-photograph-derived
velocities. The direct transducer overpressure data were less reproducible
and had consistently lower values than the corresponding velocity-derived
overpressures, Direct transducer data were used, therefore, primarily for

measuring blast-wave unit positive-impulse values,
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Velocity-derived overpressure data were compared with correlations from
the literature for blast wvaves from large, bare, high-explosive charges.
Data from two bare charges agreed well with the literature correlations,
but overpressures were considerably reduced by encasing the explosives.
Overpressures near the bombs were one to two orders of magnitude lov,
depending upon the case thickness. Blast-wave overprellureé from the
bowbs did not decay as rapidly vith increasing distance as do those from
bare charges so the bare charge values were reached at some distance from
the bomb. Again, that distance depended upon the case thickness.

The initial overpressure data (i.e., at the outer surface of the bomb)
wvere quite well corrclated by multiple regression techniques to the high-
explosive charge weight and case thickness by an initial velocity
correlation:

1n (c.)o = -4.507 + 0.186 1n W - 0.557 In T_

2
@n), - 2 ] (::’°]- 1)

Neither changes in charge length-to-diameter ratio nor from nylon to

Micarta case material affected the correlation.

Blast-wave velocities measured at distances of 5 to 10 inches from the
bomb were similarly correlated with time from the explosion as an addi-
tional variable:

2

ln c, = constant + 5.21 t - 4.82 t° + 0.186 ln W -

1.05 t2 1n W - 0.557 1n T+ 1.86t1nT_ - 1.19 t2 1n T,

A different value of the constant was required, however, for each method

or position of data acquisition so this correlation is not nearly as use-

ful as the one for initial blast-wave velocity or overpressure.




Blast-wvave unit positive-impulse values were obtained by planimeter inte-
grationz of the area under the pressure-time records measured with a trans-
ducer 10.0 inches from the bombs. These data were ‘well correlated by:

oI, = 3.62+1.04 1a ¥ - 0.07% (1o W)’ - 0.377 1n T_ +

+0.112 1a (L/D)

While the unit positive impulse is specific to the 10.0-inch transducer

location, it ie still a valid and useful comparative bomb characteristic.

Durations of blast-wave positive overpressures were nearly constant and
were only weakly correlated to charge weight. This is, therefore, not a
useful characteristic of a boamb.

The lov-explosive bombs tested exhibit greater scatter in their pre'uure
amplitude—charge weight—case thickness relationships than did the high-

explosive bombs. Further, with thin cases, multiple pressure waves were

irreproducibly obhserved and there was evidence of incomplete powder com-

bustion. Thus, high-explosive charges are preferred.

Cold Characterization of Bombs

The cold characterization of explosive bombs resulted in the following

conclusions:

1. High—explosive charges are better for this application them are
lowv—explosive charges. The low—explosive tested exhibited greater
scatter in explosion time-delay (fire signal to case rupture)

and pressure amplitude- charge weight- case thickmess relation-
ships, irreproducible production of multiple pressure waves,
and evidence of incomplete powder combustion., Among charges
variously composed of PETN, RDX, and Composition C-4&, it did

not seem to matter vhich high explosive is used.

™
3
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5.

The duratien of the first positive overpressure portion of the
blast wave is not a valid output characteristic; its value at
10.0 inches from the bomb was nearly constant and was only
woakly related to the charge weight.

¥axisum blast wave overpressure is a valid and useful nutput
characteristic. Its value in ambient air was found to be uniquely
determined by the charge weight and confining case thicknmess.
It wvas feund not teo vary significantly with the charge shape
parameter, cylindrical lclﬂ.h/di.oter ratio. Overpressures
ismediately adjacent to the outer surface of the bomb case were
those best correlated. Overpressures in the interval 5 to 10
inches awvay from the bomb surface were quite well correlated by
the same expression omnly if a variable constant were introduced
to accomt for the source of the data. This serioualy limits
the gemeral usefulmness of the correlation; the form bused on
overpressures at the bomb surface is preferred for calculatin;
this bowb characteristic.

Unit impulse of the bomb is a valid characteristic. Its value,
as determined at 10.0 inches from the bemb, was cerrelated well
with explesive charge weight, bemb case thickness, and, somevhat,
with charge length/diameter ratio. A graphical ccrrelation of
overpressure and a reduced distance parameter suggests that tae
obtained correlatiom is specific to the 10.0-inch location, and
that values at greater distances would presumably be less de-
pendent on the bemb parameters.

The characteristic overpressure and impulse correlat:ons obtained
for high explosives were not affected by a change of bomb case
material from nylon to Micarta. Substantially fewer spurious
signals were recorded in the transducer-measured pressure-time
data, hovever, vhen Micarta was used.
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PULSE GUN CHARACTERIZATION

Pulse guns wer. cold characterized bv firing them into a pressurized tank
and measuring some blast-wave characteristics with two Kistler Model 607L
pressure transducers in the gun's discharge barrel. These guns character-
istically produce blast waves bhaving two distinct pressure fronts. The
initial front results from the burst diaphragm rupture and is usually steep-
fronted or shock-like. The second pressure rise, resulting from continued
burning of the explosive charge, is not steep-fronted at first but ampli-
fies the blast wave to its maximum value. This second presszure front prop-
agates at a higher velocity than the initial shock wave and, as it progresses

down the gun barrel, steepens into a second shock wave.

The pressure amplitudes of both of these waves are related to the explosive
charge weight, the burst diaphragm strength, the backpressure in the
receiving tank, and the transducer position downstream of the burst dia-
phragm. The multiple regression correlating equation for the maximum

blast wave pressure is:

InP_ = 8.32-1.51a¥+0.32 (ln ¥ +0.151aW 1la D -

0.06 (1a W)’ 1a D + 0.19 1n W 1n P,, + 0.008 (1a P, )

db

The positive impulse of the pulse gun blast wave was primarily determined
by the charge weight, with tank backpressure exerving only a weak effect
and burst diaphragm strength not even entering the correiation:

In1, = -6.43+1.731nW - 0.11 (1n ¥)°- 0.28 1a D + 0.123 1n P,
The positive durations of the blast waves, much as found with explosive

bombs, were found to be nearly coustant and were not considered to be a

useful characteristic. Blast-wave velocity was correlated but there was

so much scatter in the deta that little confidence can be placed in the

correlation.
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Several pulse gun charges were fired in which the fast-hurnirg pistol
powder (Hercules Bullseye No. 2) was replaced with a slower burning mili-
tary rifle powder (duPont Military 3031). Very similar trends in initial
shock-wave amplitude, maximum blast pressure and impulse were observed
slthough the values were approximately halved by using the less energetic,
slower burning powder. Repeatability did not seem to be improved so
there was no indication that a change from the "standard" Bullseye powder

would be beneficial.

Cold Characterization of Pulse Guns

The cold characterization of explosive pulse guns resulted in the follow-

ing conclusions:

1. The blast wove produced by the pulse gun characteristically
has two pressure spikes. The first is a shock wave resulting
from th: burst diaphragm,rupture. Its amplitude varies both
with barat diaphragnm pre;sure rating and charge weight. The
second wave is frequently not steep-fronited; it is believed to
result from continued combustion, at a high rate, of explosive
that had not yet burned when the diaphragm burst. Its amplitude

also varies with burst diaphragm strength and charge weight.

2. There was considerable scatter in the pressure data, but valid
mean values were obtained by firing replicate charges. Correla-
tion of characteristics to the input parameters made use of those

mean values.

3. The maximum blast wave overpressure was correlated with the
charge weight, burst diaphragm strength, transducer location
(distance from the diaphragm) and pressure of the vessel into
which the guns were fired, and was found to be 2 valid and use-
ful pulse gun characteristic.

4.  The blast wave impulse was found to be a valid and useful pulse
gun characteristic related primarily to the charge weight and

transducer location.
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5. Initial shock wave velocity, while correlated to the pulse gun
parameters, is of questionable validity as a characteristic

because of excessive scatter, even in the averaged data.

6. Maximum blast wave overpressures were only slightly influenced
by downstream presstre; values at 250 psig were approximately

5 percent higher than values at 150 psig.

7. Values of initial shock wave overpressure, maximum blast wave
overpressure, and impulse were approximately halved by replacing
the normal fast-burning Hercules Bullseye double-base pistol pow-
der with a lower-burning (by approximately 5:1), less—energetic
(by approximately 70 percent), duPont Military 3031, double-
base rifle powder.

8. Blast wave positive duration was not a valid pulse gun character-
istic, since it exhibited only random variations even when the

powder burning rate was changed.

GAS FLOW CHARACTERIZATION

Cold characterization of the gas flow technique consisted mainly of demon-
strating that the apparatus assembled could be operated in a manner that
would give reproducibly controlled flowrate vs time profiles. The approach
taken was: (1) measure the gas flowrate delivered from a fixed gaseous
supply system as a function of flow control valve position and downstream
pressure, and (2) preprogram the valve position as a function of time so
that a particular desired flowrate vs time profile could be produced.

This approach permitted selection of any arbitrary flow profile; it was
anticipated that linear rates of increase in gas flowrate, momentum or
kinetic energy might be used at various times during the rocket engine

test program.

Preprogramming of valve position vs time made use of a Donner Model 3750
diode function generator. Satisfactory control was demonstrated by gen-

erating ramp flows with linear flowrate increases ranging from approximately
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% to 2% lb/nc2 with nitrogen and approximately 1.8 to 5.9 1b/lec2 with
helium. At the higher rates, full flow was reached in approximately
250 milliseconds. '

The system originally assembled had maximum flowrates of approximately 5
and 1.5 1b/sec vith nitrogen and helium, respectively. Higher values
were desired for engine pulsing, so an additional surge tank was intalled

in the gas flowv generation system without re-evaluating its characteristics.

ENGINE STABILITY EVALUATION

The relative effectiveness of the stability rating techniques in deter-

mining a rocket combustor's stability traits was investigated by applying

the techniques at various positions in an operating rocket and observing

their effects on its stability. The nominal 10, 000-pound-thrust, cylin-

drical rocket combustor employed was operated at fixed conditions of 150-

psia chamber pressure and 1.5 to 1.6 mixture ratio with N204/N2H2‘-UDMH(50—50) .
propellants. Straight UDMH was also used as the fuel during some tests.

Two different injectors were tested: one had an unlike triplet injection .
element pattern, the other had a pattern composed of both self-impinging

doublet and unlike doublet elements. The injection end of the combustion

chamber vas fitted with a three-radial vane, uniformly spaced baffle

assembly that had provided dynamic combustion stability in an earlier

ablative chamber use of these injectors, During the current studies, a

metal-walled chamber was used to better accommodate a multiplicity of

rating technique positiuns and instability-monitoring pressure transducers.

The response of the combustor to each disturbance was measured by three

or more flush-mounted Phutocon Model 1325 pressurd transducers. The
transient pressure data were reduced and recorded in ~ufficiently detailed
form that the rating techniques could be correlated successively to:

(1) the initial response of the combustion processes, (2) the initial mode
of combustion instability triggered, (3) transitions to other instability

modes, and ('n) whether recovery to stable operation or a sustained insta- s

bility was experienced.
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Quantitative correlations were obtained which relate the initial response
of the combustor, as indicated by the amplitude of the first observed
pressure wave, to the parameters and characteristics of the rating tech-
nique. The initially triggered mode(s) of combustion instability - 1d
be related only qualitatively to the position and orientation of th: rat-
ing device; quantitative correlations broke down at this step.

Response of Combustor to Gas Flow Rating Technigue

From the hot-firing tests in which directed flows of gaseous nitrogen
and helium were admitted to the combustion chamber, the following

conclusions have been drawn:

l. Steady-state combustion of the storable N20,./N2H,’-m (50~50)
propellant combination, under the conditions tested, is insen-
sitive to transverse gaseous displacement disturbances; i.e.,
such disturbances do not result in measurable pressure

disturbances.

2. Inert gas flowrates ranged up to about 25 percent of the main
propellant flowrates and were injected at velocities up to the
inert gas stream sound velocities with no apparent change in
the lack of displacement sensitivity. Even quite high rates of
flowrate changes (vhich may be comparable with the transient
propellant spray gasification and combustion triggered by a
pressure wave's passage) vere not able to affect the spray
combustion enough to generate a pressure wave.

3. Among tests with tangential, chordal and radial directions .
of gas injection, no apparent differences in the lack of dis-

placement sensitivity were discerned.

4. The tangential and chordal gas injection established vigorous
transverse eddy flow patterns near the injector on a scale
that is large compared to the spacing between injection elements.
Observation of events within the chamber by means of high speed
motion cameras looking up the ~xhaust nozzle was invaluable in
determining this fact.




The attempts to correlate observed initial pressure wave amplitude data
to the cold-flowv characteristios and/or input parameters of non-directional
explosive bombs resulted in the following conclusions:

1. The initial combustor response to pressure disturbances from
bombs, as indicated by the amplitude of the initial pressure
wave, can he successfully correlated to the device's character-
istics and/or design parameters and its location in the combustor.
Bomb charge weight and case thickness are very influential param—
eters, vhile charge shape (L/D) is unimportant. The case thick-
ness had a strong residual effect in correlations using bomb
output characteristics that is unexplained. O0f the bomb position
variables, the distance from the injeotor is clearly the most
influential.

2. The initial pressure wave data, as recorded, can be used as an
adequate measure of the combustor's stability response. Tie
resultant correlation models are very complex, however, and
cross-comparisons among injectors, chambers, rating devices or
other variables are made very difficult and qualitative. Ad-
justment of the data by means of an incidence coefficient, which
accounts for variations in pressure wave incidence among the
transducers, may remove much of the complexity and improve the
ease and validity of comparing correlations.

3. Measureable pressurc waves resulted from detonation of every
bomb used in the hot-firing tests. High-explosive charge weights

from 3.2 to 25 grains vere used.

4, Increased amplitudes of the initial pressure waves resulted
from increased charge wveights. This effect had an upper limit,
however, since 25 grain charges resulted in amplitudes com-
parable to those from 13.5 grair charges. Reasons for the effect
and for its upper limit were not determined.
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8.

The pressure wave amplitudes, as adjusted by an approximate
incidence coefficient, remained essentially invariant with
transverse distance from bombs in the triplet injector tests
and increased slowly in the doublet injector teltl.. The re-
sponse vhich the propellant spray combustion field is capable
of exhibiting is apparently a direct function of the disturbance
amplitude, otherwise each wave would continue to grov in time
to the same equilibrium amplitude. Some fundamental investiga-

tion of this phenomenon appears to be needed.

The spray combustion field established by the doublet injector
was distributed over a longer portion of the combustion chamber
and contained more spray than that from the trip'~t injector.
This was deduced from observation with the doublet injector of:
(a) higher initial wave amplitudes, (b) smaller effect of bomb
distance downstream from the injector, (c) continued wvave growth

in the transverse directions, and (d) lover combustion efficiency,

than with the triplet injector.

Similar observations for N,‘,n,l-uuﬁ(so-so) fuel as compared with
neat UDMH fuel suggest that the combustion process is more dis-
tributed with the former, mixed fuel. Considering the higher
latent heat of viporization and surface tension of hydrasine,

this is a physically realistic result.

Bomb orientation effects were nmot included in the data correla-
tions, which were based whol’ on cylindrical bombs vhose axes
were parallel to the chambe. 's cylindrical axis. Results from
a few bombs installed with their axes normal to the chamber's
axis indicated appreciable effects which deserve continued

investigation.

Similarly, bombs installed in or near the converging section of
the exhaust nozzle gave inexplicably high initial wave amplitudes
and should be investigated further.
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sto sponse to Explosive Pulse

chnique

The attempts to correlate observed initial pressure wvave umplitude data
to the cold-flov characteristics and/or input parameters of the directed
pulse guns led to the folloving conclusions:

1.

3.

L 18

5.

The initial combustor response to blast waves from pulse guns,

as indicated by the amplitude of the initial pressure wave, was
correlated successfully to the device's parameters and character-
istics and to the position and direction of application to the
combustor. Charge veight, burst diaphragm strength, barrel
diameter and bdarrel length were all influential parameters but
vere overshadoeved by application effects.

The correlation models vere complicated by a number of chamber
distance terms which, unlike the bomb models, were not particu-
larly simplified by adjusting the initial wave amplitude data
vith incidence coefficients. This probably resulted from a
directienal, rather than simply spherical, vave propagation.

The initias pressure wvave propagated vith an apparently pseudo-
spherical  expansion from the pulse entry peint. Its front
appeared to be more like a shock wave and propagated faster in
the direction of pulse gun orientation than in other directions.

The initial pressure wave amplitudes, near the pulse gun entry’
point, generally iancreased with increasing charge weight, burst
diaphraga strength and barrel diameter .and decreased with in-
creasing distance of the entry point from the injector.

The amplitudes at greater distances from the entry point con-

tinued to depend upon the parameters vhen the pulses were

directed radially or chordally. Tangentially directed pulses,

however, tended to give higher and nearly equal initial wave

amplitudes on the opposite side of the chamber from the entry .
point.

12




6. With tangentially directed pulses, the initial vave amplitude
near the entry point may be primarily controlled by burst A

diaphragu strength.

7. Waves whose initial amplitudes near the entry point vere less
than 40 psi were attenuated rather than amplified. |

8. Higher initial wave amplitudes resulted from using the doublet, _
rather than the triplet, injector and from using N,H, -UDMH (y0-50) |
fuel, rather than neat UIMH fuel. These observations are con-— | *
sistent with the bomb ratings.

Ultimate Combustion Stability

The ultimate stability appeared to be only remotely related to the rating
techniques. Rather, it seemed to be determined by a complex interactiom
among the initial acoustic mode(s), a low—frequency chug, and the trassi-
tion to subsequent instability modes. Sustained instabilities wvere almeost
invariably a coexistent combination of the third tangemtial and first radial
acoustic modes. Driving of the third tangential, or first transverse baf-
fle compartment mode, appeared to be the key to a sustained instability.
That mode was rarely observed in the first 3 to 5 milliseconds after the
initial pressure wvave., That time period included an imitial surge in mean
chamber pressure and a decay to the lovest pressure portien of the frequency
chug. The appearance of the third tangential mode depended upon appreciable
smplification of the first tangential acoustic mode during the period of
recovery from the depth of the chug. These phenomena were not successfully

correlated to the trigger devices.

The sustained instability wvas the second tangential mode during seweral
tests with the doublet injector, notably those in which a bomb was inserted
radially through the chamber wall and approximately one-half of those in
wvhich UDMH was the fuel. This difference was not explained.

13
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COMPREHENSIVE COMPARISON AND RECOMMENDAT10NS

A comprehensive comparison is drawn among the rating techniques by con-
sidering their relative merits and limitations for engine application and
other attributes such as effectiveness, repeatability, reliability, and
handling characteristics. A summarization of the relative merits and
limitations is presented on the fclloving page.

The fact that the correlations derived from bomb data were best described
by a linear model and the pulse gun data were best described by a loga-
rithmic model makes it difficult to make a direct comparison of the effects
of the techniques. It was apparent that variations in charge weight had

a much stronger influence on the resultant pressure disturbance with bombs

than vith pulse guns. The other variables caannot be directly compared.

Aside from the complexity of the models, an additional difficulty is that
the characteristics of the techniques, though related, were not absolutely
comparable. The initial cold-flow blast—wave prellu}el produced by a

given bomb charge weight, for example, were lower than the maximum blast-
wave pressures measured in the pulse gun barrel by factors ranging from
approximately 2 to 50, depending upon case thickness and diaphragm strength.
A more directly comparable characteristic of the pulse gun might be the
blast-wave pressure amplitude immediately downstream of the termination

of the barrel in the combustion chamber wall.

This study has yielded considerable detailed information on the effective-
ness and applicability of stability rating techniques to liquid rockets.
The ultimate stability of the combustor could not be correlated to either
bomb or pulse gun parameters or characteristics; recovery to stable oper-
ation occurred randomly. The amplitude of the initial overpressure wvas
correlated quantitatively to both the parameters and characteristics of
the rating devices. Generalized correlations bet,veen‘techniques were not

established, however. The initial modes of instability were qualitatively .

related to the techniques and their position of application.
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The current effort vith the explosive bomb and pulse gun rating devices

has shown that although both are capable of producing a disturbance which
ia tuarn say cause a sustained combustion instability, each of the methods
has certain operational disadvantages. An additional effort is required

to investigate improvements on these two basic methods of cowbustion insta-
bility rating devices as well as nev rating devices.

It is expected that a relatively simple modification of the design of
these devices would partially overcome some of their shortcomiags. For
instance, either the use of a high-burning-rate powder or modificition
of the barrel length of the pulse gun should introduce a more definite
and steep-fronted vave into the chamber. Modification of the bomb case
material would produce less shrapnel than the nylon or Micarta cases
vhich are currently used.

Although the existing rating devices can be improved to the point of
increased versatility, it is doubtful that a particular technique can be
made into a universally applicable device.

16
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INTRODUCTION

z BACKGROUND

Experience has shown that liquid propellant rocket engines occasionally
operate unstably, with moderate to high amplitude oscillations in pro-
pellant burning rates and, therefore, in combustion chamber pressure.
While several types of combustion instability have been identified and
studied extensively, the most difficult to control and eliminate have i
been those destructive osc.illations corresponding to the cross-rectional
acoustic resonances of the rocket combustion chambsr. Because the fre-
quencies, pressure distributions, and phases exhibited by these insta-
bilities are similar to those obtained from linear solution of the wave
equations, they are commonly referred to as "acoustic instabilities,"

even though they are usually nonlinear and sometimes resemble detonation

waves.

The sources of energy for driving acoustic instabilities are predominantly
the propellant atomization, mixing, gasification, and combustion processes*,
i.e., those processes that are confined within the combustion chamber.
Pressure wave motion within the chaibeg' interacts with the propellant

spray combustion process and cffects transient changes in the local pro-
pellant burning rates. For the wave motion to be sustained (i.e., the
pressure wave amplitude increased or maintained), a proper phase relation-

‘ ship must exist between the oscillating pressure and the oscillating burn-

f ing rate. In most cases of acoustic instebility, the coupling appears

to be quite direct because each wave nfiects the propellant combustion

strongly enough that sustaining combustion energy is added directly to

that wave. A single, finite-amplitude pressure disturbance thus can be
amplified and result in oscillatory comlustion. Additionally, however,

#It is possible, even probable, that propellant injection rate oscillations
occur during an acoustic instability and thus influence the instability
driving processes. This may be an important factor in the establishment
of a sustained instability. Once an instahility is established, howvever,
injection rate oscillation is usually considered to be a second-order
effect, resulting in a somewhat higher or lower pressure oscillation
amplitude than if the injection rates were invariant.

17
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sustaining an acoustic instability requires that the altered spray com-
bustion field must be capable of responding positively to successive
wvave passages, adding at least as much or more energy to each wave as

the damping proucesses remove.

The initiation of acoustic instabilities i. frequently a nonlinear
phenomenon, G.e., a weak disturbance or oscillation in the combustion
chamber may not be capable of affecting the combustion processes enough

for the disturbance to be amplified), while a somewhat larger disturbance

may be amplificd very rapidly., It has long been believed that a relation-
ship existe between a roclet's inherent stalility of combustion and its
ability o absorb larvse disturbances vet maintain its steady-state opera-

tron,  This beliel Forme the basis for combustion stability rating.

Rating Combustion Stability

The objective of stubility rating testing is the determination, in as
few tests as possible, of the relative resistance of candidate engine
systems or components to the initiation and sustaining of destructive

or otherwise objectional oscillatory combustion. Rating techniques may
be divided into two broad categories: (1) those that rely upon the
spantaneous occurrence of unstable combustion, and (2) those that intro-
duce finite disturbances into the combustion chamber in attempts to
initiate instabilities artificially. Techniques in each category have

definite advantages as well as some specific shortcomings.

Disturbances that are large enough to trigger an insiability may occur
naturally during normal rocket engine operation. If they occur frequently,
cvery test may be unstable; if infrequently, only an occasional test may

be unstable. One method for rating a system's inherent stability, then,
has been the ohscrvation of the percentage of tests that are spontaneously
unstable during normal operation. This approach is obviously prohibitively
expensive for evaluating the effects on system stability of seemingly

minor component variations or improvements., An alternate spontaneous

rating method that has occasionally been used involves a systematic




variation of operating conditions until a region of spontaneous insta-
bility is found and its boundary at least partially mapped out. The
rating then consists of determining how the instability boundary shifts
when an engine component change is made. Distance of the normal or de-
sign operating conditions from the boundary of an unstable region is pre-
sumed to be synonymous with resistance to spontaneously occurring

instabilities.

Parameters that have been varied in this kind of stability rating are the
injection mixture ratio, the chamber pressure (by variation of either
propellant flowrates or chamber contraction ratio), and propellant tem-—
perature. The majority of such rating has been carried out in research-
scale rocket motors designed for relatively inexpensive and frequent
testing. This method has been used only infrequently for large engine
ratings; by far the greatest use in this regard has been in the rating

of 102/H2 engines by varying the hydrogen injection temperature.

The following advantages may be ascribed to rating techniques that rely

on spontaneous occurrence of instability:

1. The ratings are associated with naturally-occurring disturbances.

2, Application of the technique does not disrupt the normal com-

bustion chamber flow patterns by foreign bodies or substances.

3. The ratings may be quite reproducible.
Conversely, some disadvantages may be:

1. A relatively large number of tests aay be required for obtaining

a single rating.

2. The instability rated may not be the one mcat likely to be
initiated by an occasional large disturbance at the normal

operating conditions.

19




3. No indication is obtained of the initial disturbance magnitudes
experienced in obtaining ratings. (The amplitude of the result-
ant pressure wave, however, may be related to that magnitude.)

4. 1If operating conditions are varied, the rating may be obtained
at conditions far removed from normal or realistically useful

operating conditions.

5. If, operating conditions are varied, determined boundaries may
be associated with driving mechanisms which are different than
those experienced under normal operating cunaitions (e.g., a
region may be encountered where instability is driven by feecd-

system—coupled injection rate oscillations).

The second category—the introduction of a finite amplitude disturbance
for artificial instability initiation—provides a means of rating at

f the normal operating point. Advantages are:

1. The disturbance can nominally be controlled as to time of
initiation so that limited hardware exposur= to a destructive

condition may be scheduled.

2. Disturbances can be sequenced in graduated sizes to prov’de

quantitative relative magnitudes.

3. More than one disturbance can sometimes be introduced in a

single test.

' ; 4. The mode of instability initiated may be controlled by proper

selection and positioning of the disturbance source.

Disadvantages are imposed by the disruption of normal propellant flow
if a device is inserted in the chamber, by irreproducible device be-
a% havior or combustion response from test to test, and by uncertainties
: as to whether the artificial disturbance bears any relationship to
1 naturally occurring triggers that might occasionally be encountered.

These disadvantages are so outweighed by the advantages and by the need

for valid stability ratings that the rating techniques based on artificial

initiation of instability have been employed in a large number of engine
development and research programs during the past 10 to 12 years.
20

— - ﬁrrr e e -
5
e 5
Fe
¥, 4}1
‘ o o N
Xe §{ ide S
Bl . L volv el
o Ao s ookl o g i o2 b3 AL e
P e (N . .,
g4 O PG et ¥ A."‘a'a:




Three basic techniques have been used for the majority of the ratings

obtained or sought using artificial instability initiation:

1. Nondirected explosive bombs placed at various locations within

the combustion chamber

2. Explosive blast waves from pulse guns directed into the com-
bustion chamber through the chamber sidewall

3. Directed flows of inert or reactive gases similarly introduced

near the injector

Various investigators have preferred one or another technique, and
different rocket systems (with variations of size, combustor configura-
tion, injector concept, operating conditions, propellant combination,
etc.) have exhibited varying degrees of sensitivity to a particular
technique. Since ratings have been sought with all three methods only
in a few isolated and incomplete studies, meaningful comparisons among
the stability traits of systems or the applicability of techniques have

not been possible.
The investigation that is the subject of this report was conducted in

an attempt to establish generalized correlations among rating techniques

and their effects in initiating unstable combustion.

Recorded Pressure Terminology

The cold-flow characterization of the explosive bombs were obtained in
ambient surroundings. Such terms as blast wave peak overpressure, peak
ove. pressure, blast wave pressure, shock wave overpressure, etc. refer
to the amplitude of steep-fronted shock waves measured at a finite dis-
tance from the center of the explosion. The magnitude was obtained from
either direct pressure transducer recordings or calculated from Rankine-
Ilugoniot shock relationships. The initial shock wave overpressure, how-

ever, refers to the amplitude measured at the bomb-case surface.

21




The cold-flow characteristics of the pulse guns were obtained by firing .
them into a pressurized vessel. Pressure transducers were located within

the gun barrel at two different positions. All records, with one exception, .
were obtained photogruphically from an oscilloscope trace. A point of l

similarity among the various pressurc traces was the apparent occurrence

of two shock waves. The initial steep-fronted pressure rise was undoubtedly
a shock wave resulting from the burst-diaphragm rupture. The magnitude
of‘this recorded presénre is referred to as the initial overpressure or
initial shock wave pressurc. The secondary shocl wave usually propagated
faster than the initial wave and thus tended to overtake it. It is identi-
ficed as the sccond pressurc rise or front, maximum blast overpressure,

maximum blast wave pressure, or simply as the peak pressure.

Pressure transducer outputs during the hot-firing program were recorded
on a seven-channel tape recorder. The responsc of the combustor to the
device disturbance was indicated by the amplitude of the first observed
pressure wave. This wave is interchangecably referred to as the initial
pcak pressure, initial overpressure, initial peak overpressure, peak

pressure and initial pressure wave.

22
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COLD-FIOW CHARACTERIZATION

EXPLOSIVE BOMBS

In rating rocket combustion stability with explosive bombs, small ex-
plosive charges are detonated at strategic locations within an operating
rocket combustion chamber, and the response of the propellant combustion
processes to the bomb disturbances are observed. Bomb charges must be
insulated from the combustion gases to avoid premature thermal detonation.
Protective cases made of Micarta, Teflon, nylon, and composite ablative
materials have been used in previous investigations. If thermal detona-
tion is to be avoided for more than 2 to 3 seconds of mainstage operation,
it may be necessary to use such preoiective assemblies as a spun fiberglass

heat shield slipped over a machined nylon bomb case.

Bomb disturbances are usually intended to be nondirectional, i.e., to
produce a blast wave which propagates spherically from the bomb location.
An ideal bomb configuration, then, might be a spherical explosive charge,
containing an electrically initiated detonator, tightly confined in a
spherical insulating shell. Production of the ideally spherical blast
has not been emphasized however, because of great practical advantages
in making cylindrical, rather than spherical, charges, viz., lower case
machining costs, ability to firmly pack different charge weights into
one size of case, easier explosive loading, conformity to the cylindrical
shape of most electrical initiators, and easier design for supporting
the bomb,

Most previous rating studies employed a simple cylindrical bowmb design;
this design was used exclusively in this program, a's well. Each bomb
case was machined from a solid piece of a single material. The explosive
charges were packed into the closed end of the protective cases and made
to conform, as nearly as practicable, to a cylindrical shape. The Lomb

assemblies were attached or supported from the opposite, or open end.
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Pxperimental Program

Cold-characterization experiments provided data for relating bomb output
characteristics to bomb descriptive purameters. The experiments con-
sisted of exploding a large number of bombs in the open air and measuring
specific charccteristics of the resultant air blast waves, e.g., velocity,
peak pressure amplitude, the duration of the positive pressure portion

of the wvave, and positive unit impulse. The characteristics were measured
by simltaneous use of pressure transducer and high-speed photographic
instrumentation. 'To get satisfactory records, particularly from the
pressure transducers, some development of the experimental arrangement
wvas necessary. In this section, the experimental approach taken, the
instrumentation used, and the various modifications made are discussed.

Experimental Approach. A schematic diagram of the experimental apparatus
is shown in Fig. 1; a bomb is shown mounted near the edge of a large
metal plate in which two pressure transducers are mounted. In an edyge
view (Fig. 1la), it can be seen that the center of the explosive charge
is in the same plane as the top surface of the plate. The transducers
are thus oriented to measure the pressure-time history of the bomb blast
wave in "side-on" or grazing incidence as it propagates across the plate.
This orientation was chosen to minimize the possibilities for spurious
pressure signals and transducer damage resulting from bomb fragments
impacting the transducers. The use of two transducers gives data regard-
ing the average wave velocity, and changes in wave shape and amplitude
between the two positions.

Photographic equipment is shown in Fig. lb as being aligned with a trans-
ducer station to obtain simultaneous streak and framing phetographic
records of the blast wave traversing that position. From the wave velocity
determined from the streak film,together with knowledge of the ambient

air properties, the peak pressure associated with the wave can be calcu-
lated from Rankine-Hugoniot shock relationships. In some experiments,

streak photography was used to obtain peak pressure measurements at the
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transducer locations fer comparison with the direct transducer pressure
data. 1In cther tests, the photographic equipment was aligned with the
bomb to provide data on the peak pressure at the bomb surface. The se-
quence of framing photograpas provided a visual record of the shock wave
and particle motion as an aid to interpreting the pressure data.

Photographic Instrumentation, Simultanecus streak and framing photographs
of the blast waves were obtained with a Beclman and Whitley Model 200

camera. That air-turbine-driven, rotating-mirror camera had previously
been used in a study of detonator fragmentation and so was essentialiy
already set up and checked out. The camera control circuitry includes
an event-initiating (fire—comtrol) circuit which signaled bomb detonation
vhen the camera achieved a preselected speed. For all but a few of the
initial checkout experiments, the camera was set to record at a turbine
(mirror) speed of 333 revolutions per second. At that speed, the streak
film writing rate was 0.9206 mm/microsec and the framing pictures were
taken at 73,260 pictures per second. With the framing stop used, ex-
posure times were 3.23 microseconds per picture. A total of seven

pictures were obtained in each sequence.

The photographs, both framing and streak, were shadowgraphs, having been
obtained with a focused backlight beam. The light source was a 0.75-
inch-long, 5-mil exploding tungsten wire;the duration of usable light
‘was approximately 100 microseconds. An 11-1/2 by 11-1/2-inch plastic
Fresnel lens with a 19-inch focal length was used to converge the light
into the camera lens. The bomb was fired between the Fresnel lens and
the camera. The effective field of view was approximately 8 inches
high by 10 inches wide.

Pressure Instrumentation. A review of commercially available transducers
led to selection of the Kistler Model 603A piezoélectric transducer as
the one most likely to be suitable for obtaining satisfactory pressure-

time records from bomb explosions. Since costly transducer damage could
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result from direct impingement of bomb fragments on the transducer sensing
diaphragm, mounting the transducer for side-on, rather than face-on, wave
incidence was selected. Side-on incidence was also expected to permit
direct comparison between the transducer—derived and wave-velocity-
derived peak pressure data without need for considering wave-ref lection

coefficients.

Preliminary Fvaluation. Before ordering traniducers for this ex-
perimental work, a series of development tests was conducted to deter-
mine whether adequate transducer mounting and placement could be achieved,
and vhether fragment damage might be a major or a minor problem. An early
version of the Kistler Model 603A transducer (on loan from another program)
was flush-mounted, off-center in a 2h-inch by 2k-inch by l-inch-thick
aluminum plate. This transducer mounting plate was placed on a 6-inch-
deep bed of sand for dampening plate vibrations. Initially, no attempt
was made to shock mount the transducer; the available unit was neither

acceleration compensated nor supplied in a shock-resistant adapter.

Available surplus 13.5-grain, plastic-cased detonators were used (without
protective bomb cases) to provide blast waves. Tests were made initially
with the center of each detonator located 18 inches horizontally from
and 4 inches above the transducer. When no evidence of transducer damage
was observed, those distances were reduced in successive tests. Some
sketches of bowb and transducer locations, and examples of the recorded
signals are summarized in Fig. 2.

Two undesirable characteristics were recorded in the transducer output
signal: (1) A low-frequency (< 5000 cps) oscillation or wandering
about the ambient pressure line occurred before the arrival of the air-
blast vave (Fig. 2b and 2c), and (2) a high-frequency (~ 150,000 cps)
oscillation followed the passage of the shock wave. By striking the

plate at the bomb position with a hammer, the low-frequency oscillation
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vay determined to be resonant ringing of the transducer mounting plate
(Fig. 2d). Three changes were made which helped to minimize this spurious
signal:

1. The transducer vas floated in a mass of RTV rubber.

2. The detonator was moved off the edge of the transducer mounting
plate and lovered so that the center of the explosion was in the
plane of the plate surface.

3. The edge of the plate nearest the bomb was shielded from direct
bomb fragment ¢nd blast wave impact by a separate, isolated
reflection member (Fig. 2h). The bed of sand was replaced with

a wooden mounting block when this isolation shield was added.

The high-frequency oscillation was identified as a resonant frequency of
the particular pressure transducer. This cscillation was reduced to a
satisfactorily lowv amplitude by electronic compensation using a Rocketdyne
Dynamic Analog Differential Equation Bqualizer (DADEE). The resonant
frequency of this transducer is just at the upper limit of the DADEE which
was available, so precise matching was not accomplished. The amplitude
of the resonance in the recorded signal was reduced acceptably in most
cases; hwev.er, the DADEE electronics introduced a noise at about 1 mega-
cycle wvhich was removed by using a 200-kilocycle cutoff filter. Some

typical results using this unit and conditions comparable with Fig. 2i
are shown in Fig. 3. The pressure calibration for Fig. 3 is uncertain

because of undetermined gain introduced by the DADEE. That preliminary
evaluation demonstrated that satisfactory pressure-time data could be
obtained with transducers as close as 11 inches to the plastic-cased
detonators. This evaluation was terminated after firing a 50-grain bomb
in a 3/16-inch-thick nylon case, and observing no transducer damage or

adverse degradation of the pressure measurement.

Continued Transducer Evaluation. Discussion with Kistler represen-

tatives disclosed that the never Model 603A transducers are acceleration
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compensated and are obtainable in a special shock mount; one was purchased J
for measuring the blast wave pressure. Its response and resonance charac-
teristics were evaluated in ¢ manner similar to that just described for
the transducer which was not acceleration compensated. The transducer

wvas flush mounted in the transducer mounting plate, and subjected to the
blasts from 13.5-grain and 5.5-grain plastic-cased detonators. As before,
the detonators were placed 11 inches from the transducer, and vere oriented
so that the center of the explosion occurred in the plane of the upper
surface of the mounting plate. The electrical output of the charge ampli-
fier of the transducer was fed directly, without compensation or filtering,
to a Hevlett-Packard Model 175A single-beam oscilloscope equipped with a
Polaroid camera.

In addition to its acceleration compensation, the new transducer was
obtained with a Delrin (plastic) shock-mount adapter. It was found that
appreciable disturbances were transmitted through the mounting plate and
through the adapter before the air shock arrived., These disturbances
were eliminated by removing the adapter and potting the transducer into
the mounting plate with RTV rubber. A typical pressure-time record ob-
tained with a bare detonator is shown in Fig. &.

Multiple Pressure Transducers. To obtain backup data on blast-wave
velocity, both Kistler Model 6032 transducers were installed in the mount-
ing plate. They were placed in line with the bomb and spaced J inches

apart. Their nominal distances from the bomb were 7 inches for the un-

compensated transducer and 10 inches for the new transducer. The external
DADEE and filtering previously used with the uncompensated transducer were
not nsed; that transducer was merely used to indicate the time of arrival

of the blast wave at its position.

LY

~~—

The outputs from both transducers were recorded on a Tektronix Model 555
dual-beam oscilloscope to obtain an accurate value of the blast-wave
transit time between their locations. The output of the new compensated

transducer was recorded alsv with the Hewlett-Packard oscilloscope noted

32

P T AP ERAT VNSOV . AR——

»
' 'y e AN oo ot 1 P . -




50 -icrolic/ cm

5 psi/cn

Direct Oscilloscope Photo of the Output of
an Acceleration-Compensated Kistler 6034
Transducer

Figure ., Pressure Record From Explosion of a Bare
Olin Plasticap (5.5 Grains RDX)




earlier. Both oscilloscopes were voliage calibrated daily, and the sweep .

rates vere checked weekly to ensure accurate determination of time.

Simultaneously with this transducer change, the bomb fragment deflector
plate vas mounted differently from that shown in Fig. 2h to obtain better
isolation of the transducers from transmission of extraneous signals
through the mounting plate. The configuration finally used is shown in
Fig. 5. This change nlloved the transducers to he positioned 1 inch closer
to the bomb than the earlier position.

Overall Checkout of Experimental Methods. Before undertaking the bomb

- anm— e -

test series, the complete system was checked out by firing explosive
charges having known blast-wave characteristics, Bare spherical charges
of 50/50 Pentolite (50-percent PEIN, 50-percent TNT) were selected for
this purpose because free-air blast data for this explosive have been
compiled (Ref. 1).

Two cast charges weighing 108 grains each were made available from another
program. Plastic-cased, 5.5-grain detonators were used to initiate the
charges, which were cast vith a detonator well that extended to the center
of the charge. Thus, an explosion heving a blast wave ag spherical as
practically possible, ana having essentially no fragments to affect the

measurements, wvas available to check out the system.

The charges were fired from the same location as the bombs would be in
subsequent tests. The centerline of the charge was in the plane of the
transducer mounting plate in both tests, but the detonator orientation
was varied. In the first test, the detonator axis was normal to the plane
of the mounting plate (detonator above the plate), while in the second
test the detonator was in the plane of the mounting plate and extended

from the charge diametrically opposite from the transducers,

When the first charge was fired, the delay time from fire lignal.to

oscilloscope sweep signal was set at 150 microseconds. As a result, the
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passage of the bdlast vave over the first trensduc.r was not recorded, nor

was the wvave froant observed on the streak film. That delay vas shortened
. te 100 microseconds for the second test, and adequate data were obtained.
| Second-test data are shown in Fig. 6 and 7. Figure 6 is a framing camera
sequence showing the nearly spherical blast vave propagating over the
transducer mounting plate and Fig. 7 shows the pressure time records dis-
played on the two oscilloscopes. The pressure scale noted there is based
upoa the factory-supplied calibration for the acceleration-compensated
traasducer.

The appearance of the pressure records is excellent., The total time
elapsed from the begimning of the pressure rise to the peak pressure is
on the order of 3 to A microseconds, a value that is hardly noticeable
on photographs taken at the 50 microsec/cm sweep rate used in Fig. 7.
There is a very minimal indication of transducer ringing (at a resonant

1R frequancy of 330,000 cps). The indicated pressure decay following the
front of the blast wave appears to be a faithful reproduction.

Data reduced from the two 108-grain Pentclite tests are tabulated in
Table 1, and, as indicated, loss of transit time and streak data greatly
limits the usefulness of the first test. The tabulation for the seccond
test is divided into pressure-transducer-derived and streak-photograph-
derived information. From the blast-wave transit time between the two

transducers, a wvave velocity was calculated:

10-7 p]
(eg)710 = Tt - &) "8t (1)

The shuck Mach number:

(c,)
Mot = —e @)
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Sequence of Framing Fhotograshs From Explosion

of a Bare 50/50 Pentolite Charge

Figure 6.
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Photo for Obtaining Wave Transit Time

50 microaec/cm

Output of Acceleration Compensated Kistler

603A Transducer

Figure 7.
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Pressure Records From Explosion of a Bare
Spherical Charge of 50/50 Pentolite

(108 Grains)_
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v TABIE 1

&N

AIR BLAST DATA FROM FXPLOSION OF BARE
SPHERICAL PENTOLITE CHARGES

Test Test
Variable Units Number 1 Number 2 Avergge_.
Transducer Data
t7 Microseconds -- 72 =
th Microseconds 157 133 147
At Microseconds = 61 -
M7_10 None == 3.62 -
AP7-10 (calc) psig =5 210 --
A ?10 psig 92 100 96
1,/4 7R psi-microsec | 3365 3343 3354
T, Microseconds 160 141 151
Streak Camera Data
M8.5 None 3.40
A Py 5 (calc) psig 172
MlO None 3.09
AP,  (calc) psig 139
10
|
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wvas then substitut.d in the Rankine-Hugoniot relation for air shock waves:

7P

0

2
AP w8 [”7-10) -1 (3)

to obtain a calculated value of the shock-wave overpressure. This value

is followed in the table by the measured peak pressure at 10 inches from
the charge. Next are listed the impulse per unit area und the duration
of the positive pressure portion of the record measured at the 10-inch

station. The unit impulse was obtained by planimeter measurement of the

area under the pressure record for time th <t< (tlo + T*). That is:

1, 10
277 e ()
wn® ey,

From the streak record, wave velocities were reduced at 8.5 and 10 inches
from the bomb, and were used to calculate peak shock-wave overpressure

by relutions equivalent to Fq. 2 and 3. The calculated value of 172 psig
at 8.5 inches is approximately 18 percent below the value of A P calculated
from blast-wave transit time. However, the 8.5-inch distance measured in
the slit plane of the camera is approximately 0.5 inch farther (radially)
from the bomb than the midpoint distance between the two transducers,
Therefore, the "streak" pressure should be somewhat below the "transducer-
derived" pressure, and the agreement is believed to be quite good.

The measured peak pressures, A PIO' for the two tests were only 8 percent
different from each other, and their values were approximately 31 percent
below the streak-velocity-derived calculated overpressure at 10 inches

(A Pw((‘alc) = 139 psig). This discrepancy is believed to be caused pri-
marily by the inability of the transducer to respond faithfully and repro-
duce the firrt few microseconds of wave passage. In the following dis-
cussion, this discrepancy is further examined by comparing these limited

data with those available in the literature.
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Transducer inability to measure the leading edges of a steep-fronted shock
wave and to measure peak pressure if the shock is immediately followed by

a rarefaction wave was recognized at the outset of this program. It was
intended to calculate peak shock overpressure from velocity measurements,
snd to use the pressure data of the transducer to obtain positive pressure
duration and unit impulse. Aside from general interest in hov close the
transducer actually comes to indicating true peak pressure, primary interest

is in how deficiencies here affect the accuracy of unit impulse measurement.

Goodman (Ref. 1) compiled data on blast-wave properties resulting from
detonation of 50/50 Pentolite charges of 0.25-pound and larger. He
reported that peuak-pressure data could be correlated as a function of

radial distance, R, from an explosive charge of weight, W: i
-1
ar -1 @ v (5)

His correlating line is reproduced in Fig. 8, In the region of interest

to this study, the data vere obtained with pressure transducers, and

exhibited scatter of about 25 percent,

Reutenik and Lewis (Ref. 2) detonated large charges (217 and 12,000 pounds)
of both 50/50 Pentolite and TNT. Their strain-gage pressure transducer
data lie substantially higher than Goodman's curve, however, their data
had been treated analytically to obtain an improved estimate of peak
over-pressure by extrapolating backward in time along the pressure-decay
curve. Their correlating curve is also shown in Fig. 8; values of over-
pressure greater than 40 psig were extrapolatéd by them, based on Goodman's
data.

Data points from the current two 50/50 Pentolite tests are also shown

in Fig. 8. It is seen that the direct-pressure transducer data agree

with Goodman's correlation, while those derived from velocity data agree
with the Reutenix and Lewis correlation. The implication of this is that
the current measurements are as good as direct-pressure transducer measure-

ments normally are found tc be. The data correction technique used by
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Reutenik and Lewis could not be applied with precision to the current data
because Nocketdyne had both considerably higher amplitudes and shorter

positive durations,

Another factor demonstratin: that the current transducer pressurc data
are comparable with those of other investigators, is the unit impulse. |
The measured values in Table 1 are not only less than 1 percent different
from each other, but their average is only 1.3 percent higher than a value
of 3310 psi-microsec obtained from a unit impulse correlation given by *
Goodman (Ref. 1).

The error in measuring unit impulse is therefore believed to be just that
resulting from the failure of the transducer to reproduce the very steep
and very narrov leading edge of the pressure front. Consider the following

values:

Pressure, |
psig + ‘ IH
Ly

&
Time, microseconds

The area between the dotted "true" pressure curve and the solid transducer-

indicated pressure curve is approximately 320 psi-microsec; i.e., approxi-

mately 9.5 percent of the tabulated unit impulse, and approximately 8.7
percent of the sum of the tabulated and error values. If the total indi-

cated rise time vere only 3 microseconds, these errors would be reduced

to 7.1 and 6.5 percent, respectively.
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Bomb Design Parameter Variations

The bomb design parameters which were varied wvere:

1., Explosive charge veight, W

2. Case thickness, Tc
3. Charge length-to-diameter ratio, L/D 4
4. Case material

5. Type of explosive

Charge weights of 5.5, 13.5, and 50 grains were selected for the cold-flow
characterization studies. Approximately equal intervals of in [Vl/j] vere
believed to be desirable because in previous studies blast wave peak pres-
sure and impulse had been correlated on that basis.

nowb case thicknesses of 0.063, 0.125, 0.250, and 0,500 inch were used.

It was thought that this range would certainly include the thinnest cases
likely to be used in a hot-firing program, and that the range was Lroad
enough to delineate clearly the effect of thickness on bomb characteristics,

Explosive charge I/D ratios of 1.0 and 4.0 were selected as nominal design

values, Whenever a commercial detonator constituted the entire charge,

' hovever, the L/D ratio had some intermediate value.

The bomb cases were made of nylon or Micarta. These materials have been
observed to break up differently in this application; nylon tends to
fragment into moderately large chunks, wvhile Micarta tends to fragment
into lighter weight shreds characteristic of the cloth matrix.

High explosive charges were used for the majority of the bombs fired.

The design details are listed in Table 2, which shows that three differ-
ent kinds of high explosive were used: PETN, RDX, and Composition C-4
plastic explosive. RDX and PETN have been found to produce nearly identi-

t cal air-shock characteristics (Ref. 3). With similar confinement, Compo-
{ sition C~4 is equally as brissaut and energetic as PETN; hence, it was
|
LYY
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i not anticipated that th: use of different high explosives would influence
thke characteristics. Composition C-4 was selected mainly because of its

plastic properties, i.e., it is easier to handle than granular explosives,
and hazardous spills and loss of a portion of a weighed charge during bomb

loading are less likely to occur. The bombs were assembled as sketched

in Fig. 9, vith the initiating detonator either constituting the entire

charge or partially immersed in the base charge. For L/D ratio purposes,
the equivalent charge length was calculated as:

L= —&5 L;i + ;!] (6)

4 d

vhere subscripts b and d denote base and detonator charges, respectively.
A smal]l amount of foamed polyurethane packing was inserted in the open end

of the case to keep the detonator in place.

i A series of tests was made with the high explosive replaced by Hercules
Bullseye No. 2 (a fast-burning, double-base pistol powder) which was
selected because of its previous history of use in stability-rating

pulse guns, Explosion of the powder was initiated by a miniature electric
match containing 1.5 grains of pyrotechnic, which is little more thamn a
source of heat for igniting the powder charge. The entire charge weight
vas thus pistol povder. Rather than redesign the bomb cases to account
for the lower density of the pistol powder than that of the Composition
C-4, the same cases were used, and the L/D ratio was allowed to vary.

Bomb design details are listed in Table 3. The number of tests conducted

with each bomb design are also indicated.

Experimental Results

Three kinds of rav data werc obtained from open-air bomb explosions:
(1) framing shadowgraph sequences, (2) streak shadowgraph sequences, and
(3) pressure records; all were recorded directly at test time on 3- by

4-inch Polaroid prints. In this section, examples of the rav data and
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the methods of their reduction to quantitative data are discussed, and the

tabulated data are presented.

Framing Photograph Sequences. An example of the framing shadowgraphs has
already been given, Fig. 6, for a 50/50 Pentolite charge. The uncomplicated

propagation of a nearly spherical blast wave over the transducer mounting
plate shown there is considerably more distinct (because the charge is
larger and bare) than similar records with bombs. The blast wave is also
more cleanly separated from the explosion products because there was no
case debris thrown ahead of the explosion products. Nevertheless, Fig. 6

does present a typical picture of the blast-wave-mounting plate interaction.,

No direct quantitative data were taken from the framing shadowgraphs. They
were used principally for indications of unusual occurrences that might
invalidate the data, and for auxiliary, blast-wave, position-time informa-
tion in instances where case-particle impacts near a transducer made it

difficult to determine when the blast wave crossed that transducer.

Strenk Photographs. Streak shadowgraphs were obtained simultaneously with

the framing shadowgraph sequences., In those taken in the neighborhood of
the transducer mounting plate, the blast waves were usually distinguishable
on the original prints, but sometimes just barely. The mecthod of data
reduction was identical to that for the strcak photojraphs taken with

bombs in the field of view, described below,

A direct streak photograph of a bomb detonation ,is reproduced in Fig. 10.
It was taken by aligning the camera so that its internal slit viewed a
10-inch-long by about 0.020-inch-wide field normal to the axial center-
line of the bomb. The bomb was backlighted (Fig. 1) so that its diareter
formed . dark shadow near the center of the camera's field of view, which
extends upward in time from the buttom of the photograph in Fig. 10. The
thin, dark lines parallel with that bomb image are '.00-inch grid
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Figure 10. Streak Photograph of High-Explosive,
Nylon-Case Bomwb Detonation




marks (and some scratches from previous tests) on the 1/4-inch-thick

Plexiglas fragment shield for the backlighting apparatus.

Detonation of the bomb resulted in simultaneous radial propagation of a
blast wave, case debris, and explosion products. At that time, the back-
lighted image of the bomb on the streak photograph was replaced by their
cumilative backlighted images., The slope of the edge of an image is

proportional tov the velocity of the material that made the image. Most
of the dark "fan" on the photograph is from case debris and explosion
products. In most cases, the shock trace quickly separated from and led
the material flow. The slope of the shock trace then is proportional to
the shock velocity.

These particular photographs were taken to obtain initial velocities of
the shock waves., With moderately large charges, the initial wave is
readily distinguishable on such a record; as the charge weight is reduced
and the bomb case becomes proportionately more massive, the initial shock
wave becomes more and more difficult to identify. Many times during these
experiments, the only direct evidence of the initial shock was a diffrac-
tion of the grid line images as it passed over them. For that reason,
each photograph was examined carefully with a stereoscopic microscope,
and each shred of evidence of the passage of the initial wave was care-
fully marked with a sharp stylus. These marks wvere subsequently used as
the basis for constructing a line tangent to the initial shock wave at
the instant of bomb rupture. The slope of the tangent line was converted

to initial shock velocity.

Two values of initial shock velocity were obtained from each bomb firing,
one from the right side end another from the left side of the streak

photograph. Usually, the bomb was not centered in the photograph, but
was offset to the left. The left- and right-hand velocities generally
agreed within about 5 to 10 percent of each other. In cases of wide
disparity betveen them, it is believed that the right-hand side should be
preferred. This is because fragments may have initial velocities higher
than the initial shock velocity, so that discrimination of the shock
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very soon after detonation is not as reliable as it is at later times;
the right-hand side has a longer time period through which to examine the
photograph and extrapolate backward to the instant of detonation.

Blest-vave overpressure was calculated for each value of wave velocity
by means of Fg. (2) and (3).

Transducer-Measured Pressures, A f{ev examples of typical pressure records
obtained with the acceleration-compensated Kistler Model 603A located
10 inches from high-explosive, nylon-cese bombs are shown in Fig. 11.

Measurement difficulties imposed by ihe shower of bomb-case fragments
attending the blast vave are apparent; each pressure trace had from a few
to many spurious signals superimposed on the "real" pressure histories.

Their interpretation as fragment impacts on or near the transdncer was

supported by observations of cratering in the RTV rubber potting around
the transducers and of occasional complete obscuration of the shock front
on the streak photographs by particles traveling beoth uhead of and behind
the front. Such loss of data made it necessary to run a large number of
replicate tests; as 3een in Table 2, a total of 75 bombs was fired to
accomplish characterization for 20 high-explosive, nylon-case configura-
tions.

Several examples of pressure data obtained with high-expiosive, Micarta-
case bombs are shown in Fig. 12. The pressure traces were considerably
less complicated by spurious signals from particle impact than had been
experienced vith nylon cases. This beneficial result, probably caused
by the tendency of the Micarta bomb to fragment into shreds rather than
chunks, may be an important effec’ to consider in selecting bombs for
rating engines wvhich have potentially delicate chamber components.

Pressure records from low-explosive, nylon-case bomb explosions are shown
in Fig. 13. Here again, there were fewer difficulties with case-fragment
impacts giving spurious pressure signals; this wvas a result of the explo-

sion having been less brissant than with high explosives. With 0.063-inch-

thick cases, however, the pressure records were considerably different
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than any that had been observed with previous bombs. There were frequently
two pressurc vaves (and twice there were three) spaced at irreproducible
time intervals. The first vuve wvas steep fronted and sometimes had only
e mederate amplitude; it apparently resulted from case rupture prior to
complete burning of the powder. The second wvave was less steep and had

a peoak amplitude that is probably related to charge weight and its time
of appearsance after the initial wave. Two of the records appeared remark-
ably similar to pressure records obtained with pressure transducers in
the barrel of the pulse gun, vhich are discussed later. With 0.250- and
0.500-inch-thick cases, the pressure traces had an appearance much like
those from high-explosive charges. It was initially thought that these
charges vere so vwell confined that a high deflagration rate was achieved,
and the powder was essentially consumed prior to case disintegration. As
is noted later in the correlation of these lov-explosive data, the fact
that pressure amplitudes increased with increasing case thickmess (as
contrasted with the opposite effect with high explosives) belies such a

conclusion.

The pressure record photographs vere analyzed tc obtain direct-measured

values of peak overpressure, positive unit impulse, and positive duration
of the hlast wave., Additionally, the trmansit time for wave travel between
the two transducers gave an average wvave velucity from which an overpres-

sure vas calculated.

Data Tabulations. A complete tabulation of the data concerning the initial

blast wave near high-explosive, nylon-case bombs is given in Table &.
These data are from the streak photographic records; no pressure transducer
data were recorded during these experiments. Data concerning the blast
wvave in the neighborbood of the pressure transducers are tabulated in
Table 5 for the high-explosive, nylon-case bombs, in Table 6 for the high-
explosive, Micarta-case bombs, and in Table 7 for the low-explosive, nylon-
case bombs. The time increment from electrical fire signal to actual rup-
ture of the nylon case wvas not as reproducible with low explosives as it

had been vith high explosives. The variability was several times the
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TABLE 6
AIR BIAST WAVE DATA (HIGH-EXPLOSIVE, MICARTA-CASE SFRIES)

Data Derived From Pressure
7~ to 10-inch Transit Time Information
Bomb Charge Charge Case ATime (7
Code | Weight, L/D Thickness, | to 10 Inches), Veloci ty, Mach | Overpressure,
Number | Grains Ratio inches microsec in./microsec Number peig
5 5.5 1.3 0.063 179.7 0.0167 1.227 8.2
s 177.5 0.0169 1.243 8.8
175.2 0.0171 1.259 9.4
4 172.9 0.0174 1.276 10.0
s - _ —_ _
14 0.250 176.8 0.0170 1.247 9.0
155.0 0.0194 1.423 16. 4
* 153 .4 0.0196 1.438 17.2
¢ 152.1 0.0197 1.450 17.7
* v 150.4 0.0199 1.466 18.5
4 13.5 2r.7 0.063 100.0 0.0300 2.206 62.5
l l 1.0 0.063 113.0 0.0265 1.952 5.2
* * 98.5 0.030 2.239 .9
12 13.5 2.7 0.250 121.7 0.0247 1.813 36.8
1.0 136.2 0.0220 1.619 26.1
142.0 0.0211 1.553 22.7
1 50 0.063 105.8 0.0284 2.085 54.0
82.6 0.0363 2,670 99.2
82.6 0.0363 2.670 99.2
82.7 0.0363 2.670 99,2
13 0.250 124.6 0.0241 1.770 34.4
137.7 0.0218 1.602 25.2
Y Y 143.5 0.0209 1.537 22.0
16 50 4.0 0.250 115.9 0.0259 1.903 42,2
2 50 4.0 0.063 92,7 0.0324 2.379 75.4
M *Rows marked with an asterisk are data obtained with a second oscilloscope simultaneously with
.'
’
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TABLE 6
WAVE DATA (HIGH-FXPLOSIVE, MICARTA-CASE SFRIES)

Data Derived From Pressure Transducers

7- to 10-inch Transit Time Information
(7 Measured Positive Unit
nches), Velocity, Mach Overpressure, | Overpressure, | Duration, Impulse
Brosec in./microsec Numbey psig psig microsec psi-microsec

0.0167 1.227 8.2 7.5 199 515

0.0169 1.243 8.8 7.8 196 428

0.0171 1.259 9.4 7.7 230 -

0.0174 1.276 10.0 8.1 233 430

— = — - 177 _—

—_ —_ - 6.3 170 420

0.0170 1.247 9.0 9.0 163 -

0.0194 1,423 16.4 10.6 166 350

0.0196 1,438 17.2 10.5 161 341

0.0197 1.450 17.7 10.0 179 328

0.0199 1.466 18.5 10.2 179 36

0.0300 2.206 62.5 20.5 199 -

0.0265 1.952 45.2 16.9 183 934

— — = 1805 169 -

0.0305 2.239 64.9 20.2 179 901
0.0247 1.813 36.8 13.5 194 642

0.0220 1.619 26.1 18.6 173 522

0.0211 1.553 22,7 14.6 170 5k1
0.0284 2.085 54.0 31.5 184 1436
0.0363 2.670 99.2 35.8 210 1759

0.0363 2.670 99,2 >40 179 -

0.0363 2.670 99,2 55.1 179 2280

0.0241 1.770 34.4 23.5 144 1109

0.0218 1.602 25.2 21.8 171 1057

0.0209 1.537 22,0 22,9 176 980

0.0259 1.903 42,2 3h.3 150 1297

”
0.0324 2.379 75.4 30.6 186 1933

b with a second oscilloscope simultaneously with the data in the preceding row.
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TABLE 7
AITt BIAST WAVE DATA (LOW FXPLOSIVE, NYLON CASE SIRIFS)

Data Derived From Pressure Tran
7- to 10-inch Transit Time Information
Bomb Charge Case Charge A Time (7

Code Weight, Thickness, L/D to 10 Inches), Velocity Mach Overpressure, Ov
Number | Grains Inches Ratio microsec in./microsec Number psig
16HB 50 0.250 7.3 149 0.02013 1.480 19,2
Y ¥ V 160 0.01875 1.379 ik
1HB 0.063 2.0 189 0.01587 1.167 5.8
186 0.01612 1.185 6.5
* 182 0.01648 1,212 7.5
186 0.01612 1.185 6.5
* 183 0.01639 1.205 7.3
20HB 0.500 7.3 146 0.02054 1.510 20.6
v Y | 162 0.01851 1.361 13.7
2HB 50 0.063 7.3 190 0.01)78 1.160 5.9
* 181 0.01604 1.179 6.3
183 0.01639 1.205 7.3
179 0.01675 1.232 8.4
3HB 0.500 12.0 167 0.01796 1.321 12.0
LHB 13.5 0.063 2.1 202 0.01485 1.092 3.1
‘ 199 0.01507 1.108 3.7
194 0.01546 1.137 4,7
6HB 13.5 0.063 3.9 196 0.01530 1.125 4.3
200 0.01500 1.103 3.5
197 0.01522 1.119 4.1
12HB 13.5 0.250 2.1 152 0.01973 1.451 17.8
164 0.01829 1.345 13.0
* 161 0.01863 1.370 14,1
168 0.01785 1.313 11.7
164 0.01829 1.345 13.0
15HB 13.5 0.250 3.9 171 0.01754 1.290 10.7
* 167 0.01796 1.321 12.0
171 0.01754 1.290 10.7
167 0.01796 1,321 12.0

*Rows marked with an asterisk are data obtained with a second oscilloscope simultaneously with that
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TABIE 7
R BIAST WAVE DATA (LOW EXPLOSIVE, NYLON CASE SIRIFS)
Data Derived From Pressure Transducers
~ 7~ to 10-inch Transit Time Information

A Time (7 Measured Positive Unit

10 Inches), Velocity Mach Overpressure, | Overpressure, | Duration, Impulse

sicrosec in./microsec | Number psig peig microsec psi-microsec
149 0.02013 1.480 19.2 13.5 186 910
160 0.01875 1.379 14.4 9.9 172 656
189 0.01587 1.167 5.8 h.h 182 383
186 0.01612 1.185 6.5 5.2 224 364
182 0.01648 1.212 7.5 5.3 223 395
186 0.01612 1.185 6.5 4.3 203 323
183 0.01639 1.205 7.3 4.3 199 362
146 0.02054 1.510 20.6 19,2 199 1410
162 0.01851 1.361 13.7 27.6 193 1640
190 0.01578 1.160 5.5 4.2 182 290
181 7.01604 1.179 6.3 5.3 182 297
183 0.01639 1.205 7.3 4.3 150 274
179 0.01675 1.232 8.4 h.h 158 270
167 0.01796 1.321 12.0 9.0 204 710
202 0.01485 1,092 3.1 2.5 179 195
199 0.01507 1,108 3.7 2.0 205 171
194 0.01546 1.137 4.7 3.7 167 273
196 0.01530 1.125 4.3 2.4 208 295
200 0.01500 1.103 3.5 1.3 160 87.5
197 0.01522 1.119 4.1 2.3 302 168
152 0.01973 1.451 17.8 >8.0 188 0ff Scale
164 0.01829 1.345 13.0 8.6 195 591
161 0.01863 1.370 14.1 8.6 197 593
168 0.01785 1.313 11.7 7.6 189 538
164 0.01829 1.345 13.0 7.9 191 563
171 0.01754 1.290 10.7 6.6 195 460
167 0.01796 1.321 12.0 6.8 195 476
171 0.01754 1.290 10.7 8.3 182 505
167 0.01796 1.321 12.0 8.7 182 521

ained with a second oscilloscope simultaneously with that in the preceding row.
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approximate 100-microsecond duration of a streak film record; therefore,
after several attempts, streak photography was abandoned and only pres- ]

sure transducer data were taken. Streak photography was then alfo omitted

from the high-explosive, Micarta-case experiments so that a larger number

might be fired.

Data Correlations

Correlating Method. The experimental data were analyzed to establish corre-

lations between individual output characteristics and the bomb input para-
meters, The multiple regression correlating techniques used are summarized

in Appendix A.

Responses Considered for Characterization. The output parameters which were

considered in characterizing the bomb were positive duration, positive im-

pulse, and peak pressure. Positive duration is the time duration of over-
pressure; i.e., the time interval between the first indication of a pressure
rise and the instant that the pressure next falls below its initial level,
For each test, unit positive impulse was obtained by integrating the pres-
sure time curve, using a planimeter or photographic records such as those
in Fig. 11 through 13. The time base used was the positive duration (Bg. 4).

Peak pressure data may be obtained directly from the pressure traces, but

the pressures derived from wave velocity data were believed to be more

accurate and were the ones correlated.

Positive Duration. The positive duration developed as being of little

value in the characterization. From the raw data it appeared that posi-
tive duration did not vary significantly over the range of input parameters
(explosive weight, explosive shape, and case thickness). Actually, a weak

correlation (multiple correlation coefficient of 0.6) with charge weight

.';- was found:

InT, =497+ 0.064 In W (7)
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vhere ‘l"_ is positive duration in microseconds measured 10.0 inches from
the bomd centerline and W is charge veight in grains. From this fitted
equation, the average durations for charge weights of 5.5, 13.5, and 50
grains are, respectively, 161, 171, and 186 microseconds.

Unit Positive Impulse. Conversely, the unit positive impulse was very well
correlated to the bomb parameters for characterizing the bomb lata. Not
only are these data more repeatable, but also most of the variation in im-
pulse can be explained in terms of the input parameters. A model for high-
explosive, nylon-case bombs wvas obtained which had a multiple correlation
coefficient of 0.996, thus, the model accounts for more than 99 percent of
the variation in impulse. Further, all three input parameters were signifi-
cant in describing impulse. Case material was found not to be significant
vhen Micarta wvas used in place of nylon; thus tbe following single model
can be used for high-explosive charges encased with either material:

In I, = 3.62 + 1.0k 1o W - 0.07% (1nW)’-0.353 InT_+ (8)

0.112 1n (1/D)

In this model, Iu is unit positive impulse, measured in psi-microseconds
at a location 10.00 inches from the bomb centerline; W, charge weight in
grains; 'l‘c, the case thickness in inches; and L/D, the shape factor.

The error in unit positive impulse is about 8 percent as measured by the

residual standard deviation (see Appendix A).

It should be noted that the term (1ln W)2 is included in the correlation
to account for a slight nonlinearity in thke effect of bomb weight. Be-
cause such a term is included, the correlatin} equation cannot be used to
infer what would happen for charge weights much larger than the 50-grain
size used in this program. For larger weights, the square term beco..es

dominant to give unreasonably low predictions.
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The data points correlated are shown in Fig. 14 together with correlating
lines from Bg. (8). The effect of case thickness, vhile not as great as
that of weight over the range of variation considered for each variable,

is still appreciable.

In the bomb data analyzed, the variable weight and case thickness appear

to be independent in their effects on unit impulse. That is, the effect

of thickness is apparantly the same for each charge weight (and vise versa).
Similarly, there is no apparant interaction of shape and case thiclmess or
of charge weight and shape.

When the high explosive was replaced by the low-explosive Hercules Bullseye
No. 2 povder, quite different effects were ouserved. The model for unit

impulse became:

In I, « 6.08 + 0.560 In W + 0.777 In T_ - 0.152 (1n /D)% (9)

It is of the same general form as the model for high explosives, but the
signs of two of the terms have been reversed. The most significant reversal
is that, with pistol powder, the impulse increased, rather than decreased,
with case thicknesa. Further, the effect of weight is somevhat less impor-
tant than that of case thicimess. These reversals offer positive evidence
that lowv-explosive bomb output characteristics are predominantly controlled
by the parameters that contr¢l case rupture. This is further substantiated
by the observed secondary pressure waves (Fig. 13) which apparently resulted
from continued burning of residual explosive after case breakage. Although
data wvere not obtained with lov-explosive, Micarta-case bombs, such a

change in case material vwith this explosive should be expected to have a
strong influence on the output characteristics.

The error in the fit for the lov-explosive bombs was only slightly greater
than for high-explosive bombs, being about 13 percent. The increase can

be attributed to the fact that there are fewer data in the amalysis. For
simplicity of analysis, all rav unit-impulse data from bombs of the same
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configuration were averiuged before the correlations wvere computed. Thus,
the 1n Iu was the logarithm of the average, not the average of the loga-
rithns., It is not expected that this proceaure has any significant effect
on the values of the coefficients obtained. Since the numbers of observa-
tions on the bombs of various configurations varied =omevhat (last columns
of Tables 2 and 3), some of the data included in the analysis were more
stable than others, being averages of a greater number of rav observations.
While a more rigorous analysis would take these differences into account,
it was not felt that the improved precision of the results was worth the
added expense and trouble of analyzing all the data separately. This pro-

cedure does not affect the average accuracy of the results,

Peak Pressure. There are four kinds of peak pressure duta that have

been obtained from these experiments:

’ ’
1. Direct-pressure transducer data obtained with a Kistler Model
603A transducer, located 10.00 inches from the bomb centerlines

2. Pressure calculated from an average blast-wave velocity as de-
termined by measuring its transit time between two pressure
transducers, located 7.00 and 10.00 inches from the bombs,
respectively

3. Pressures calculated from local blast-wvave velocity as determined
by streak photography

a. In tLe neighborhood of the bombs

b. In the neighborhkood of the transducers

As indicated earlier, the direct-pressure transducer measurements are
believed to provide valid indications of unit impulse, positive duration,
and wave shape, and yet give the least reliable measure of peak pressure.
The other methods for obtaining peak pressures are all based on calculating
shock-vave overpressure from wave velocity data. The correlation of peak

pressure was attacked, therefore, through a correlation of wave velocity..
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The blast-wave velocity data were obtained at various distances from the
bombs. Since time from detonation and distance from the bomb are related
through the wave velocity, either time or distance may be used in the

correlation. It was thought to be reasonable that the wave velocity
‘would decay exponentially with time and in a more complicated manner with
distance. Time was selected, therefore, as the correlating variable.

Correlating models of the form
b c
(cg), = A W'T~ (1/D) (10)
for the initial wave velocity, and
c_ = (c) ex [BW"T‘t] (11)
s s/o **P c

for the data in the neighborhood of the transducers, were attempted. The

e B Py -

model for initial vave velocity gave:
1n (°.)o - -4,507 + 0.186 1In W - 0.557 In T, (12)

No significant effect of the charge shape factor (L/D ratio) was found.
Curves of initial shock-wave cver pressure, calculated from velocities

! derived from this equation, are shown in Fig. 15 with the individual,

. velocity-derived. initial-overpressure data points. This graph employs
a semi-logarithmic scale, rather than the log-log scale which would be
more appropriate for the correlating equation, so as to show that the data
can very reasonably be extrapolated to the value of overpressure given in

: the literature for bare charges of 50/50 Pentolite. It is seen that a con-
fining case around the charge greatly decreases the initial-shock-wave
amplitude. The reduction is nearly an order of magnitude even for the
thin case of the Olin Plasticap 5.5-grain detonator. This effect is ob-
viously lessened by increesing charge weight, but, within the charge sizes

of interest in stability rating, it is a very strong effect.
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Figure 15. Initial Sitock Wave Amplitude Calculated From
Streak Velocity Near the Bomb-Case Surface
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The model for exponential decay of blast-wave amplitude, Eq. (11), did not
yield satisfactory correlations. A more complex model, employing quadratic
terms, was found to correlate the data well; the error in velocity was
about 8 percent as indicated by the residual standard deviation., This
model, however, -required a variable constant whose value depended upon the
method or position of data acquisition:

2

HE | In o = constant + 5.21 t - 4.82 t° + 0.186 1n W -
v ]
| 1.05t° InW-0.557 InT_+1.86 t In T_ -
: 2
L19 ¢” I T, (13)
g
i} ¥ where t is measured in milliseconds and velocity in in./microsec. The

’ constant term vhich depends on the type of measurement involved, is as

follows:
- 5.286 for streak photograph data taken in vicinity of
transducer

- 5,397 for transducer transit-time velocities
! - 4.507 for streak photograph data taken in vicinity of bomb.
!
s i No significant effect of the shape factor L/D was found. The quadratic
1

terms in time were used to account for what are probably asymptotic effects,

f such as the wave velocity approaching the sound velocity as time increases,

While the correlation of the data by the model of Eq. (13) was quite good

{ i (9.0 percent error based on the standard deviation), the need for a variable

1 constant is not particularly satisfying, It is of interest to note that
the cwo values of this conztant which correlated the rata from the neighbor-

{ ! hood of the transducers were in essential agreement, giving velocities

that differed by about 12 percent [exp (5.397 - 5.286) -1].
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Conversely, the mean value of those constants, inserted in Eq. (13) with
t = 0, gives velocities that are smaller by a factor of 2.3 [exp (5.341 -
4,507)] than those given by Eg. (12). This large disparity might partially
be attributed to the fact that the data were obtained from two sets of
experiments (Table 4 and 5), but is more likely a result of the data having
been ocbtained in two discrete spatial groupings, one at the bomb surface,
and the other in the interval of 5 to 10 incher from the surface, with no

intermediate points to bridge the gap.

The lack of intermediate data is made clearly evident by plotting the data
on an overpressure vs reduced distance basis, such as that used earlier to
show that the instrumentation system gave peak-pressure data in agreement
with other investigators' results (Fig. 8). In Fig. 16, a separate graph

is given for each of the three charge weights tested. The heavy, solid line
that sweeps down to the right across each graph is the mean correlating line
of Goodman (Ref. 1), and the heavy, dashed line is that of Ruetenik and
Lewis (Ref. 2) for large, bare high-explosive charges. As discussed earlier,
small bare charges of 50/50 Pentolite gave direct transducer peak pres-
sures that agreed with Goodwan's correlation and wave-velocity-derived
pressures that agreed with Reutenik and Lewis',

All three sets of velocity-derived data for nylon-case bombs are plotted
in Fig. 16, The initial-shock-wave amplitude data appear at low values

of reduced distance, i.e., the outer radius of the case divided by the
cube root of the charge weight for those data. It is noted that this
convention forces data for a high L/D ratio to move to the left of data
for a low L/D ratio. Data obtained by transducer transit time and streak
photography near the transducers appear at high values of reduced distance,

and are indistinguishable from cne another.

The strong attenuating effect that the presence of a confining case has
on the initial-shock-wave overpressure is again seen. In some cases,

the plotted initial-shock values are as much as two orders of magnitude
lover than Goodman's correlation. As compared with Fig. 15, this type
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of plot comes reasonably close to permitting a single correlating line for
all of the initial-shock-wave amplitude data. If one assumes a single
straight line, its equation would be of the form

InP =a-blnZ (14)

or, substituting for Z,

lnPi-a+l/3ban-blnR (15)
Recognizing a correspondence of Pi to (c.)o and of R to Tc, it is interesting
to compare this expression with Eg. 12, and note the precise agreement of

the coefficients of the logarithmic terms.

Somevhat arbitrary dashed lines have been sketched in Fig. 16 to connect
data points from similar bombs. The shapes of these connecting lines were
suggested by one set of streak-velocity-derived data from a single bare
13.5-grain, plastic-cased detonato~ that was fired in the preliminary
transducer evaluation. Those points are plotted as X's in Fig. 16b. There
is a strong implication that the blast-wave strength is maintained (or
degraded at a wuch lower rate) for some distance from the bomb, and that
the wave amplitude sooner or later becomes asymptotic to the behavior of

a wave from a bare charge. Whether or not this effect, which is almost
certainly attributable to the behavior of bomb-case fragments, is still
appreciable at a distance 10 inches from the bomb, is obviously related

to both charge veight and case thickness.

Except for the variable constant, the velocity correlation model could be
used to calculate the pressure vs reduced distance curves vhich were roughly
sketched in Fig. 16, An attempt to obtain a fit for all the data with a
single constant, however, resulted in a very poor model, and several attempts

to obtain a model in terms of velocity and distance were unsuccessful.

It was concluded that the bomb-to-transducer distance had unfortunately

been chosen such that a number of the observed blast waves had acheived
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asymptotic recovery to bare-charge behavior, wvhile others were at various
stages in the recovery process. The difficulty in obtaining adequate cor-
relation probably stems from mixing data from those two categories. Had
more streak-velocity data been sought in the 0- to 5-inch range, a valid
model for the recovery process probably woul! have been obtained.

From the available models, hovever, it is apparent that the initial-shockvave
correlation is the one of most value for characterizing bombs for stability
rating. Even though they did not correlate as well, the direct pressure

and distant velorcity data provided useful information on the blastwave

shape, impulse, duration, case material, and explosive-type changes which

could not have been discerned from streak records alone.

Effect of Case Material. The transducer transit-time velocity data
for Micarta and nylon cases are compared in Table 8. These results sug-

Zest that the nylon and Micarta cases are quite similar in their behavior.

PULSE GUNS

The combustion stability rating device kmown as the "pulse gun," introduces
a blast wave into a rocket combustion chamber that is followed by a trans-
ient directed flowv of combustion product gases. Pulse guns were cold-flow
characterizsed in this program by firing them into a 50-gallon tank that
was prepressurised vith an inert pressurant, and by measuring various

perameters near the inlet of the gun to the tank.

Experimental Apparatus

Pulse-Gun Hardware. The pulse guns evaluated were fabricated by Rocketdyne
from prints of engineering drawings supplied by AFRPL, The guns are ostensibly
identical to those developed at Aerojet—General Corp., and used for stability
ratings there and at AFRPL. A cross-sectional viev of an assembled pulse

gun is shown in Fig. 17a, essentially reproduced from Ref. &. It consists

of an explosive charge loaded in a center-fire cartridge, contained within

a sealed combustion chamber (breech); a mechanism for imitiating explosion

of the charge; a passagevay (barrel) for comducting the explosion products
75
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TABLE 8

COMPARISON OF MICARTA AND NYLON CASE TRANSDUCER
TRANSIT TIME VELOCITY DATA

Charge

Case

Charge

Wave Velocity,

Weight, Thickness, L/D inches/microseconds
grains inches Ratio Micarta Nylon
5.5 0.063 1.3 0.0170 -
5.5 0.259 1.3 0.0188 -
13.5 0.063 2.7 0.0300 0.0273
13.5 0.250 2.7 0.0247 0.0227
13.5 0.063 1.0 0.0285 0.031%
13.5 0.250 1.0 0.0215 0.0189
50 0.053 4.0 0.032% 0.0408
50 0.250 k.0 0.0259 0.0313
50 0.063 1.0 0.0337 0.0408
50 0.250 1.0 0.0223 -
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into the combustor to be perturbed and a burst-diaphragm, pre—explosion
closure for that passage. The pulse-gun assembly is attached to the com-
bustor with a threaded connection that has a compression seal. The ex-
perimental arrangement used in cold—characterization firings is showmn

schematically in Fig. 17b.

There are two difference breeches: one ac:epts caliber .38 Special pistol
cartridges vhich are used for 10- and 15—grain charges the other acceptsa
caliber .300 Magnun rifle cartridges for 20-grain and larger charges*.
Standard center-fire primers are used to initiate explosion of the charges;
these are fired by impact wit. a firing pin, vhich is driven, in turm, by

combustion gases from a small, electrically initiated primer*#,

The pulse-gun barrel design wvas modified to accremodate pressure transducers.
A modified barrel having the same length as the standard barrel (Fig. 17a)
is shown in Fig. 18a. In the first firings, with the gun discharged into
the ambient air, the blast wave had not coalesced into a well-defined,
steep-fronted shock wave by the time it passed the last transducer location §
of that barrel. Therefore, a longer barrel was built, having a total length
equivalent to the longest blast-wave travel path in the subsequent rocket
motor riring program., This longer barrel design is detailed in Fig. 18b.

In the barrel, transducer ports were centered at distances of 1.4k, 3.72,
and 6.00 inches downstream of the seating surface for the burst diaphragm

flange.

*Maximmu charge weights of 80 grains were used ia this program. Even
larger charges have been used wvith larger breeches at Aerojet-Gc..2ral
Corp. (Ref. &). The resultant combustion chawber disturbance amplitudes
were found, however, to be related to he fraction of the breech volume
occupied by the =xplosive charge so that smaller disturlances resulted
from 160-grain charges that filled only 63 percent of the breech than
from 80-grain charges that filled 88 percent of the smaller breech.
These data were obtained with a single burst-diaphrags rating (20,000 psi).
#%*The Bermite MK11l3 Primer designated in tle pulse-gum specification ob-
tained from AFRPL, was replaced after about 16 charges were fired with

a similar primer that was available as surplus equipment from amother
program. This change had no observable effect upon the behavior of the

gun,
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Burst diaphragms having 7500-, 10,000-, and 20,000-psi pressure ratings

vere purchared from Fike Mfg. Co. The diaphragms served the triple function
of protecting the charges from exposure to combustion-product gas tempera-
tures, prohibiting explosion products to escape from the breech until the
charges were necarly completely burned, and forming a shock wave to initiate

the pulse.

Pulse Charges. A fast-burning, double-base, smokeless pistol powder (Hercules

Bullseye No. 2, or equivalent) is designated in the pulse-gun specification
received from AFRPL. This specification was adhered to for the majority of

the pulse charges fired, both in the cold-characterization and hot firings.
One of the desired evaluations was the effect of explosive type on the char-
acteristics of the gun. Several charges were tested, therefore, with a dif-

ferent explosive,

Some consideration was given to using a high explosive for the chage in
explosive type. This idea was soon rejected because of the possibility
that the breech might be ruptured before the diaphragm could break and

provide pressure relief from a highly brissant explosion.

It was desired to evaluate the effect of a substantial change in the ex-
plosive burning rate. The characteristics of commercial powders were ex-
amined, and it was found that a larger change could be effected by going
to slower burning powders. Among Olin powders, for example, WC230 (com-
parable with Hercules Bullseye No. 2) has a relative quickness of about

5 in comparison with WC846 (a 7.62-millimeter NATO military cartridge pow-
der and Olin's standard of comparison), while their fastest burning powder,

WC Blank, has a relative quickress of about 10. There are some rifle pow-

ders that burn even more slowly than WC846 so changes by a factor of 5
or more could be made by using slower burning powiers and by a factor of
only about 2 by using faster burning powders. It vas decided, therefore,

to select a slower burning powder. A check of those available locally
led to the selection of duPont Military 3031 which has characteristics
comparable with the 0lin WC846 referred to earlier. Because the slower

burning rate is partiallv achieved by reducing the percentage of nitro-

glycerin, the heat of combustion of the duPont Military powder is only

=
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about 70 percent that of Hercules Bullseye powder. For comparable charge
weight, therefore, the change in powder should be expected to give reduced
pressure amplitudes.

Charge veights tested were the same as those used by other investigators:
10~ and 15-grain charges loaded in caliber .38 Special cartridges and 20-,
30-, 40~ and 80-grain charges loaded in caliber .300 H&H Magnum cartridges.
The blast-wave magnitude may be predominantly controlled by the charge size,
but is also influenced by the burst-diaphragm rating, particularly if the
powder is only partially burned when the diaphragm ruptures (Ref. 5). For
that reason, both charge wveight and burst-diaphragm strength are quoted in
specifying a pulse charge.

To avoid confusion in presenting and interpreting data, a more completely
descriptive charge nomenclature is used in this report: each pulse will be
identified by the base charge weight, powder identification, and burst-
diaphragm rating. As illustrative examples, 15HB/10K designates a 15-grain
charge of Hercules Bullseye powder with a 10,000-psi burst diaphragm, and
40 duPM/20K designates a 4O-grain charge of duPont Military powder with a
20,000-psi burst diaphragm.

Instrumentation. Because the transients involved during testing requiired

instrumentation having the highest frequency response available, a search
was made to obtain components permitting high-frequency response rcompatible

with good precision and reliability in the explosive enviromment. This
led to the selsction of the Kistler 607L pressure transducer which has a
range of 0 to 30,000 psi, and good linearity. Its natural frequency is
approximately 130 kec.

The output of the transducer vas amplified by a charge amplifier flat to
150 kec. Primary data records were obtained by photographing the outputs
of two such transducers displayed on an oscilloscope. The two pressure
signals, together with an amplified temperature signal were also recorded
simultanecusly on magnetic tape. The magnetic tape provided backup in
case of malfunction of the oscilloscope, and also permitted more versatile
analysis and data reduction after the tests.




The frequency response of the primary pressure measurement system was limi-
ted by the natural frequency of the pressure transducer (130 kc), since the
oscilloscope and charge amplifier have flat responses above that frequency.
The tape-recorded data were limited in frequency response to 100 kc by the

electronics of the tape system, For this reason, leading edges of pressure

traces were analyzed using directly recorded oscilloscope traces only.

The pressure transducers were installed in the outermost two transducer ports
of the pulse-gun barrel (Fig. 18) in all tests. A 5-mil, chromel-alumel thermo-
couple was mounted in the middle port; thke thermocouple tip was recessed ap-
proximately 1/16 inch to avoid damaging it with burst-diaphragm and charge-
cartridge fragments., The response time of the thermocouple was quite long,

on the order of 1/ second; nevertheless, it proved to be useful in identi-
fying explosion product leakage past improperly tightened or cleaned diaphragm

seating surfaces.,

Experimental Procedure

It was originally planned to fire a total of six charges from each charge
category with the six charges distributed as follows: (1) one charge fired
into open air, (2) three charges fired into a 50-gallon tank contaiiling gaseous
nitrogen at ambient temperature and 150-psig back-préllure, and (3) twvo charges
with a back-pressure of 250 psig. A typical test sequence involved the fol-
lowing steps:

1. The components for a pulse—charge assembly, consisting of one dia-
phragm, one loaded cartridge, and one sqvib, were obtained from
storage, and the pulse gun was thoroughly examined.

2. The primer chamber, firing pin assembly, and diaphragm seating sur-
faces of the pulse gun were cleaned, and the hardware was inspected
for damage resulting from previous firings.

3. .ae diaphragm, cartridge, and primer were installed, and the pulse

gun assembly was mounted in the receiving lank.

4. The transducer lines were connected, the pressure in the receiving

tank was adjusted to the des ~ed value, the electronic instrumen-

tation was checked and the pulse gun was fired.




During the course of the firings, certain difficulties and problem areas
vere encountered repeatedly. Thewe are listed in some detail to provide
information vhich may prove helpful in future pulse-gun firings.

1. The veakeut component in the pulse-gun assembly was the firing
pin, Three firing pins were lost because of severe cracks in
the body of the pin. Two firing pins jammed within the obdurator
dirk during the early firings. No solution to the cracking of
the firing pins was found, but the jamming was apparently
eliminated by a careful cleaning of the pin and holder after
each firing, combined with a careful alignment of the pin within
its enclosing cylinder during the pulse-gun assembly. Future
pulse-gun designs might be improved by lengthening the piston
portion of the firing pin to improve the alignment.

2. During the first firing of the larger charges (40 to 80 grains),
it was noted that some runs showed leakage of combustion gases
under the seating surface of the diaphrage. This was first
discovered by examining the therm-couple trace and comparing it
with that of the upstream pressure transducer. In cases where
leakage occurred before rupture of the diaphragm, a definite out-
pat from the thermocouple was noted before the upstream pressure

step appeared. In severe leakage cases, the leakage was also

visible on the upstream pressure trace as a small pressure pulse

visible before the large pressure step caused by diaphragm

rupture (Fig. 19). Leakage vas practically eliminated by care-
ful attention to the cleaning procedure used on the seating

surface and by using a methodical tightening sequence during

pulse-gun assembly.

Examination of pressure traces from several firings showed con-

P
o
‘oA
.

RN g

! > § siderable ringing in the pressure transducers before rupture of
the burst diaphragm. Apparently this was caused by the mechanical
shock transmitted to the body of the pulse gun by the actuation

of the firing pin. In some runs showing an unusual amount of

ringing before diaphragm rupture, it was found by later examination
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Figure 19. Examples of Pressure Surges Before
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of the pulse-gun assembly that the firing pin exhibited considerable

friction within its contairing cylicder that apparently retarded
completion of its mormal stroke. Replacement of those firing pins
resulted in a smoother preshock trace.

A. Pulse-gmn firings into the receiving tank resulted in considerable
postrun vibration, which often loosened the pressure transducers in

their mounts. It was necessary to check the transducers after every

firing to see vwhether they had become loosened by vibration.

Experimental Results

The majority of the information obtained from pulse-gun firings is derived
from the recorded pressure-time data. In this section, examples of these
rav data are presented and discussad, and tabulations of the data reduced
from them are given.

Typical examples of pregsure-time traces obtained with the standard charge
categories tested are shown in Fig. 20. With the exception of Fig. 20c,
all records vere photographed directly from an oscilloscope., The record
of Fig. 20c wvas obtained from playback of fepe-recordad data from the same
firing as that shown in Fig. 20b. The reduction in response incurred in
the tape-recording process, using available equipment, is apparent. Addi-
tional examples of nonstandard combinations of charge weight and burst-
diaphragm strength appear in Fig. 21, and three of duPont Military powder
charges are shown in Fig. 22.

Many points of similarity can be discerned among the oscilloscope data as
well as a fev points of dissimilarity. There are also some unexplained
phenomena. In discussing these data, the same convention will be used as
was earlier in presenting bomb data: a numerical subscript of a para-
meter denotes distance from the source, in this instance, downstream of
the burst diaphragm. Thus Pl.u is the static pressure at a position 1,44
inches from the diaphragm, and &I.H-G.O is the blast-wave transit time
between transducers located at 1.44 and 6.00 inches from the diaphragm.
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a. A 20HB/7.5K Charge

200 micresec/cm

[ ]
=
2
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c. A 20 HB/20K Charge

Figure 21. Examples of Pulse Gun Blast Waves From Nens adard Charge
Weight and Diaphragm Strength Combinations
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The most obvious point of similarity among the pressure traces is the
apparent occurrence of two shock waves. This is most clearly seen with
the larger charges, but is readily identified with the smaller charges

as wvell., The initial steep-fronted pressure rise is undoubtedly a shock
wave resulting from the burst-diaphragm rupture. A se ond, sometimes less
steep-fronted, pressure wave follows the initial shock wave. The secondary
wave usually propagates faster than the initial wave (and thus tends to
overtake it), and often is seen to steepen between the 1.44- and 6.00-inch
transducer positions.

The mechanism by which this secondary pressure wave is produced, has not
been established; certainly it must come from within the pulse-gun breech,
since the wave propagates in & downstream directicn. At first it was
thought that the secondary pressure wave resulted from shock reflections
within the pulse-gun breech, e.g., an initial explosion wave reflected
from the burst diaphragm before it ruptured and subsequently reflected
from the primer end of the effectively empty cartridge. This interpre-
tation could not be supported in attempts at constructing a wave diaphragm
because of the variable time increment between the waves. The appearance
of similar multiple waves, spaced at nonreproduced time intervals, in

the low-explosive-bomb pressure records (Fig. 13) offers a strong clue

to the probable cause, i.e., continued burning of residual powder after
the diaphragm ruptures is at high enough rate to produce a succession

uf pressure wavelets which eventually coalesce into a second shock wave

as “hey propagate down the gun barrel.

Another point of similarity is the essentially constant duratiion of the
positive pressure portion of the pulses, regardless of charge size,

burst diaphragm strength, or breech volume.
The initial shock wave is recorded with a total rise time of approximately
4 to 5 microseconds. (This is not apparent on the traces reproduced here,

but was observed on direct oscilloscope photographs with faester oscillo-

scope beam sweep rates.) The measured rise time may be limited both by
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the natural frequency of the transducer end by the response of the
transducer when a plane pressure wave propagates across the finite width

of its sensing surface. The transducer limiting rise time is only slightly
less than 4 microseconds ([(2)(130,000)]-1) and, at the measured initial-
wave velocity, the wave takes approximately 5 microseconds to cross the
transducer face. Within the ability of the transducer: to resolve it, then,

the initial wave is indicated to be a pressure discontinuity or shock wave.

The precursor disturbances resulting from pressure-wave transmission through
the pulse-gun structure are particularly evident in Fig. 20a and 20d
Transducer ringing at the natural frequency of 130,000 cps appears to be
worse with the smaller charges because of the greater gain used in recording,
but is probably not actually of any different amplitude than with large

charges.

Data reduced from the pressure-time records are: initial-shock amplitude,
max imum~pressure amplitude, positive-preasure duration, total impulse, and
initial-shock-wave transit time between transducers. This latter value is
used to calculate an average wave velocity. These data, for all firings made,

are presented in Table 9.

To give 2 qualitalive feeling for the pulse gJ: data before proceeding with
the correlation, plots of two complete sets of data are shown in Fig. 23
and 24. Both plots are of the maximum blast wave pressure from "standard"
pulse charge designations, and both show data obtained with three different
downstream backpressures. Figure 23 shows data from the transducer located
1.44 inches downstream of the burst diaphragm, while the data in Fig. 24

are from the 6.00-inch position.

The only correlating line shown in Fig. 23 and 24 is that reported by
Peoples (Ref. 5) at Aerojet General Corporation for data obtained with
pulse guns fired into the open air, using a transducer location comparable

with the 6.00-inch position of Fig. 24, Thc effect of explosive charge
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weight on maximum pressure in the current data from the l.4k-inch position
appears to parallel the Aerojet correlation but with about 50 perceant
higher amplitudes, while the effect at the 6.00-inch position appears to
be grossly distorted. This was a surprising result. That appearance was
not restricted to the maximum pressure amplitude data, however, because the
same type of curvature was seen in similar plots of initial shock wave
amplitude and of total impulse.

As a further check of the validity of vhat seemed to be a discrepancy
between the two sets of data, the pressure transducers were recalibrated
after all but nine of the firings had been made. The recalibration data
fell within three percent of the factory-supplied calibrations and exhibited
excellent linearity. It was concluded that the apparent data distortion

at the 6.00-inch position was a valid characteristic of the data.

Data Correlations

Variables Considered in the Correlation. The primary pulse gun parameters

varied in the cold characterization tests were:

1. Charge Weight, W (grains)

2. Powder Type, PT

3. Diaphragm Burst Pressure, P, (1000's of psi)
A, Pulse Gun Barrel Length, X (inch)

5. Back Pressure, P (psi)

The distance D from the diaphragm t: each of the two transducers was also
consiinred in the analysis. Thbe output data used as the dependent variables
were:

I. Maximum Blast Pressure, P _ (psi)
2. Positive flpulle. I+ (1bg-gec)

3. Velocity of the Initial Shocks, c_ (ft/sec)
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The response is the amplitude of the higher, and ordinarily the second

of the two pressure peaks measured at the pressure ssnsors in the pulse

gun barrel. Unit positive impulse was obtained with a planimeter in the
same way as for the bombs. Because the blast waves were confined, rather
than expanding spherically, the integrated values, Eq. & , were multiplied
by the cross-sectional area of the pulse gun barrel. The correlated values
were thus total positive impulse. The velocity was obtained from the
transit time between the transducers located at 1.4k and 6.0 inches.

A fourth response parameter, the positive duration, was not analyzed
quantitatively. It is fairly clear that the positive duration data, as
given in Table 9, behave essentially the same as for the bombs; that is,

there is only a very weak correlation with charge weight.

Correlation of Pesk Presgure. The multiples linear regression techniques
described in Appendix A were used to obtain empirical models to fit the

peak pressure data. The correlation included all of the available peak
pressure data for Hercules Bullseye powder except the few data obtained
with the short barrel. As for the bomb data, the averages of the responses
for each set of conditions were used, rather than the individual data
points. The final model obtained is the following:

InP =832 1.5 ln W +0.32 (In w)2 +0.15 1n VW 1InD-

0.06 (10 W)2 1n D + 0,19 1n W 1n Py, +0.008 (1a B,)* (16)

A total of more than 98 percent of the variation in ln (P;.x) is now
explained by the right-hand side of Eq. 16 with a standard deviation of
0.093 about the regression line. A cursory examination of the peak pressure
data for fixed transducer distance and back pressure (Fig. 23) shows that
the logarithm of peak pressure is essentially linearly related to the
logarithm of charge weight. This simple apparent relationship leads one




to question the complexi ty of the model given, and in particular the
presence of the terms in (1n W)?, (1n ¥)® 1n D, and 1n W In P,,. One
possible explanation for the appearance of these terms in the model is
thet the regression is spurious and the extra terms are effectively
"explaining” what is in reality random fluctuations in the data. A
preponderence of available evidence, however, indicates that the func-
tional relationship between In l’mx and 1n W is actually, though only
mederately, curved. Figures 25 and 26 are logarithmic plots of the
average values Pux against W for the transducers at 1.4h and at 6.00
inches respectively, and for a back pressure of 150 psi. Since three
rated strengths of burst diaphragms were used, the data should fall on
three different parabolas according to Eq. 16. The fit, especially for
the 20,000-pound burst diaphragm rating is excellent. Note that although
the quadratic term in Iln W is smaller at D = 6.00 than at D = 1.44, the
linear term changes enough so that the curvature is greater at the longer
distance. It now sesems clear that the apparent anomaly of the nonlinear
behavior at 6.00 inches may be accounted for by the curvature with charge
wveight and the effect of the burst diaphragm.

The maximum charge weight used in the program vas 80 grains due to the
limitation in the breech size of the pulse gun. As noted previously,
larger charges have been used wvith larger breeches at Aerojet General
Corperation (Ref. 5) vhich resulted in an apparent relationship between
combustion chamber disturbance amplitudes and the fraction of the breoch
volume occupied by the explosive charge.

Tvo breech sizes were also used in the current program, but the character-
ization testing reveals no effect of breech size. The 10- and 15-grain
charges were fired in the smaller breech; if there were a breech-volume
effect, results using these charge weights would have been higher than
would be expected by extrapolating back from the larger charge sizes.
Because the results were lower, we conclude that either there is no
breech-volume effect or it is compietely masked by the effect of diaphragm

bnrst pressure.
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Correlation of Positive Impulse. A logarithmic model of the form

In I, =-6.A3 + 1.78 In W - 0.11 (In wv)32-0281aD+

0.123 1n P (Eq. 17)

wvas found to be satisfactory for estimatimg positive impulse. Again over
Q08 percen’. ¢f the total variation in la I‘ is explained by the test input
parameters in Eq. 17. A standard errer of 0.067 about the regression line
was obtained.

As was the case with the bombs, a very good fit of positive impulse was
obtained with a very simple model. Particularly striking is the fact that
the effect of charge weight dees not interact with tranducer distance.
Unlike the peak pressure data, for wvhich ths curves at the two distances
actually cross and have differeat curvatures, two parallel curves are
sufficient to fit the positive impulse data (Fig. 27)

While the inclusion of the (la ¥)? term in Eq. 17 improves the overall fit
of tiae data, there are sone indications that this term in the correlationm
may be spurious. First, o data at the high and lovw ends of the curves
are fit just as well by straight lines vhich can be visually fit to the
data as by the regression curves. Second, the direction of curvature is

opposite that observed for peak pressure. At azy rate, the amount of
curvature is so slight that the deviations from linearity are probably
not of any real importance.

Correlation of Velocity. A comparison of Fig. 28 with Fig. 25 through 27

shows that there is much more variability in the velocity data tham in the

peak pressure or positive impulse. It is therefore not possible to develop
& model which is physically weaningful and which fits the data well. The
best model obtained fit only the larger charges eveu approximately:

2 2
lac, 111 - 1.9 1aW + 0.130 (I1n ¥)* ~ 0.149 (In Py, )~ « (18)

0.411 ln W 1n de - 0.0549 1n Pb
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JInitiel Shock Wave Pressure. In addition to the maximum peak pressure

(the amplitude of the second pressure peak), data on the initial shock
vave pressure we,e reduced from the photographic records. These are
plotted as a function of charge weight in Fig.29 and 30 for transducers
at 1,44 and 6.00 inches, respectively. Since the initial shock wave
pressure data are so similar o those for secondary (max imum) peak
pressure discussed earlier, no formal correlation was run. Several
points of similarity and dissimilarity will be noted in a qualitative
fashion.

The general functional form of the initial shock wave pressure relation-
ship is obviously quite similar to that for maximum peak pressure. For
small charges, the two pressures are nearly the same; however, for higher
charge weights, the maximum peak is greater by a factor approaching 2 for
150 psi back pressures. The curvature with In W for fixed Phb and Pb is
more pronounced in the initial shock wave pressure data. The effect of
burst diaphragm appears to be about the same. Finally, there is some
evidence that the initial pressures are degraded more by an increase in

back pressure than are the maximum pressures.

Regylts With duPopt Military Powder. A total of 10 pulse gun charges
using the slow-burning powder (duPont Military 3031) were fired during

the cold characterization portion of the program. Because few data were
available, the results wvere not correlated statistically, but qualitative
observations may be made for plots of the data. Figures 31 through 33,
vhich are analogous to Fig. 25 through 28,contain individual values in
the resulting data rather than averages. In generrl, the results were
similar but of appreciably lower magnitude.

With the duPont Military powder, a diaphragm of 10,000 psi rated burst

pressure was used with a 20-grain charge and 20,000 psi diaphragms vere
used with charge veights of 30, 40, and 80 grains. Once again the effect
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of charge weight on peak pressure for fixed diaphragm rating is slightly
curved on a logarithmic plot, and the effect of diaphragm rating is also
noticeable. The consistency of the duPont Military powder peak pressure
data vith that for Hercules Bullseye powder gives a corroboration with
independent data of the functional form used earlier. Buperpositicn of
the curves for maximum pressure amplitude, Fig. 31 , shows that, es with
the Hercules powder, the difference in peak pressure between the trans-
ducers at 1.44 and 6.00 inches is appreciably greater at the higher
weights. The amplitudes of the pressure waves with the slower burning
duPont powder is in general less than half those with the Hercules powder.
The slope of the ln W vs 1n l’-x plot is slightly greater, so that the
effect of charge weight is ¢lightly greater with the duPont powder.

As before, the impulse data appear to be quite reproducible and easy to
interpret, with parallel lines serving to model the impulse at 1.44 and

at 6.00 inches. The impulse values are lower by a factor of about 2-1/2
than thcose for the faster burning powder. There is a slight suggestion

of positive curvature of In I+ for the largest three weighta. The velocity
data are once again quite scattered. There is no indication of any effect’
besides that of weight. The velocities are about 1000 or 1500 ft/sec lowe:.
Fipnally, initial shock wave pressure plots (not illustrated) show the same
relationship to the maximum pressure ac was observed with the Hercules
powder.

DIRECTED FLOWS OF GASES

The third combustion stability rating method investigated consists of intro-
ducing a directed gas flow intc the rocket combustion chamber and determining
the gas flowrate (or other characteristic) at the instant of instability.

The technique has been found to be most effective when applied to the region
Just downstream of the injector, the gas flow may aiio be more effective if
directed tangentially or chordally rather than radially across the injector.
Inert gases have been used almost exclusively, although some limited inves-

tigations have made use of both oxidizer and fuel gases (Ref. 6).
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Several gas flow control methods have been usel. Lach method contains ele- 1
ments for limiting the ultimate eventual flowrate (e.g., source pressure regu-
lation), and for controlling the transient flowrate (e.g., a flow control
valve). The simplest method involves rapid actuation c¢f a simple shutoff
valve to effect a more or less impulsively initiated flow having constant
flowrate. In an extreme application, the valve may be opened fast encugh

that a weak shock wave attends the onset of gas flow into the combustor.

TR

This method provides a single data point for each rocket engine firing sc

that multiple firings and staircase testing techniques are required.

o5

A morc productive flow control method utilizes slow actuetion of a linear or
proportioning flow control valve, so that the gas flowrate increases gradually
in a controlled and reproducible manner. Most often, linear variation of
flowrate with time has bc&x sought; in at least one study, contrel was for
linear variation of momentum flux with time. In this manner a range of rat-
ing technique characteristics can be covered in a singlec engine firing amd,
potentially, a valid stability rating may .o obtained for each firing in

which an instability is initiated.

The mechanisms whereby an injected gas flow disturbs the steady-state com-
bustion processes to produce a finite amplitude pressure wave and ultimately
initiate a sustained instebility are not at all well understood. A concept i
that this technique affects displacement or velocity-sensitive cowbustion
processes rather than pressure—sensitive processes is rather widely held.
This technique probably accomplishes less close simulation of maturally
occurring triggering mechanisms than do the bomb and pulse gun techniques.
Nevertheless, its potential for accomplishing a quantitative rating in a
minimum number of tests makes it an attractive candidate for stability

rating work.
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Exper ‘mental Approach

The method of steadily increasing the gas flowrate was selected for this
program., It was anticipatéd that capabilities for independent time rate of
variation of any gas flow characteristic would be desirable in the hot-firing
characterization, A gas flow generator system was designed with flow control
valve position (or percent open) as the primary control variable. Cold char-
acterization consisted of determining the control settings required to provide
1. prescribed flow profile, measuring the flowrate, the output gas temperature
and pressure, and determining correlations among them when the control valve

timing, connecting tube design, and gas species were changed.

The flow generstor was initially designed in anticipation of: (1) 10-1bm/sec
nitrogen and 3-l1bm/sec helium maximum flowrate requirements, and (2) flow
durations ranging from 0.25 to 3.0 seconds. The flow system components vere
size-selected on the basis that gases would be supplied at 2500 psia source
pressure to the flow generator and that the maximum flowrate would be deter-
mined by sonic (choked) flow through the port or tube connecting the flow

generator to the combustion chamber.

The flow generator system initially assembled is shown schematically in
Fig. 34 and photographically in Fig. 35. A list of the flow gemerator com-
ponents is given in Table 10; the component numbers listed there correspond
with those on Fig. 34. The schematic shows that either of two gases could
be chosen for testing and that addition of any number of test gases can be
achieved aimply by duplicating four valves for each additional test gas
desired. Flowv wvas measured by observing the pressure drop across a cali-
brated orifice. (A backup RAMAPO flow transducer was soon determined not
to be needed and was removed from the system.) The position of the flow
control valve stem wus monitored with a linear motion transducer and ad-
justed by a hydraulic cylinder which was driven by a servovalve. The pover
required for the hydraulic system was provided by a hydraulic pump. A
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TABLE 10

COMPONENTS OF FLOW GENERATOR SYSTEM FOR GAS PULSE RATING DEVICE

Pnewmatic System
Schematie
N‘or(l) Deseription Size Vendor Medel
1 Heliwm Supply Valve 1 {nen Amain W/B AS10
2 Gaseous Nitregen Bupply 1 {sch Annin N/E AS10
3 Source Tank Regulater 1-1/2 {neh Greve WH-408-KY
+®) | seurce Tank 2 Ineh cylinder| NAA 5
5 Main Valve 1 inch Annis J8-143%670-7
6(” Ramupe Flevmeter 1 ineh Ramape -
7 Orifice Hel: or 1 ineh NAA -
8 Control Valve 1 inech Pisher D 1204
9 Hydrsulie Cylinder 1 inch NaA -
10 Servevalve 1/& ineh Cadillas | 2281
1 Hydreulic Pump 10 GMM NAA WA 283478
12 Hydraulic Filter - NAA -
13 Instrumentation Connecter 1 i{neh NAA -
% Back Pressure Tenk 50 gallens ,."'u“m"” 513
15 Back Pressure Geuge 1/4 ineh Vieter 1293%-1
16 Back Pressure Hand Vent 1/2 ineh @rove 224 KX
: 17 Burst Diaphraga Helder 1-1/2 ineh BEB g2 ¥
18 Back Pressure Y-Way Valve 1/2 ineh Meretta | 303
19 Bask Pressure Regulator 3/8 ineh Grovo GX~206~03
20 Cheek Valve 1 inch Maretta | CWM 516
21 Cheek Valve 1 1neh Kepmer D8 143919-4-A00
22 Seurce Tank Lesder 1/0 tneh Greve -
23 Belimm Bypass Valve 1/0 ineh Rebbins | SSKD 250-AT
24 Heliwm Bleed Valve 1/4 ineh Rebbins | DS 157005-F
25 Gaseous Nitregen Dypass Valve |1/ neh Rebbins | BEED 250-AT-763
26 Gaseons Nitregen Bleed Valve |1/A {neh Rebhins | DS 1570057
Electroniec System
i
i Analeg Cemputer Deamer 3000
Diede Pumnetion Gemerater Deamer 3750
DC Amplifier Kintel 111 pFO
Current Amplifier Phetosen | CA 401

Volume inereased to 9 eu ft for final configuratien

§ i Refersnes: PFigure 34
Omitted for final design
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connecting section provided smooth transition between the l-inch ID system
tubing and the 1/2-inch ID exit tube required for entrance into the combustion

chamber. This section was equipped with a Kistler 601A pressure transducer.
and an unsheathed chromel~-slumel thermocouple constructed of 5-mil wire.

The thermocouple provided a moderately fast-response temperature measure-
ment, and the pressure transducer vas for monitoring the exit flow for
spikes and transients. The thermocouple was recessed somevhat to avoid
damage to the small-diameter wires during high flows. For cold-flow
characterization, a tank simulated the rocket chamber. Back pressure vas
alsoc remotely controlled.

Programmed control of the gas flov was accomplished through a preprogrammed
schedule of desired valve position as a function ot time. The actual versus
desired valve stem position wvas compared, and the resulting error was used
to drive the valve stem in the proper direction +o reduce the error. In
this wvay any desired valve position versus time curve could be obtained
within the physical limitations of tne equipment. ——

The elecironic equipment used for valve position pregu-ing and control
also is listed in Table 10,

Expeximental Regults

Cold characterization of the initially assembled system revealed erratic,
irreproducible surges in flowrate, which resulted from the inability of
the source tank pressure regulator to follow changes in demand imposed by
moderately fast control wvalve motion. It was recognized that increasing
the sise of the source tank, which was initially quite small (approximately
0.1 cu ft), could eliminate this problem. It was roughly estimated that
betwveen 7 and 10 cu ft of surge capacity would be needed, however, so it
was decided to evaluate the gas flow control characteristics with the source
tank and its pressure regulating valve removed from the system. The pipe-
lines from the gaseous supply valves were then plumbed directly to the flow
generator's main shutoff wvalve.
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Caljbratjon Tests. The modified gas flow generator was cold-flowed (in a
steady-state flow mode) in a series of calibration tests to obtain flowrate

vs valve position data. A nominal supply pressure of 2000 psi was used, and
flows of both nitrogen and helium were made through connecting tubes of three
different diameters to a tank prepressurized to two pressure levels. Examples
of the resultant calibrations are shown in Fig. 36 for nitrogen and in Pig. 37
for helium., The similar shapes of the three curves on each of these figures
were interpreted as an indication that the control valve exercised effective
control that was not unduly influenced by the gas supply system characteris-
tics. This interpretation was later recognized as being erroneous.

Ramp Flow Tests. One type of flowrate vs time profile thought to be desirable
for stability ratings is a linear ramp, i.e., a constant rate of flowrate
increase. Achieving such a ramp requires a valve position vs time history
that is different than linear in order to remove the nonlinearities cf the
flowrate vs position calibration. The gas flow generator used a Donner Model
3100 diode function generator to accomplish this control. This device

can be used to generate any desired function by approximating it with a
sequence of 24 straight line segments. The control circuit compares the
output of the function generator with the output of a valve position
transducer and varies the hydraulic pressure supply to a hydraulic valve

actuator.

Using the :alibration curves, functic: generator settings were adjusted to
produce linear flowrate ramps. Both nitrogen and helium flowvs were evaluated
with various values of ramp slope (rate of change of flowrate). Some results
of these experiments are shown in Fig. 38 for nitrogen and in Fig. 39 for
belium. All three ramps in each of those graphs were produced with a single
array of setting of the function generator; only the duration of the ramp

was varied. With nitrogen (Fig. 38), the data points were within %0.2 1bm/sec
of the desired lincar ramps for all flows having ramp flow durations greater
than 0.25 second. Shortér duration ramps can be made with reduced linearity
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Figare 38. Limsar Ramp Nitregen Flewrates Produced by the Modified Gas Flow Generater
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using the same array of function generator settings or, given additional
cold flews, a corrected array of settings for improwved linearity could be
developed. Usdble ramps with durations as short as 0.1 second are possible,
but even ghorter durations are limited by imprecision of gas flowrate
msasuremernts. The maximm attainable nitrogen flowrate was just over

S lbm/sec and was somevhat dependent upon the tank back pressure.

¥With heliwm, the maximum attainable flowrate was approximately 1.5 lbm/sec,
the ramp slopes for particular durations were correspondingly reduced, and
the data peints were within 0.07 lbm/sec of being linear for ramp durations
greater than 0.25 second. These data adequately demonstrated that any
desired flov function could be produced by using the functiun generator
flewrate centrol technique.

il The gas temperature in the comnecting tube showed little varfwbility during
the flew ramps. All values were within 10 degrees Fahrenheit of the supply
temperature. No attempt to correlate these small changes to the flow condi-
tien was mede. .

Similarly, no transient pressure spikes or surges were observed with the
Kistler transducer in the connecting tube. The static pressure at that
point was pot measured.

The foregoing experiments also demonstrated, however, that the maximum
flowrate through the modified gas generator is a strong function of the
gasecus supply system's pressure drop characteristics as well as a function
of that sysiem's initial pressure. The first factor limits the generator's
general utility in thet every installation would have to be cold-flow
characterized individually for the particular gas supply system. The

second factor limits the gemerator's local utility because it would normally
be supplied from a gas source that supplies other test stand needs, such as
propellant tank pressurization, propellant line purging, and pneumatic valve




3
-

actuation. A particular value of source gas pressure at the time of the
test cannot normally be guaranteed, so the slope of the ramp would be an

essentially uncontrolled wvariable.

Calcu.ations were thus made to determine how much surge tank capacity

would be required to make the flow generator independent of the gas supply
system and simultaneously increase the maximum sttainable flowrates. The
calculations were based on using the gas supply system to pressurise a
source tank of arbitrary volwmse, located in the system as shown by tank (4)
in Fig. 34, and operating the system in a blowdown manner with no addi-
tional gas supplied from the gas supply system. The calculations are some~
what conservative, therefore, in that longer durations or slightly higher
maxisum flowrates would be possible if additional gas were admitted during

the ramp flow.

The previous flowrate calibrations were used to estimate pressure drops of
the system downstream of the source tank as functions of maximum gas
flowrates. Added to the chamber pressure, this gave a minimum tank pressure
which would supply a particular waximum flowrate. The tank volume was then
calculated from

w_d
1 = 2(p, - #,) (29)
The calculated results (Fig. 40) show that a surge tank volume of approxi-
mately 2 cu ft would have provided adequate isclation of the original gen-
erator from the gas systems. The anticipated maximmm flowrate requirements
of 3 lbm/sec helium and 10 1lbm/sec nitrogen could not be met, however; even
a moderately large surge tank cannot provide these maxisnm flowrates.
Bimilar calculations for higher initial pressures and larger diameter tubes
' connecting the gas flow generator to the combustor revealed that the desired

maximum flowrates could be obtained by replacing the l/a-inch diameter

connecting tube with a 3/k-inch tube and providing approximately 8 cu ft of

k; surge tank.
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Accordingly, six 1-1/2 cu ft carbon dioxide cylinders were installed in
parallel to provide 9 cu ft of surge capacity. Simultaneously, the flow
generator was moved to the hot firing test stand and close-coupled to the

rocket motor hardware.

This system was activated on the test stand just as the hot-firing program
wvas ready to be initiated. When the repetition of the flowrate versus

valve position calibration tests were begun, it wvas found that the addi-
tional surge volume made it possible to control the gaseous flowrate for

a linear ramp by full servo control; i.e., by comparing the actual instan-
taneous flowra’e with the derived flowrate and bypassing the walve position
control per ze. This mode of control made use of an existing analog com-
puter network which was already partially utilized for preprogrammed valve
position function i.put and for computation of flowrate for direct readout.
Linear gas flowrate ramps were scheduled for initial use in the hot-firing

program, and, because the cold~flow calibrations would delay starting the

hot-firings by approximately a week, it was decided to use the full servo-
control of flowrate.

Gas flows with characteristics other then linear flowrate ramps would still
require valve position, rather than direct flowrate, control. It was intended,
therefore, to conduct the calibration tests at some later, more convenient
time in the program. As is discussed later in this report, however, the gas
flows were so ineffectual in initiating combustion instabilities that the
rating technique was eliminated from further evaluation before this addi-

tional work was performed.

SIMULATED CHAMBER STUDY

A chamber assembly from the hot-firiug hardware was temporarily modified
for examining the effects of the rating devices on sprays formed by one
of the injectors during simulated propellant flows using water. The triplet
pattern injector, described later, was modified by plugging all orifices




except those in the outer three rings in tvo baffle compartments. All
orifices were plugged in the remaining baffle compartment, thus leaving

a field of viev for a Pastax casera during the vater flows. The injector
vas assembled to the combustion chamber section without the nozzle section.
In this manner, all of the chamber pulse boss and homb mounting positions
were made available for use duriag the simulated propellant flows.

Tests vere conducted with vater supplied to both propellant manifolds at
flowrates such that the nominal mainstage propellant injection velocities
were modeled. Blasts from pulse guns and gaseous nitrogen flows were in-
trocuced radially and chordally through the chamber wall and bombs were
mounted at the 4.95-inch radial position on the downstream edge of a baffle
vane. High-speed photographic records were taken with a 16~-millimeter
Fastax camera having a capacity of 400 feet of film and a maximum framing
rate of about 6000 frames/sec. Photofloc. lamps were used to illuminate
the wvater sprays in the neighborhood of the injector.

The photographic results were generally less than satisfactory. The blast
vaves from both the bhomb and pulse gun devices so rapidly generated and
dispersed a dense fog that the camera's field of view was completely ob-
scured wvithin one to five frames and remained so for several milliseconds.
These photographs were dramatic illustrations of the powerrful disruption
of steady-state conditions that must occur in an operating rocket when one
of these devices is discharged, but nething quantitative could be gained
from them. With the gaseous nitrbgen flow, spray displacement could be
observed to proceed rapidly across the chamber in a sequence of frames,
and the camera's field of viev remained clear until the first~displaced
spray had splashed onto the chazber wall opposite the gas flow's entry
point. While it appeared that quantitative spray behavior data could be
obtained from continued studies wvith gaseous flows, the simmlated chamber
experiments were terminated because thsy could not (vithont major modifi-
cation, at any rate) provide quantitative information to advance the
characterization of bombs and pulse gim-.
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HOT-FIRING PROGRAM

O The relative effectiveness of the stability rating techniques in estab- |
lishing a rocket combustor's stability traits was investigated by applying _
them at various positions in an operating ricket and observing their effects ! '
on its stability. Major objectives were the establishment of correlations
between the rating techniques' characteristics and the combustor's response
and establishment of practical correlations between different rating techniques.

There has been a growing trend under rocket engine development contracts over
the past few years toward requiring a more or less definitive demonstration
of dynamic stability, i.e., rapid recovery to steady-state operation after a
sizeable disturbance. Frequently, one of the stability rating techniques
investigated in this program is specified as the disturbance source. For
that reason, it seemed appropriate that an engine that had previously been
evaluated as dynamically stable, at least under some operating conditions.
be used during this program. An engine from an earlier program was deter-
mined to have the right combination of thrust level, propellant experience,
range of injector experience, and stability characteristics to form a base
level for this study of the rating techniques.

A number of modifications were necessary to make existing components from
that engine program suitable for ause during this program. An ablative-
walled combustion chamber was replaced with a metal-walled chamber to
permit installation of a multiplicity of pulse bosses and pressure trans~-
ducer ports. An aluminum baffle asseabiy, built as an integral part of
the injector and cooled by a through-flowv of fuel which was then sprayed
from the baffles' downstream edges, was replaced by an uncooled copper
assembly. Two existing injectors that had not had integral baffles were
then reworked to obtain the desired injection patterns.
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Zest Conditions

The hot-firing program vas conducted on Pad 3 at the Research Combustion
and Heat Transfer laboratory. Remote control of the motor during the
hot firings vas accomplished vith preset sequenced valve signals. Two
Eagle timers were used for this purpose. The first, a 5-second-duration
timer, controlled the operating signals for the combustion stability
rating devices and the main propellant valves. The second, a 25-second-
duration timer sequenced the high-speed cameras and the fuel-side water
flushing system. The 2.5~second programmed test firings began with a
100 25 millisecond oxidizer lead at start, with a 120 125 millisecond
fuel-rich cutoff. The fuel valve pneumatic cylinder was orificed to
close more slovly than the oxidizer valve to ensure a fuel-rich cutoff
in the event of premature test termination. A water flush was sequenced
to flov through the fuel side of the injector after the fuel main valve
wvas closed. Gaseous nitrogen purges were applied to each injector pro-
pellant supply line during startup and shutdown. The purge was auto-
matically terminated during the start sequence by a check valve as chamber
pressure approached the mainstage level.

Nominal operating target conditions for all hot-firing tests were:

Propellant: Np0, oxidizer, NoH, ~-UDMH(50-50) and UDMH fuels
Mixture Ratio: 1.6 o/t
Chamber Pressure: 150 psia

Disturbances from maximm of four rating devices were introduced during
each test. The explosive bombs were always signaled first to avoid thermal
initiation; each subsequent device was sequenced at 400-millisecond inter-
vals. A total of 148 disturbances by the various rating devices were
introduced into the combustion charber during 86 hot-firing tests.




Test Hordvare Description

The motor test hardvare consisted of an injector and thrust chamber
assembly as shown in Pig. &l. The motor developed 10,500 pounds of thrust
at 150-psia chamber pressure.

Combystion Chapber. The combustion chamber was of conventional design,
being comprised of a right circular cylindrical section and a delaval
nozgzle. The cylindrical portion had an inside diameter of 11.41 inches
and extended to 8.00 inches from the flat-faced injector plane; the

first 6.25 inches of that length was formed by an uncooled copper section
vhich wvas fitted with pulse inlet and transducer ports snd slotted to
receive the baffle assembly as shown in Fig. 42,

The combustor contained nine pulse boss positions, offering chordal,
tangential, and radial directions at three different axial distances from
the injector face. Each boss position wvas designed to accept the burst
diaphragm holder (barrel) section of the pulse gun apparatus and a machined
adapter for the gas flow generator pulsing device. PFurther, each boss port
diameter could be varied to provide a diameter of 0.515, 0.430, and 0.370
inches for these two pulse rating devices. Eight Photocon pressure trans-
ducer ports were initially located within the combustion chamber; two
additional ports were strategically added during later hot-firing tests.

The explosive bombs were installed at three different radial positions in ]
the chember by attaching them to the downstresm edge of one baffle blade.

An attachment method was devised to avoid manual screw thread engagement of

| the bomb case. The nev method, sketched in Fig. 43, employs a slotted end

1 on the bomb case, with a shoulder that engages an enlarged section in the

mating baffle hole by snap action. Quick, positive engagement wvas thus

achieved without the risk of breaking the electrical connections by twisting

the leads.
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a., Side View

SAE21-2/9/66-S1B

b. Injector-Fnd View

Figure 41. Hot-Firing Chamber
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Figure 43. Snap Attachment Fxplosive Bomb Case
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Several examples of typical bombs are shown in Fig. 4k . Twe examples
of the snap-action attachment device are shown; one has a threaded end
for engaging female threads in the besb case, and the other has a dlind
end for plugging bomb-mounting ports that are not in use.

A three-compartment, 1.6-inch-long, uncooled baffle configuratien was
used. The baffle section was machined frem a single copper bleck and
fitted into the machined slots in the copper cosbustion chamber section
(Fi;. u). The baffle blade containing the boab receptacle holes had an
internal drilled channel for conducting the electrical leads through the
chamber wall. The leads were externally sealed at the chamber wall with
a drilled Teflon compression fitting. The geometrical relationships
among the various bosses and baffles are shewn in Pig. 45, wvhich is drawn
as if the viewer were looking through the injecter.

Transparept Chasber. A transpareat comuster section was designed to
permit photographic visualization of the cembustion process. The tramns-

parent section was interchangesble with the cepper cesbuster. A phetegraph
of the assembly is given in FPig. 46 . .The transparent chasber wrs machined
from Plexiglas and consisted of a cylindrical section with 1-inch-thick
walls with serrations machined at both ends for sealing. A radial cepper
pulse gun boss was attached for one test firing. The walls of the trans~
parent section were slotted to hold the dbaffle auﬁly' in a manmer similar
to the solid copper section design. Esch transparent cosbuster was useable
for only one short duration test firing.

Yogzgle. The nozzle section was ‘of uncooled, Rokide-coated, type 4130
steel construction. Its 1.75-inch-leng cylindrical section matched that of
the cylindrical combuster section and was fellewed by cenvergemce to a
7.17-inch diameter throat 15.00 inches from the injector plane. The peminal
chanber contraction ratio was 2.54. The nezzle exit was 6.25 inches from
the throat with an expansion ratio of 2.35. The nexzzle section centained
one Photocon instrumentation purt and am explesive boab meunting hele.
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Iulpe Bogs Directien, {degrees)  Axial Pistemes, inshes
1 Redial (180) 2.00
2 Redial (100) 3.00
’ ' 3 Redial (100) .00
'y Cherdal (133) 2.00
5 Cherdal (135) 3.90
6 Cherdal (135) A.00
7 Tangential (90) 2.00 |
: Y Temgential (90) © 3.0 |
| 9 Tangential (90) A.00
|
Fhetocem Port Jdentificatien
(Test Numbers) Axial Disteames, inshes
rc-1 ¢ (03), ¥ (10-37) 1.50
-2 B (03), P (38-77, s0-a2) 4.90
-3 A (01-77, 80-86) 1.90
{ Y A.00
) B3 (01, 02, OA-77, 80-86) 1.%0
-6 4.0
-7 c (01, o2, 0477, 90-85) 1.%
-8 4.00
ey u (80-86) 1.90
’C-10 I (90-96) 1.90
Nonsle 6 (W64, 78, M) 10.2
0 idiner
Manifeld D (01-09, 78, 79) -
. Puel
Nemifeld B (01-79) L
Figure 45. Locations on the Chamber for Pulse Bosses and
Photecon Pressure Transducers
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Transient conduction heat transfer calculations were made and it was

predicted that even if the Rokide coating were lost, run durations up
to 5-seconds could be made without exceeding the surface melting tem-
perature of the steel nozzle. The Rokide coating started to flake off

after about fifteen tests, and no nozzle erosion was experienced.

-

Injectors. Two different injectors were used; a face-view of one injector
with the uncooled copper baffle resting on the triplet pattern is shown in
Fig. 47. The other injector, Fig. 48, has a symmetrical pattern of self-
impinging d~ublet (like-on-like) and unlike doublet elements. Examination
og Fig. 47 shows that there are four concentric circular rows of triplet
elementa(centered over the oxidizer rings. (Near the center of the injector,
a small number of unlike doublet elements provide some propellant injection
in corners too small for the triplets.) There are slight variations in hole
sizes from ring to ring to balance the propellant mass and mixture ratio
distributions. A "typical" triplet element is composed of a single 0.0700-
inch-diameter oxidizer injection orifice, drilled normal to the injector
face, and a pair of 0.0420-inch-diameter fuel injection orifices drilled

at a 55-degree angle to the face to provide symmetrical impingement of both
fuel streams on the oxidizer stream at a distance of 0.571-inch from the
injector face. Showerhead fuel holes in the outer fuel ring, which originally
provided wall film coolant, were plugged by welding over them.

The second injector (Fig. 48 ) has a symmetrical mixture of self-impinging
doublet (1like-on-like) and unlike doublet elements. A typical example is
0.0420-inch~ and 0.0390-inch~-diameter holes for the fuel and oxidiser,
respectively, with the self~-impinging doublet holes drilled to impinge
0.571 inch from the injector at a 36~degree included angle and the unlike
doublets drilled to impinge 0.633 inch from the injector at a 35-degree
included angle. To balance the streams' transverse momentum components,
15 degrees of that latter angle is formed by the oxidizer stream and

20 degrees by the fuel stream.
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Figure 47.

5AE36-3/24/66-S1A
Triplet Pattern Injector
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5AE36-3,24/66-S1B
Figure 48, Doublet Pattern Injector
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Supperting Test Bouipment

The test motor was mounted horisontally within a baffled steel test pit .
enclosure to provide isolation from the propellant run tanks. A drainage

system vas installed for water dilution and subsequent runoff of all

spilled propellants to a safe area.

Propellant Systemsg. The NTO vas supplied from a 5000-psi, 39-gallon
spherical ruan tank and was pressurised with a 2400-psi gaseous helium

bottle bank. The NTO was stored in a 2000-pound forged steel cylinder,
and wvas permanently connected to the run tank. Approximately thirty
tests at 150-psia chamber pressure were achieved per cylinder of NTO,

The fuel was supplied from a 5000-psi, 33-gallon run tank and wvas pres-
surised vith 5000-psi gaseous helium. A schematic dreawing of the complete
system is o. "vi in Fig. 49 . Both propellant systems were plumbed normally
closed to prew. 't atmospheric contamination with vapors. Hand operated
vent valves vere . ailable on each tank for emergency venting operatiouns.

Each propellant feed sy.‘'em consisted nominally of fifty feet of 1-1/2-
inch diameter plumbing and -~ontained two 1-1/2-inch shutoff valves. Average
values for the NTO and fuel t.nk pressurizations were 345 psig and 265 psig,
respectively, for 150-psia chamb. v pressure operation.

Instrumentation. Basically, two kinds .'f transducer data were acquired from
each firing: steady-state operational co.'trol data and transient stability
data. Steady-state data include propellant flowrates, static pressures in
propellant tanks, injection manifolds, the c.wbustiop chamber and gas pulse
supply system, as well as valve timing and sequence information. These data
were recorded with an 18-channel oscillograph ¢nd several recording poten-

tiometers.

The primary transient data were rapid pressure flu:tuations in the combustion

chamber and in the propellant manifolds. These wire measured with strategically
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lecated, wvater-cecled, flush-mounted Photocon pressure transducers.
Fhotocon locations during each hot firing are shown in Fig. &5.
Medel 1345 tramsducers were used to msasure chamber pressure fluc-
tuatiens. later in the program, two Nedel 525 tiansducers were added
te the chamber im positions H and I. Pressure oscillations in the
propellant manifolds wvere measured with two Model 775 iransducers.

A Bough Cembustien Moniter (RCM) system was employed to automatically
terminate each test firing vhen a certain level of cowbustion insta-
bility vas achieved. The input to the RCM during all solid wall tests
wvas the signal generated by chamber pressure Photocon A. The output
of fuel manifold Fhoton E was used during the two transparent vall
moter firings. The RCM unit was calibrated to terminate the test
firing vhen the Fhotocom tramsducer input exceeded 50 psi peak-to-
peak pressure oscillation for 100 milliseconds.

For each test firing, a maximmm of five Photocon outputs were recorded
on an Ampex Mode]l FR-100 seven—channel tape recorder. Also recorded
there wvas the output of an accelerometer mounted on the outside of
the injector plate and a 1000-cps time base that vas used for cross-
correlation between recorded date and the streak and motiom picture
films.

Teat Fhotography. During the solid-wall chamber tests, high-speed
motion piciures were taken of the exhaust plume vwith a 16-millimeter

Fagtar camera located at one side of the chamber and of the combustion
vithin the chamber wvitb a Fastax camera positiomed beside the exhaust
plume and looking up the exhaust nozsle. The latter camera's field of
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view covered ahout one-third of the injector face ard usually included

the baffle vane on vhich the majority of the explosive bombs were |
mounted: i

Framing rates up to about 5 to 6000 frames/sec with the stamdard 16-
millimeter camera and 10 to 12,000 frames/sec wvith a half-frame camera
were normally taken. The total exposure time for a 400-feet rell of
film wvas approximately equal to the 2-1/2-second sequenced rwm duratiem.

Modified 16 millimeter Fastax cameras were used to ocbtaim rozzle view
streak photographs simmltaneously with the metion pictures. The streak
films were taken primarily to obtain continuous records of the lumimeus
emission from particular narrov fields of view; the films gave data ea |
the type of chamber instabilities. In the carliestattempts te wse this

| technique on this program, the camera viewed a circumferemtial segment !
just downsiream of the nozzle exhaust plane; no success in imstability

mode identification was achieved here. later, teward the end of the

program, the streak camera wvas positiomed to view portiens of the injecter

face, just as the motion picture cameras had.
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The stresk filus were ebtained by removimg the framing prisms from the
cameras and installing 0.002 te 0.005-inch wide slits at the film
plane, perpeniicular te the film edges. The rapidly moving film was
centinususly expesed to the combustion process luminous emission from

a sorrev field of view of interest. OGue camers was aligned to provide

a field of viev paraliel te eme taffle vane. Amether streak camera,
mslhlu a circular arc slit, vas aligmned along the inmjector periphery

for an appreximate 100-degree arc segment.

N-tended camera coverage was used em the two tramsparemt motor firings.
In addiiion te the twe Fastax and (wo streak cameras previously discussed
for the selid-wvall chamber tests, three more motion and two more streak
cameras were utilised fer the transparemt motor het firings. One of the
added siresk cameras vas aligned vith its slit field of view parallel to
the chasber axis and extending frem the baffle tip to a point 4.75 inches
dowastream. The other streak camera was aligned vertically (or circum-
feremtially) vith the marrew field of view located 0.25 inches dowvnstream
of the baffle edge. The physical arrangement of the four streak cameras
is depicted in Fig. 50 . Two nev motion Fastax cameras were added to
obtain clesewp views of the propellant injection region. The other camera
vas a 70 nillimeter 20 fps device vhich provided overall views of the

transparent chamber firimgs, Pig. 51.

EXFERTMENTAL RESULTS

A total of 86 het—firing tests “ms conducted during this program; 148
cesbustien chamber disturbances were generated by the rating devices.

Operatiepal Tegt Repylts

A minimem nwmiber of problems was encountered during operatiom of the
experimental test program. Omly two tests resulted in hardware damage,
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both were associated with failures of the RCM system. Minor erosion of the

uncooled copper baffle assembly resulted on test 003 following a tweo-second
period of sustained instability. A similar failure on test 067 resulted in
injector face erosion and subsequent loss of the triplet imjector.

Control of the operational test conditions was usually quite satisfactery,

although an occarional test exhihited an inordinately lov (or high) chamber
pressure (or mixture ratio). Pertinent data from each firing are listed in
Table 11 . Average values of those parameters which appear in Table 11 as

well as some other variables, are given in Table 12 for all firings with

both injectors.

The characteristic velocity efficiency data were computed to evaluate the
actual percent of theoretical performance achieved. Actual c* performance

was celculated by the following equtious:

c¥* = + (’0)

where

[L-# (?)"22] ¥/r1

1 +7H2n

(re)yy = (Fe), (1)

The injector-end chamber pressure, (Pc)inj’ was measured with a strain-
gauge pressure transducer with the tap flush-mounted at the injector face.
The c* calculation was based upon the nozzle inlet stagnation presswre
(Pc),, and assumed isentropic flow conditions within the nortle. Thc
following observations are made with referemce to Tables 11 and 12.

The average chamber pressure for the 76 tests with %—M (50-50) fuel

was 150.76 psia with both the triplet and doublet injectors. The c*
efficiency for the triplet was 3 percent higher than with the doublet
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TABLE 12

AVERAGE VALUES OF OPERATIOGNAL PARAMETERS

Injecter Type
Triplet Deublet

Injection Performance

Fael 2-30 300 U
Injector End P,, psia 150.726 1%0.76 145.10
Characteristic Velocity, ft/sec 5,866 5,295 5,258
Characteristic Velocity Efficiency, percent 97.6(1) 9.6 (1) 95.6 (2)
Mixture Ratio, o/f 1.5 1.9 1.50

Injection Parameters

Number Oxidizer Orifices 180 420 &20
Number Fuel Orifices 348 420 420
Oxidi ser Injector Area, ®q in. 0.6519 0.5877 0.5877
Fuel Injector Area, sq in. 0.4661 0.4872 0.4872
Oxidiser Flowrate, lbm/sec 21.09 22.07 20.81
Fuel Flowrate, lbm/sec 13.66 13.80 13.86
Oxidiser Injector Pressure Drop, psi 77.1 102.& 95.%
Fuel Injector Pressure Drop, psi 50.5 49.9 56.7
Oxidizer Discharge Coefficient 0.578 0.58: 0.558
Fuel Discharge Coefficient 0.820 0.798 0.803
Oxidizer Injection Velocity, ft/sec 51.) 59.5 56.2
Fuel Injection Velocity, ft/sec 7%.3 2.1 83.3

(1) Based upon 5604 ft/sec frosen theoretical characteristic velecity
at nozzle inlet s tion conditioms.

(2) Based upon 5500 ft/sec frozem theoretical characteristic velecity
at nozzle inlet stagnation conditioms.
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injecter. A slightly higherefficiency vas obtained with UIMH fue) than
vith YN, UK (50-50) fwel. The oxidizer-side injector pressure drop
vas 23 pei higher wvith the dowh let due to the smaller total orifice

iajecter area.

Nability Results

4 tetal of 148 disturbamces by the rating techniques were introduced inte
the cesbustien chamber during the 86 hot-firing tests. Three or four
disturbances wvere scheduled te eccur within the mainstage portion of each
test; if eme of the earlier disturbances initiated a sustained instability,
the test vas uwsumally terminated by the RCM device before the next dis-
turbance vas sequenced te eccur. Because thenondirectional explosive bombs
were susceptible teo thermal initiatiom during their exposure to the high-
temperature ceshbustion chamber enviromment and also because they were
likely to be broken er disledged by evem a few cycles of tramnsverse pres-
sure vave metien, enly one bomb was installed for a firing and it was
alvays the first sequenced of the rating devices. The directed gas flow
reting technique vas intended to be wsed as a standard pulse, with a fixed
position of application to the chamber, for establishing both leng-term
censistency of the combustor's stability and reproducibility. This dis-
turbance vas therefere almost invariably sequenced as the last ome, with
the anticipation of obtaining a rating vhenever the combustion precess

had recevered frem all of the earlier disturbamces.

Explegive Bembs. A total of 56 bombs all from the high-explosive series,
wvas imstalled in the combustor. The hot-firing tests which had bombs,
the bomb parameters, amd their locatioms in the combustion chamber are
presented in Table 13. Also tabulated are the values of the initial
disturbance peak pressures recorded from the speed-reduced oscillographs.
All except three bombs are believed to have produced valid perturbatioms.




TABLE 13 ‘

HIGH-EXPLOSIVE BOMBS USED DURING THE HOT-FIRING &

Chamber Locations
Bomb Desi.n Parameters Distance

Charge Charge Case From
Test Injector Weight, L/D Thickness, Radius, Injector,
No. Type Frnel grains Ratio inches inches inches
002 Triplet 50-50 13.5 2.7 0.170 .95 2.9
003 5.5 1.3 4.95 3.12
004 5.5 1.3 0 3.12
005 5.5 1.3 0 3.12
006 50 4.0 0 3.85
007 13.5 2.7 4.95 2.15
011 13.5 2.7 §.95 5.67
01% 13.5 2.7 2.85 L.48
015 25 4.5 2.85 3.23
016 13.5 2.7 2.85 3.23
017 5.5 1.3 2.85 3.33
018 5.5 1.3 2.85 4.58
019 13.5 2.7 0 3.79
021 5.5 1.3 0 4.6
022 13.5 2.7 0 4.55
023 5.5 1.3 L. 95 5.77
025 25 4.5 2.85 5.67
027 5.5 1.3 3.97 4.00
030 5.5 1.3 3.97 &.00
031 3.2 1.0
032 # 3.2 1.0
039 Doublet 13.5 2.7
040 13.5 2.7
0kl 3.2 1.0
042 13.5 2.7
043 v 13.5 2.7
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BOT-FIRING PROGRAM

|

I tiens 7
istance
h-tor. Fhotocon Transducer Initial Pressure, psi Stability Results
inches A B c F G H I M(l) I :
2.96 154 130 178 or 11
3.12 83 | 254 | 156 2T,17-21, 31-1R ron(2)
3.12 i Stable
S.12 Stable
3.85 Stable
2.15 196 187 233 27,17-2T, 1T-3T,3T-1R ROM
5.67 159 92 160 2T,3T-1R ROM
408 170 162 204 200 1T-2T, 2T 5
3.23 239 238 255 280 1T-2T, 1T, 1T-3T, 3T-1R RCM
3.2% 239 234 263 260 1T-2T, 17-3T, 3T-1R ROM
3.33% 62 81 140 88 1T, 1T-3T,3T-1R RCM
A58 42 43 66 66 17-2T, 1T-3T, 3T-1R RCM
3.79 218 220 260 207 1R,3T-1R ROM
4.65 43 k2 k0 bl Stable
A55 178 190 140 159 1R, 3T-1R RCM
5.77 38 39 63 70 1T-2T, 1T, 1T-3T,3T-1R ROM
5.67 140 131 178 206 2T,1T,17-3T,3T-1R ROM
.00 130 167 92 UMK, 3T-1R ROM
.00 8l 63 156 198 UNK, 3T-1R ROM
3.33 70 70 147 228 2T-1T,3T-1R RCM
3.33 74 70 106 9% 1T,1T-3T, 3T-1R RCM
3.23 207 183 227 305 27-1T,1T-3T, 3T 38
3.2% 234 189 250 352 2T,1T,17-3T 10
3.33 103 78 194 207 2T-1T, 1T 8
3.23 360 305 382 362 3T, 1T, 17-3T 14
3.23 295 24l 310 3T, 2T-1T,1T-3T 18
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TABLE 13
(Continued)
Chamber Locations
Bomb Design Parameters Distance
Charge Charge Case From y
Test Injector Weight, L/D Thickness, Radius, Injector,
No. Type Fuel grains Ratio inches inches inches A
044 Doublet 50-50 13.5 2.7 0.280 2.385 3.23 225
045 13.5 2.7 0.170 3.97 4.00 281
046 13.5 2.7 0.170 4.95 5.67 107
047 5.5 1.3 0.170 4&.95 5.77 81
048 13.5 2.7 ¢.170 0 3.79 317
049 13.5 2.7 0.170 4.95 3.23
050 5.5 1.3 0.170 4.95 3.33 14k
051 5.5 1.3 0.170 4.22 4.00 258
052 13.5 2.7 0.170 2.85 4.55 208
053 5.5 1.3 0.170 2.85 3.33 155
054 5.5 1.3 0.170 2.85 5.77 65
055 5.5 1.3 0.280 4.95 3.33 70
060 3.2 1.0 0.170 0 3.75 188
061 13.5 2.7 0.500 4.95 .23 100
1 || 063 13.5 1.0 0.170 .95 3.40 165
064 13.5 2.7 0.110 3.62 10.2 245
, | 065 Y 13.5 1.0 0.170 2.85 3.40 230
‘ 067 Triplet Y 13.5 2.7 0.110 3.62 10.2 220
068 Poublet UDMH 13.5 2.7 0.170 4.95 3.23 160
! 069 ' 13.5 2.7 0.170 0 3.23 304
| 073 13.5 a7 0.170 0 3.23 271
L] o075 5.5 1.3 0.170 4.95 3.12 83
r 077 ' 3.2 1.0 0.170 k.95 3.35
' 079 50-50 13.5 2.7 0.110 3.62 10.2
w 080 | 13.5 2.7 0.062 4.95 3.23 200




Photocon Transducer Initial Pressure, psi

Stability Results

A B c F G H I Modes Damptime ,ms
25 234 285 272 1T-2T, 1T-3T, 1T, 1T-3T,3T( 33
31 282 219 - 1T, 2T 26
7 119 165 154 1T-3T, 1T 6
81 69 - 182 1T-2T, 1T, 1T-3T_3T-1R RCM
17 260 270 180 1R,3T-1R RCM
192 265 337 2T-06T, 1T, 1T-3T 28
4k 131 214 2T-0T, 3T 21
'58 308 180 2T-6T, 2T 6
'08 196 227 1T
55 1l 273 27,1T, 1T-3T, 3T-1R 18
b5 75 118 2T,17-3T, 3T-1R RQ¥
70 85 189 27-6T, 1T 8
s8 | 217 139 | 122 68 iR, 3T ‘| R
00 195 188 260 133 IT 6
05 197 232 260 125 1T,1T-3T,3T-1R RCN
45 392 220 183 1T,1T-3T 16
30 L 240 264 IT,1T-3T, 3T 20
:20 338 144 141 UNK, 3T-1R RC4
160 208 240 05 21,17, 1T-3T, 3T-1R RCM
0k 287 268 T2 IR,3T-1R ROM
71 235 26 1R, 2T RCM
83 92 168 1T-2T, 2T RCM
75 136 12, 1T-2T, 2T RCM
122 1T 22
'00 263 280 310 208 1T, 3T 1 17

154




A

ATV - DTN

TABLE 13
(Concluded)
Chamber Locations
Bomb Design Parameters Distance
Charge Charge Case From
Injector Weight, L/D Thickness, Radius Injector,
Type Fuel grains Ratio inches inches inches
Doublet 50-50 13.5 2.7 0.170 4.95 2.55
6.9 0.170 k.95 3.33
13.5 2.7 0.250 0 3.23
13.5 2.7 0.170 4.95 3.23
13.5 2.7 0.170 4.95 3.23

(I)T represents a tangential mode
R represents a radial mode

T-R represents coexistent modes

(2)1104 represents premature cutoff due to sustained instabilities




tions

stance
F.:::ﬂ_ Photocon Transducer Initial Pressure, psi Stability Results
nches A B C F G B I Modes Damptime, ms __-
2.55 215 245 260 308 254 225 |1T-27,3T-1R ROM
3.33 137 189 231 223 138 118 |1T-2T,1T,3T-1R ROM
3.23 300 320 315 271 268 344 |I1R,3T-1R RCM
3.23 205 295 248 243 |1T7-27,3T-1R 22

.23 213 288 303 | 265 |or,3T-1R 14

“
15
W




The first three tombs installed at the center of the chamber (during
Tests No. 004, 005, and 006) were subsequently determined not to have
fired within the time increment from bomb fire-signal to the first pulse
gun firing. The ‘nsulation was presumably melted from the electrical
lead wires where they passed under open bomb-installation ports in the
baffle assembly so thutthe bomb-fire signal was shorted; the later
practice of putting a blind plug in any of those ports which had lead
wires under them eliminated that problem. The bombs in Tests No. 042
and 051 detonated thermally after the nylon case broke loose and slipped
off the 13.5-grain blasting cap. The data from these two tests were

treated as though the bomb case consisted of zero thickness.

Pressure records from combustion chamber Photocons were examined to
determine the combustor's stability response for each perturbation. A
typical pressure record is reproduced in Fig. 52 , where it is seen that

the stability response may be quite complex. In this case, the initial
disturbance triggered a moderately high-amplitude, second tangential
acoustic instability. At the same time, however, the propellant sprays
which had been burning with a steady-state distribution in the combustion
chamber were burned at a much higher than average rate. As a result, the
mean chamber pressure was momentarily substantially higher than average.

As a further result, the propellant injection rate must have been drasticolly
reduced. The initial second tangential mode found little sustaining energ,
and, as the chamber pressure decayed below normal, it was attenuated.
Resumption of propellant injection apparently re-established a propellant
spray field better able to sustain a first tangential acoustic mode since
that mode was seen to orise out of the depth of the chamber pressure's
lowest level, After about 5 milliseconds, that modec was replaced by a

pair of coexistent acoustic modes: the third tangential (baffle compartment
mode) and the first radial. This combination was then sustained to engine

cutoff.
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The cembustor's stability behavior in response to the bombs is summarized
in bar-chart form for the triplet injector in Fig. 53 and the doublet
imjector in Pig. 54 . In addition to changes in bomb charge weight and
chamber locations, parametric changes in case material, L/D ratio, wall
thickness and fuel type were mede with the doublet injector.

Along the abscissa of these charts are listed increasing values of axial
distance from the injector face to the center of the bomb's explosive
charge for three different values of radial distance from the center of
the chamber to the bomb's cylindrical axis. (Four bombs which were
inserted into the chamber through Photocon ports, Tests No. 027, 030, 045,
and 051, and two bombs inserted iicar the nozzle, Tests No. 064 and 067
also shown.) The vertical height of each bar represents the explosive

' charge weight and the test number appears above the bar.

Stability information, as determined by frequency and phase analysis of
the chamber pressure records, is presented within each bar. The mode

(or modes) of acoustic instability initiated immediately by the bomb is
denoted by the kind of cross-batching in the bottom 0.2-inch of the bar.
Immediately above that is an indication of whether some other mode replaced
that initially triggered mode. Finally, above that is an indication of
vhether an instability was sustained until R(M cutoff (by continued cross-
hatching to the top of the bar) or recovery to stable combustion was

experienced. The height of a particular cross-hatched bar-segment is not
quantitatively related to time. The time required for the combustion
process to recovery to astable operation is tabulated along the abscissa

vhere applicable.

Pulge Guns. A total of 81 pulse gun charges were fired during tun: experi-
mental test program. The hot-firing tests in which pulse guns were fired,
| | the pulse gun charge parameters, the position and direction of blast-wave
entry into the chamber and the initial peak pressures recorded at several
Photocons are presented in Table 1& ., All but five of the charges were
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TABLE 14

PULSE GUNS USED DURING THE HOT-FIRING PROGRAM !
Chamber Inlet Description
istance

. . (1) N sk Trem
est Injector Charge Boss | Direction, Diameter | Injector,
No. Type Fuel Designation No. degrees inches inches
003 Triplet 50-50 1588/10K 1 180 0.515 2.00
004 40HB /20K 1 180 2.00
005 LOHB /20K 7 90 2.00
006 10HB/7 . 5K 7 90 2.00
008 80HB/20K - 90 2.00
009(3) 108B/7 . 5% 9 90 X.00
009(3) 30HB/20K 7 90 2.00
010 15HB/10kK 9 90 4.00
012 108B/7 . 5K 8 90 3.00
012 A0HB/20K 7 90 2.00
013 108B/7 . 5K 8 90 3.00
014 108B/7 .5K 9 90 4.00
020 4 0HB /20K 1 180 2.00
020 40HB/20K ) 135 2.00
021 108B/7 .5K 1 180 2.00
022 108B/7 .5 ) 135 2.00
022 158B/10K 1 180 2.00
024 108B/7 .5k 3 180 4.00
024 20HB /20K 1 180 2.00
026 10duPN/7 . 5K

026 10duPN/7. 5K

028 L0HB/20K Y 135 2.00
028 10HB/7. 5K 6 135 4.00
029 20duPN/20K & 135 2.00
029 10HB/7. 5K 2 180 3.00
033 15HB/10K 2 180 3.00
034 10HR/7.5K A 135 2.00
035 @ 150/10K A 135 & 2.00
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Chamber Inlet Description

Photocon Transéducer
Initial Pressure psi

Distance S'M-'J-&‘Tm—————_
- (2) ?ort &u (5)
rectien, Diameter | Injector, A B c F Modes Damp Time, ms
degrees inches inches
180 0.515 2.00 Already Unstable
180 2.00 1421 170 |22 17-3T, 1T vi
90 2.00 258| 158 | 78 17T 7
90 2.00 158| 52 | &7 17,17-3T, 3T-1R ROM
90 2.00 258| 240 | 90 1T,3T-1R ROM
90 5,00 1T 6
90 2.00 2T, 1721, 17-3T, 3T-1R ROM
90 4.00 240) 168 | 60 17-3T, ST-1R RCM
90 3.00 20 17 | 17 2T 2
90 2.00 252( 223 178 1T, 3T-1R RCM
90 3.00 116| 160 |238 | 80 17-3T, 5T-1R RCM
90 ,.00 196| 178 | 40 | 62 1T,3T-1R RCM
180 2.00 112| 166 [178 | 70 | 1T-3T,:T 2
135 2.00 218| 182 [100 {258 | 17-3T,IT 4
180 2.00 88 176 | 60 1T7-3T, 5T-1R ROM
1%% 2.00 Already Unstable
180 2.00 86| 132 {197 | 98 1T-3T, ST-1R 235
180 4.00 10/ 10} 10 | 10 Stable
180 2.00 A8| 148 |118 | 98 1T 2
135 2.00 208 130| 97 {250| 1T 3
155 4.00 1 10f 10} 10 Stable
135 2.00 Stable
180 3.00 3 351 281 22| 1T 2
180 3.00 355 254 121 | 17-3T,3T-1R ROM
135 2.00 155 951 70 |280| 1T-3T,3T-1R RCM
135 v 2.00 130] 108 80 [275| 11-3T,37-1R ROM




TABLF 14
(Contiuued)

Chamber Inlet Description

Distance |
T . (l) . . (2) .Port ?ron
est Injector Charge Boss | Direction Diameter ! Injector,

No. Type Iuel Designation No. deyrees inches inches A
036 | Triplet 50-50 20HB/20K & 135 0.515 2.00 168
036 20HB/20K 2 180 3.00 300
037 v 15HB/10K 3 180 4.00 10
039 | Doublet 10HB/7.5K 9 90 4.00 352
039 10HB/7. 5K 8 90 3.00 140
040 4OHB/20K 7 90 2.00 360
040 10HB/7. 5K 1 180 2.00 82
041 2OHB/20K 7 90 2.00 400
041 | 20HB/20K 1 180 2.00 250 |2
042 | 4OHB/20K 1 16v 2.00 256 |:
042 4OHB/20K A 135 2.00 190
043 LOHB/20K 7 90 0.370 2.00 360
043 20HB/20K & 135 0.515 2.)0 155
Ok4 40HB/20K 7 90 0.430 2.00 366
Okl 10HB/7. 5K ) 135 0.515 2.00 133
045 10HB/7.5K 7 90 0.370 2,00 318
045 10HB/7.5K 6 135 0.515 £.00 90
045 10HB/7. 5K 3 180 .00 32
0k6 LOHB/20K 3 180 4.90 192
0kt 10HB/7.5K 7 90 2.00 322
049 15HB/10K 3 180 4.00 40
049 401B/20K 9 90 k.00 358
050 20HB/20K 3 180 4.00 152
050 20HB/20K 9 90 4.00 362
051 4OHB/ 20K 6 135 4.00 46
051 15HB/10K 1 180 2.00 170(‘)
052 Y v 15HB/10K 6 135 .00 152
052 15HB /10K 4 135 2.00

A N




Ty (1

Chamber Inlet Description

Stability Results

Distance
(2) .Port I_“ro-
tion Diameter | Injector,
inches inches A B C F Modes Damptime,ms
0.515 2.00 lo8 | 72 75 1T-3T, 1T 10
3.00 300 | 272|135 | 160 1T,3T-1R ROM
0 4,00 10| 10| 10| 10 1T 2
90 4.00 352 |225 | 100 | 60 (4) 1T 7
90 3.00 140 | 146 | 282 82 1T 6
90 2.00 360 | 265 | 154 | 208 1T,17-3T7,1T, 1T-3T, 1T 28
80 2.00 82 | 85| 190 | 52 1T-3T,1T 7
90 2.00 400 (252 ]| 122 | 185 2T,2T-1T 18
80 2.00 250 {220 1 312 | 194 2T, 27-1T 5
80 2.00 256 214&)280 | 208 1T 7
35 2.00 190 (168 | 200 | 372 1T 6
90 0.370 2.00 360 | 262 | 132 292(") 1T 30
135 0.515 2.00 155 |180 | 101 | 3158 |11 7
90 0.430 2.00 306 (238 | 138 | 190 1T 20
135 0.515 2.00 133 152 | 150 | 272 1T,3T-1R RCM
90 0.370 2.00 318 |210 | 78 1T 9
135 0.515 4.00 9 | 70| 58 1T,3T 20
180 4.00 32 [ 25 40 Stable
180 4.00 192 [ 186 | 291 | 127 1T 7
| 90 2.00 322 231 {100 | 93 1T 8
180 4.00 s | 70| 78| 30| stabie
90 4.00 358 |302 | 116 1T7-2T,1T,1T-3T, 3T-1R RCM
180 4.00 152 |208 | 365 1T7-2T 6
90 4.00 362 |255 | 121 1T,1T-6T,1T,3T-1R RCM
135 4.00 46 | 44 | 88 1T,1T-3T, 1T, 1T-3T, 3T 17
180 2.00 176% 155 | 130 1T 6
135 4.00 152 |136 | 158 1T
135 2.00 170 | 128 IT
162
b
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TABLE 14
(Concluded)
Chamber Inlet Description
Distance

Port From
Test | Injector Fuel Charge(l) Boss Direction,(2) Diameter | Injector,
No. Type (hydrazine/UDMH) Designation No. degrees inches inches
052 | Doublet 50-50 15HB/10K 9 90 0.515 4,00
053 15HB/10K 7 90 2.00
055 20KB/20K 6 135 4.00
055 10HB/7.5K 5 135 3.00
056 40HB/'10K 7 90 2.00
057 10HB/10K 7 90 2.00
058 2CHB/10K 7 90 2.00
059 20duPM/20K 1 180 2.00
061 40duPM/20K 1 180 2.00
062 20duPM/20K % 90 2,00
062 80duPM/20K 1 180 2.00
064 80duPM/20K 7 90 2.00
065 * 40duPM/20K ) 90 2.00
070 UDMH '!.oms/zox 9 90 : 4.00
070 4O0HB /20K 7 90 2.00
070 10HB/7 .5K 4 135 2,00
071 15HB/10K 7 90 2.00
072 20HB,/20K 9 90 4,00
076 # 15HB/ 10K 1 180 2,00
079 50-50 15HB/10K (1) 180 2.37
080 40HB /20K 5 135 3.00
084 40HB/20K 8 90 3.00
084 40HB/7.5K 5 135 3.00
085 ¢ 15HB/10K 7 90 2.00
086 v 15HB/10K 7 90 v 2.00

(1) The charge designation includes first the charge weight in grains, next the explosive t
duPont Military) and finally, the burst diaphragm pressure rating in 1000 psi.

(2) Directions of 90, 135, and 180 degrees are referred to elsewhere in this report as tange
respectively.

(3) The g;geo:s nitrogen flow was admitted to the chamber first during Test 009 and had not
were fired.

(4) Photocon transducer struck by bomb case fragment from previous pulse.




)

r Inlet Description Initia) Presuiire. piis Stability Desults |
Distance

) Port ?rom '

Diameter IpJector, A B C F H 1 Modes Damptime, ms #
inches inches ’
0.515 4.00 372 | 252 [112 1T 7

2.00 338 | 250 | 118 2T,1T,1T-3T,3T-1R RCM
4.00 135 97 | 50 1T7,1T-3T, 1T, 1T-3T, 3T 25
3.00 128 | 130 | 70 2T, 17-3T, 3T 16
2,00 390 | 241 | 118 [118 2T,1T,1T-3T,3T-1R ROM
2.00 371 | 248 106 {117 2T,1T,1T-3T, 3T-1R - RCM
2.00 382 | 238 | 104 |118 1T,17-3T, 3T-1R RCM
2.00 140 | 140 | 340 {120 1T-2T 2
2.00 90 | 141 |258 | 88 1T-2T
2.00 322 | 238 135 1T, 1T-3T, 3T 34
2.00 249 | 249 | 298 [255 1T-37,1T, 3T 14
2.00 323 | 268 | 149 |155 1T,1T-3T, 3T 23
2.00 338 | 267 | 122 |160 IT,1T-3T, 3T-1R RCM
4.00 365 | 272 | 98 |222 1T 9
2.00 318 | 210 ] 92 |128 1T 8
2.00 15 8| 8 6 Stable
2.00 292 | 122 | 85 [118 1T-2T, 2T RCM
4,00 293 | 156 | 90 [173 1T-2T RCM
2.00 115 82 1230 | 86 1T-2T, 2T RCM
2.37 UNK 14
3.00 1T-2T, 3T 19
3.00 253 | 302 312 217 388 1T 15
3.00 177 | 162 | 150 212 [167 | 1T,3T-1R 23
2.00 362 170 448 | 422 17-2T,1T,3T 14
| v 2.00 342 138 42 | 448 | 17,3T 1R 63

-

tnn, next the explosive type (HB = Hercules Bullseye No. 2,
ng in 1000 ps1.
‘e in this report as tangential, chordal, and radial,

‘iug Test 009 and had not been turned off when the pulse guns
163
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believed to have given valid combustor perturbations. Two'of those
(during Tests No. 007 and 022) were fired during previously existing
bomb-initiated instabilities. Three pulse charges made up of duPont
Miﬁitary‘powder instead of Hercitles Bullseye No. 2 were inadvertently
fired in Tests No. 020 and 029, The 10duPM/7.5K charges failed to burst
their diaphragms. The first 31 charges (including all five of those just
comnented upon) were used during hot firings of the triplet injector and
the remaining were with the mixed doublet injector. The combustor's sta-
bility behavior in response to the pulse guns is summarized in bar-chart
form in Fig. 55, 56, and 57. Figure 55 presents the datea obtained with
the triplet injector and NQHQ-JH»ﬁl(50~50) fuel., As can be ascertained

by referring to Table 14, only "standard" charge weight/diaphragm strength
combinations of Hercules Bullseye powder arc represented there. Pigure 560
contains those data from the doublet injector firings which are directly
comparable with the triplet data. Then the other data from the doublet
injector firings (in which variations were made in the pulse gun param-
cters powder burning rate, charge weight/dinphragm strength combination
and barrel port diumeter and in the propellant combination) are given in
Fig. 57. The stability information on these charts is presented in the
same manner as that for bombs in Fig. 53 and 54 except that the pulse guns
were directed in three angular directicns whereas the bombs were located

at three radial positions.

Directed Gas Flows. Directed flows of gaseous nitrogen and helium failed
to initiate any chamber pressure oscillations during 11 tests. The test
numbers, positions and directions of admission into the chamber and data

on the gas species used and the gaseous flowrate are presented in Table 15.

The maximum flowrate achieved with gaseous nitrogen was 8.08 lb/sec
which corresponded to a linear ramp slope of 300 1b/iec2. The maximum
helium flowrate was 2.24 lb/lec. Typical ramp profiles are shown in
Fig. 58. All gaseous flows were introduced into the combustion chamber
at an axial distance of 2 inches from the injector face. One test with
the doublet injector utilized a 0.370-diameter port connecting tube; all
others were with a 0.515-inch diameter port.
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On several occasions, a port through which a gas pulse was directed fell
within the field of view of the Fastax camera looking up the nozzle into
the combustion chamber. The high-speed motion pictures showed clearly
that gas flows directed in the chordal or tangential direction resulted
in a large circulating eddy motion, or vortex, within the baffle compart-
ment. In terms of the camera's field of view as it was sketched on

page 1, a chordally directed pulse produced motion on about the following
scale:

S

¥ PULSE
DIRECTION

During those tests for which the gas flow ramp was the longest duration,
the eddy became more and more distinct as the flowrate increased. During
that time, the accelerometer on the injector recorded a vibration that,

as shown below, steadily increased in amplitude. There were however, no

attendant chamber pressure disturbances or oscillations.

P———IOO Milliseconds

,-— Ramp Flov Duration ——.l

Accelerometer Output During Gas Pulse Flow




It is interesting to note that most production-type rocket engine tests
utilize accelerometer transducers for rough combustion indicators and

often provide a RCM signal for engine cutoff. The accelerations on the above
mentioned test exceeded 250 g peak-to-peak and could have been sufficient

to generate an erroneous cutcff signal under most normal operating test
conditions,

Also observed by the nozéle-end view camera were a few brief flashes of
brighter-than-usual combustion products emanating from the general
neighborhood of the corner formed by the intersections of the injector
face and the baffle with the chamber wall., Tvwo of these were seen during
the nitrogen gas flow in Test No. 037 and are listed in Table 15 as "pops".
They were firat observed in the motion picture and, from their appearance,
were immediately thought of in terms of the isolated random pressure dis-
turbances that occur occasionally with Néoh and hydrazine-based propellants.
Close examination of the pressure records revealed, however, only very
slight disturbances were felt at the nearest Photocon position. In at
least one case, the flash of brighter products appeared to penetrate about
half the cbumber radius at about 1000 ft/sec for about 1/2 millisecond.
These results offer a strong indication that the propellant combustion

processes with these injectors and propellants are not sensitive to transverse
flow disturbances.

Instabiljty Mode Ideptificatiop and Modal Relatjopships. The information
presented in Fig. 53 through 57 is wholly concerned with the identification
of and relationships among particular chamber acoustic modes. For the
majority of the tests, these data were derived from examination of the
frequency, amplitude, and phase relationships among pressures recorded by
the three or four Photocon transducers and displayed by making time-base-
expanded oscillographs of the taped data. Data from Photon transducer
positions PCl through PC8 provided positive identification between the

first tangential and second tangential acoustic modes. The transducers
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were located, however, on pressure nodal points for the standing third
tangential mode. Therefore, it was impossible to positively distinguish
between the third tangential and the first radial acoustic modes, since
all pressure oscillations would be in phase for both modes. Based upon a

355C feet per second acoustic velocity, the following theoretical modal
frequencies were calculated.

TABLE 16

THEORETICAL CHAMBER ACOUSTIC FREQUENCIES

Chamber Acoustic Mode Theoretical Acoustic Frequency, cps
First Tangential 2188
Second Tangential ' 3629
Third Tangential 4992
First Radial 4553

It is observed from Table 16 that only 439 cps separate the third tangential
and first radial modes. Additional instrumentation techniques were needed,
therefore, to ascertain conclusively the chamber acoustic behavior. IlLate

in the firing program, two additional Photocons (H and I) were installed;
each was located 15 degrees on either side of a pressure nodal point for

the third tangential acoustic mode. These transducer output data, in
conjunction with streak film data, indicated that both the first radial

and third tangential modes were coexistent,

—-I I-— 1.25 MILLISECONDS

|m0'roconu




A beat frequency, for example, was recorded on both (H) and (I) Photocons,
180 degrees out of phase, and represented the differential frequency between
the two mod2s. Addit‘.ion&l corroborating evidence from the streak photo-

graphic records is discussed in a following section.

Two hot-firing tests were made with a transparent combr-stor section
using the doublet injector and N, -UDMH (50-50) fuel. The initisl
test, run number 078, was nearly nonproductive because the majority
of the films were somewhat under exposed and the single scheduled
rating disturbance was not activated. A shorting circuit on the
explosive bomb firing circuit had not been removed. The second test,
run number 079, contained a 13.5-grain bomb located in the nozzle

section and a 15HB/10K pulse gun charge directed radially through the
transparent side. Both 600-millisecond tests were successful from an

operational standpoint.

The most pertinent results of transparent chamber experiments at

rocket operating conditions are photographic. Detailed study of high-
speed motion pictures can yield semi-quantitative understanding of the
combustion processes in depth that is not attainable by any other current
means. Unfortunately, in reproducing a few frames of 16 millimeter film
for publication, little (if any) of the dynamic quality is transmitted.
Some film sequences that are fairly informative when projected in motion
may lose all meaning when reproduced as still phbtographs. Figure 59
shows reproductions of two frames taken with a Fastax camera through
the transparent combustor wall during test 079. The axial field of view
of the transparent section was 5.56-inches. The first picture, Fig. 5%a,
was taken several milliseconds prior to initiation of the bomb. The
length of the propellant streams during stable combustion is seen to be
about 5 to 6 inches. Since the outer injector ring consisted of fuel
elements, the observed unburned propellants are probably Nzll,‘-m (50-50)
fuel fans from the self-impinging doublet elements. Figure 59b shows

the interruption of the combustion process several microseconds after the
bomb blast. The propellant streams are almost entirely.conn-ed by the
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a. Steady State Stable Combustion

b. Shock Wave Following Bomb Perturbation

Figure 59. Selected Frames From Motion Photography
of Combustion Process

-~
.
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quasi-spherical shock wave generated by the bomb in the nozzle. The fuel
spray fans were shortened to about one-half of their original lengths dur-
ing unstable combustion and vhen viewed in projected motion, could be seen

to oscillate in the transverse directions.

Streak Film Apalysis. Streak films, taken for aiding in the identifica-
tion of instability modes and understanding of the various phenomena that *

occur wvhen a rating technique is employed, are illustrated in Fig. 60 and 61.
Segments of films exposed to light emission through the transparent com-
bustion chamber wall at the time of bomb detonation are shown in Fig. 60.
Later-time segments from those same films, when the pulse gun was fired,
together with a segment from a baffle~-vane-aligned streak film are re-
produced in Fig. 61, The geometrical relationships between the atreak
camera alignments and the chamber are shown in Fig. 50. The nozsle-view
streak camera aligned with one baffle vane was obscured behind an NTO

cloud during the bomb dieturbance and did not produce any useable data

until the pulse gun fired.

All streak photographs werc correlated with other photographic and tape-
recorded data by means of a common 1000-cps reference timing signal.
Voltage pulses were simultaneously recorded on the run oscillograph, one
channel of the magnetic tape and supplied to each Pastax camera vhere they
powered a timing light for exposing a small portion of the film's edge
every millisecond. Crors-correlation was assured by providing a unique
blanking or broadening of the voltage pulses during one specific time
interval in each test. The pulses to some of the streak cameras were
specially shaped to provide more abrupt initiation and termination of
lamp luminosity.

Examination of the axial and circumferential streaks in Fig. 60 ghow the
existence of the standing first tangential mode for approximately 7.5
milliseconds following the steep-fronted bowb shock wave. This is typified
by the parallel normally orientated, luminous bars or the axial streaks

and the corrc'nponding sinusoidal-like wave appearance in the circumferential




streaks. The observed frequency is 2130 cps vhich compares favorably
with the 2188-cps frequency listed in Table 16, During this period the
chawber prescure dropped below normal, causing increased injector A P's
and flowvrates, as shown on the axial streak film. About 8 milliseconds
after the bomb disturbance, the combustion process recovered from the chug
and the chamber pressure reached a high value causing the luminosity to
increase as shown. At about this same time a change in the stability
behavior can be noted. The frequency increased to 4570 cps. This new
wave foras can be identified as the first radial acoustic mode and is
seen to coexist with the first tangential, particularly on the circum-
ferential streak film. Both modes were damped after 22 milliseconds
and stable combustion continued until the pulse gun was fired.

The three streak films taken during the pulse gun disturbance are shown
in Fig. 61. In addition to the axial and circumferential orientation,

a streak record was obtained with a camera looking up the nozzle with a
0.005-inch--wide slit aligned parallel to a baffle vane. This is shown
in Fig. 6lec. (The less precise 1000-cps reference time base was recorded
on this film and the framing rate was approximately 4100 fps.)

All three films show increased combustion luminosity for about 1.5 milli-

seconds following the initiation of the pulse guu disturbance. The first

tangential mode is again clearly indicated at approximately 2100 cps,

primarily on the circumferential streak. A basic differerce with the

pulse gun disturbance was the presence of the first radial wrde immediately

following the perturbation. This is again shown by the luminous parallel

bars of light on the axial streak and the corresponding saw-toothed pattern

observed on the baffle-oriented streak. The instability was damped after

5 milliseconds. The pulse gun did not cause a feed system coupled chugging -
instability.
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ANALYSIS AND CORRELATION

COMBUSTOR'S STABILITY RESPONSE

From previous stability experience with the particular rocket system em-

ployed, it was anticipated that recovery to stable operation would be

experienced with all but a few of the rating devices' perturbations. The
projected correlations were based, therefore, on relating the devices'
characteristics to response variables such as the initial pressure dis-
turbance amplitude, the recovery or damp time, and the pressure oscilla-
tion amplitude decay rate. It was further expected that instances of
sustained instability could be clearly related to rating device applica-
tion variables; e.g., introduction into the chamber at a preferred loca-

tion for driving a particular mode of instability.

A few tests dispel these promising expectations. The triplet injector,
which had previously been found insensitive to bomb perturbations, was
found to recover its stability from only a small fraction of the bombs
used and only about half of the pulse guns. The least expected revelation
was that there was no immediately apparent relationship between the rating
device perameters varied and the ultimate stability of the combustor.

In other words, recovery to stable operation appeared to occur randomly.
Thoughtfil examination of Fig. 52, 53 and 55 will clearly reveal the com-

plexity that the first several tests began to reveal.

The projected correlation technique was not appropriatc for the stability
responses experienced. In view of the responses' complexity, an slternate

correlation approach was devised which was based on conceptual interrela-

tionships among characteristics and responses as depicted in Fig. 62.
There the correlation is broken down into several separate steps, each
of which forms a logical stepping stone for relating the rating device

. to the combustor's ultimate stability behavior. This approach has a great
advantage over a simple beginning-to-end correlation: If the ultimate

stability is unrelated to the rating techniques' veriations, it should

be possible to determine at which point an hypothesized relationship
breaks down.
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The cold characterization, step (1), has already been discussed at length.
As indicated by the dashed line input to step (2), it is conceivable that
direct correlation of the input parameters may be desirable or required,
but use of the characteristics should lead to a more fundamental under-
standing of the processes involved.

This section is concerned with the analysis and correlation of informa-
tion regarding steps (2), (3), and (4). Each of these is shown in

Fig. 62 as having the propellant spray combustion characteristics as

an input; these were certainly not determined, but were considered to

be held constant for three distinct groups of tests (viz., the triplet
injector, the doublet injector, and the doublet injector with UDMH fuel).

In step (2), quantitative correlations were sought between the rating
techniques and the initial response of the combustion processes. Since
the gas flow disturbances did not induce any measursable pressure dis-
turbances, no further conliderution.will be given that technique here.
For the bomb and pulse gun techniques, the correlations are in terms of

the initial pressure wave amplitude.

The continued response, following the establishment of an initial pres-
sure wave, is interpreted in step (3) as the driving of an initial mode
of combustion instability. The available infurmetion has been related
qualitatively, and somewhat heuristically, to the position and orienta-
tion of the rating device in th2 combustor but the quantitative correla-
tion appears to break down at this step.

The ultimate stability is discussed in step (4) in terms of interactions

between the initial mode, a low-frequency chug, and' subsequent instability
nodes. Again, quantitative correlations are lacking.

Initial Wave Amplitudes

The direct analog pressure records were analyzed to obtain quantitativé
data on the initial bomb and pulse gun-initiated blast wave llplitud.l‘
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as functions of time and distance from the source. Correlation of these
data en the initial overpressure to the devicis' cold-flow characteristics
or to their descriptive parameters was the principal goal of this effort.
The magnitude of the overpressure and its growtk or decay were also of
intereat as providing possible explanations for the types of acoustic
medes initiated, their amplitudes, and perhaps the nltimate dynamic
stability of the tests.

Hlnivc Bombs. The way in which the bomb position was described in
the analysis is illustrated in Pig. 63 . The axial distance of the bomb
from the injector face, denoted by 4, varied from 2.95 to 10.2 inches.
The radial distance r of the bomb from the chamber axis had values of
sero (bomb at the center), 2.85 inches (bomb at the midradius), and 4.95
inches (bomb near the chamber wall) for the tests included in the
correlation.

The Photocons vere located at axial distances x from the injector face
of 1.5 and 4 inches at several different positions around the circumference
of the chamber (Pig. 45). The positions were characterized in terms of
the projected distance y from the bomb to the Photocon; that is, the dis-
tance from the Photocon (A in Fig. 63 ) to the projection of the bomb
into the Photocon plane (D 1?4nLgM The direct distance from the
bomb to the Photocon is z = y2 + (¢ - x)2. 0f subsequent interest in
the analyvsis is the angle & between the lines CA and AB. The former is
the normal to the Photocon face and the latter is the direction of propa-
gation of the initial shock wave from the bomb. The cosine of this angle
vhich may be obtained from the side lengths of the triangle ABC, is given
by

° #82—1' —&-12 (22)

vhere

5.7% inches is the chamber radius CA and "/rz + (- x)2 is the
distance from B to C.
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In the next fev pages, data on the combustor's response to bombs are {
discussed and extensively cross-plotted to present a good overvievw of i
the results. Occasionally sowe data from the demonstration tests, des-

oribed lats», are dravn in to emphasite a point. Demonstration test data

vere not used in the statistical eon'-clation of the bomb data, howvever.

The initially developed correlations vere based on the as-measured trans-

ducer data, as are the following cross-plots. The final correlations

are seen to be much simpl2r vhen the data are treated with a pseudo-

reflection coefficient. '

It was originally anticipated that the disturbance from the bombs would
‘:prom.tc symmetrically in all directions; i.e., that the bombs are non-
directional. This hypthosis was tested by observing the response to bombs
mounted on the baffle at the chamber axis (r = 0). Pigure 64 shows

tlllh to be reasonably velid for the5.5-grain bombs. The degree of scatter
for the 13.5-grain bombs indicates that the pressure measured at a dis-
tance of one chamber radius (5.75 inches) from the bombs had a mean devi-
ation of 110 percent from the average value.

Purther indication of departure from a truly symmetrical initial wave is
evidenced by an overall average difference in the initial overpressure
at Photocons A and B of about 11 percent. These pressure transducers
vere symmetrically located with respect to all baffle-mounted bombs.
Asymmetry of the initial wave was particularly marked with the thickest
(0.500-inch wall) bomb case tested.

The varying distances from the bombs to the different pressure transducers
1 provided a means of determining the rate of growth or decay of the initial
! pressure vave. However, the inhomogeneity of the combustion environment

posed a problem as to the correct distance to use. In ome l'init, a homog-

eneous bipropellant spray could be assumed to be distributed quite far

| down the chamber, in which case the overpressure was plotted as a function
of the direct distance, z, from bomb to Photocon. As another limit, the
actual combustion zone could be assumed to be thin in the axia) direction
and located near the injector. It is convenient to assume that it is in

the plene of Photocons A, B, C (and, alsq, F for triplet injector runs)
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at 1.5 inches from the injector. In this case the shock vave from the
beab (vhich vas alvays at least 2.15 inches downstresm of the injector)
vould decay wmatil it reached the burning zene, wvherein it would then be
suplified. In the latter case, the grovih would occur o;ly over the pro-
Jeeted distance from bomb to Photocon, or y (Fig. 63). The actual physical
situation should lie between these two extremes with a burning zone of
finite width concentrated reasonably near the injector and attenuating in
intensity further downstrean.

The initial overpressure data were plotted against both y and z for each
run. In mest cases the curves wvere more nearly linear as a function of z
than as & function of y. Othervise, the two parameters indicated similar
trends. Typicsl curves in terms of z only are shown in Fig. 65 through 68.
In all cases the vave strength increased as it traveled through the burn-
ing spray. Mest of the curves tended to level out at y or z distances
bet* ‘n about 6 and 10 inches. Notable exceptions to this were the curves
for the doublet injector vith the bombs near the chamber wall. In this
case, for both xzu,'-(m(so-so) (Fig. 67), and UDMH fuels, the curves
vhich exceeded 150 pai at y or z of about 3 inches shoved an increasing
slope vith distance (concave upward); vhile, if the overpressure at

3 inches was belov about 150 psi, the curves were concave downward.
Another exception was the case of the bomb mounted in the converging posi-
tion of the nozzile (loe run 064 vhich is superimposed on Fig. 68 contain-
ing "mid-radial® bombs). The wvave strengthened abruptly as it moved into
the vicinity of the injector.

To examine the effect of bowb size, shape, case thickness, and bomb loca-
tion on the initial wave, a single value of overpressure for each test
was obtained. The points arbitrarily selected were those taken froum the
initial overpressure curves at z = 5.75 inches, or one chamber radius
from the bomb. The effects of varying only axial location of the bowb
(L), radial position of the bomb (r), bomb charge veight (W), and bowb
case thickness ('l'c) vere investigated. The latter two are illustrated in
Fig. 69 and 70.
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Figure 65. Initial Overpressures From Bombs at 2.85-Inch Radius
(Triplet Imjecter, l,l‘-m(n-sn) Fuel)
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Initial Overpressure, psi
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Figure 67. Initial Overpressures From Bembs at 4.95-Iach Radius
(Doublet Injector, N8, ~UD(50-50) Puel)
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Two tests (040 an? 049) show that changing the bomb case material from
nylon to Micarta had nejligible effect on the initial wave. Comparison

of tests 040 and 041 with 068 and 077, respectively, showed a slightly
stronger initial wave with Nzll,.-UM(SO-SO) fuel than with UDMH. As
expected, increasing chamber pressure increased the initial wave strength.
This is illu-.trnted, together with the effect of using UDMH, in PFig. 71.

In general, the initial overpressures were greater with the doublet injector
than with the triplet, which is somewhat surprising in view of the higher
incidence of sustained instability with the latter.

A regression analysis was performed to obtain mcthematical wmodels corre-
lating the experimental initial overpressure data with the bomb input

parameters.

Descriptive Correlations. It was hoped that one model would be suf-
ficient to describe all ¢f the initial peak pressure data from the motor
hot-firings. It was found, however, that different models were required
for the doublet and triplet injectors. In particular the projected dis-
tance y which appears as a qadratic expression in both models has opposite
curvature in the two cases. For both injectors, number of descriptive
models with a number of different types of terms were tried. Among the
best models (i.e., highest mltiple correlation coefficient and lowest
standard deviation) for the triplet and doublet injector, respectively,

were the following:

P=c211W+l47W-212W +32.1y-2.25y°
+210¢ - 1082 +13.247 4+ 52.3 r - 16.6 r* (23)

P =200 + 3.98 wch - 0.022 (wy&c)2 +21n-29.7y
+ 5,04 y2 - 15.4 x - 4,45 42 = 2,49 52 (2&)

The variable n in the model for the doublet assumes the value 1 for
The variable thickness

nylon-case bombs and the value 0 for Micarta.

ST = v 0.
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Figure 71. Effects of Chamber Pressure and Fuel on Initial Overpressures
From Bombs
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('l'c), case material (n) and Photocon axial position (x) were held con-
stant in the tests with the triplet injector; hence, do not appear in
the mathematical wodel. Other terms which appear in other models tried

include the direct transducer to bomb distance s, more powers of V¥, y,

{, and r, and such terms as W/T_.

Some of the experimental data were not included in the analytical models:
the 25-grain bombs with the triplet injector and data with the doublet
injector which introduced an additional factor (different orientation of
bomb, different type fuel, etc.). Cross plotting the data had indicated
that for bombs smaller than 13.5-grams peak pressure increased with in-
creasing weight but an asymptotic value was approached with larger charges
Because of the large number of independent bomb parameters 3! was not
feasible to introduce a model vhich wvould allov for asymptotic offects.
Instead, peak pressures were calculated from the model using the test
conditions for the 25-grain bombs but assuming a weight of 13.5 grains.
These were, in fact, higher than the observed values vhich tend to con-
firm the asymptotic assumption. The same procedure, i.e., comparing
predicted and observed values, was used wvhen additional factors were in-
troduced with the doublet injector. In all cases the two wvalues wvere
sufficiently different to believe that each factor had an effect on the
process. This could not be explored more thoroughly vithout wore data.

Correction for Direction of Incidence Effects. A number of anomalies
appeared in the raw peak pressure data which were difficult to attribute to

chance variation. For example, the models contained a number of terwms in the
geometrical variables 4, y, x, and r. Cross—plots of P va y showed dif-
ferent curvature effects as a function of transducer position x. Al-

though the models given above are quite useful for smoothing the data

and predicting peak pressures for future tests vith the same system,

they give no physical insight intc the growth of the pressure wvave in

the chamber.

In an attempt to obtain wore realistic models, the rav data were corrected
by m..ns of a simplified wave incidence coefficient. In lieu of making -
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laborious calculations, it vas assumed that the incidence coefficient
would be equal to unity plus the cosine of the angle between the path
of the blast and the normal to the transducer (the angle @ in Fig. 63).
The corrected pressures, obtained by dividing the observed pressure by
the incidence coefficient, are tabulated for 16 tests with the doublet
injector and 12 tests for the triplet injector in Table 17. These data
were correlated to give the followving model for the doublet injector:

P

Trcna 120 +5.25V-1471T +50y-1867%+3.3r (25)

The standard error of this model was 16.7 psi, vhich is comparable to

that ebtained vith the more complicated model for uncorrected pressure,

Bg. 2k, There is no evidence of curvature vith W, y, or T,. The effect
of thickness appears the same at each charge weight, so that an interaction
term is unnecessary. It is important to note that y is preferred to =

and ¢ to ({- x) as correlating variables. Thus, peak pressure grows slightly
in the radial direction but there is no apparent effect of transducer

axial location, x. If a bowb is exploded at a position further downstream,
its shock front is veaker and this effect cammot be explained solely in
terms of the distance from the bowb to the sgemsor.

For the triplet injector data, the resulting model wvith incidence co-
efficients vas:

—
l ¢+cos @

= 46.3 +7.63W -10.4 1 (26)

The mltiple correlation coefficient and residual standard deviation re-
sulting from the model are 0.9% and 14.2 psi, respettively. The variables
%, v, and (4 - x) were not at all significant. There is no effect of the
radial position of the bowb nor curvature in the effect of 4.

The effect of W in Bq. 26 requires some comment. The data from 25-grain
bombs were not used in the analysis, since, as was noted earlier, they
appear to be essentially the same as those for 13.5-grain bowmbs due to




TABLE 17

REDUCTION OF INITIAL WAVE AMPLITUDES BY
INCIDENCE COEFFICIENTS FOR BOMBS \

Observed Corrected G 4
Test Pressure Pressure ;
No. Transducer Amplitude, psi Amplitude, psi
Doublet Injector
039 Aand B 196 136.5
c 227 129.9
F ' 305 155.4
040 Aand B 247 172.0
C 250 143.1
F 352 179.3
041 A and B 90 63.0
c 194 111.1
F 260 132.4
043 Aand B 220 147.9
c 310 165.7
Okk Aand B 230 126.0
c 285 152.3
F 272 137.3
046 Aand B 113 87.7
c 165 9.6
047 A and B 75 58.4
F 182 93.3
048 A, g, and 282 146.2 ‘
F 180 9.0 5
049 B 192 133.7
c 265 151.6 2
050 Aand B 138 96.7
I c 214 122.6

197




Corrected
Pressure
Amplitude, psi
118.9
125.0
84.2
146.2
44.0
67.3
54.6
108.3
060 A, :. and 181 92.7
F 122 61.2
061 Aand B 148 103.1
Cc 188 107.6
| 4 260 132.5
Triplet Injector

002 A and B 142 9.9
C 178 101.1
007 A 196 131.0
c 233 132.1
011 Aand B 126 97.8
c 160 95.6
F 135 71.3
0l% Aand B 166 97.4
C 204 112.1
F 200 103.7
016 Aand B 236 129.3
C 263 140.6
F 260 132.3




TABLE 17

(Concluded)
Observed Corrected
Test Pressure Pressure
No. Transducer Amplitude, pei Amplitude, psi
Triplet Injector

017 A and B 72 39.7

F 88 £3.0
ol8 A and B L2 2%.8

C 66 36.4

F 66 34.3
019 A, B, C 226 117.2

ad F
021 Aand B §2 22.4
022 A, B, C 167 88.7
and F

023 A 38 29.6

c 63 37.7

F N 37.0
032 A and B 72 39.6

c 106 56.8

F 9% 47.9




an asymptotic effect. An attempt was made to insert a W° term into

By. 26 to model this effect. The V2 term vas statistically signifi-
cant, but its sign vay positive, vhich was an unexpected result. Fx-
amimation of the rav data shewed that the curvature was due to unusually

low peak pressures for the 5.5-grain bowb used in test 018. Therefore,
the linear wmedel is preferred.

Somevhat surprising is the fact that for a bomk in a fixed axial polition',
no significant radial samplification of the initial peak overpressure was
observed froem 2 to 10 inches from the bomb. This contrasts with the re-
sults frem the more stable doublet injector, in which radial wave growth
wvas ebserved. Thus, difference in wave grevth does not appear to relate
te the stability characteristics of the two injectors.

Correlation With Cold-Characteristics. The preceding correlating
medels related the stability response directly to the rating techniques'

parameters, rather than to their characteristics established in the cold
flov experiments. The latter correlations would be of more fundamental
value to the understanding of the rating techniques' effects and in
comparing one technique to another.

Since the decay in initial peak pressure of a blast wave in air will in
general be totally different thanm the blast wave behavior in a chamber
full of burning propellants, the cold flow equatioms were used to find
the initial peak pressure at the bomb surface. First, Eg. 12 wvae used
to compute In e at the bomb surface for each bomb used in the emgine
firings. Then the shock Hugoniot relation (Eg. 3 ) was used to con-

vert to pressure. The predicted bomb initial pressures are as follows:

Veight | Thickmess | ™S4 | Fi’ Poi
13.5 0.17 | -3.035 | 199.1
13.5 0.28 | -3.312 | 113.3
13.5 0.50 -3.635 58.3

5.5 0.17 | -3.199 | 142.5
505 0028 -3."77 w.s
3.2 0.17 | -3.299 | 116.%
200
+ :’:ﬁ.
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Because of the simplicity of the models obtained using them, the pressure
data modified by incidence coefficients will be used. The bombs used
with the triplet injectes varied only in charge weight. For the three
charge weights used, the equation W = 3.67 - 0.0793 Pi + 0,000646 P12
holds. This may be substituted directly into Eg. 26 to obtain the

model :

P
1l + cos

2 _ 104t (27)

i 74.3 - 0.605 Pi + 0.00493 Pi
Due to the inclusion of the curvature term in Pi’ this wodel is hard to
visualize immediately. The peak pressure predicted at { = 3 inches for
Pi = 200 is 120 psi and for Pi = 50 is 25 psi. At the midpoint Pi = 125,
the prediction is 45 psi, which is considerably less than the result of

72 psi obtained by linear interpolation between the {wo extremes.

The behavior of bombs in the doublet injector tests was described by a
somevhat more complex model because the bomb case thickness was allowed
to vary. Therefore a direet substitution into Eq. 25 is net possible.
Instead, a new correlation was computed using the predicted peak pressure
as a substitute for charge weight and case thiclmess. The resulting medel

is as follows:

P

T cos o = 106.7 + 0.406 P+ 5.84 y - 22.2 ¢ (28)

Examination of the results indicated a residual effect of case thickness
apart from the effect of Pi' Therefore the f.llowing additional model
containing a Tc term plus the effect of radial position was computed:

P

1+cos @ 26.0 + 0.643 (Pi + Tc) +517y-21.14 +3.03r

(29)

The multiple correlation coefficient and residual standard deviation for

this model are 0.87 and 18.8 ppi, respectively.
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The failure of thy bomb's characteristic initial pressure to account
completely for the effect of case thickness in the engine tests may be
interpreted in several ways. The simplest is to assume that the case
thiclmess is reduced by ablation before the bomb is fired, thereby giving
results corresponding to a thinner case. To check this hypothesis, the
composite term (P + 24k Tc) was evaluated for euach bomb configuration to
obtain an effective cold—characterization pressure. This was converted
to velocity and used in Eq. 12, the sold-characterization e&uation, to
compute an effective case thickness. For the six bomb types, these are

as follows:

Charge Cage Effuctive Case
Weight Thickness Thickness
13.5 0.17 0.13
13.5 0.28 0.17
13.5 0.50 0.17
5.5 0.17 0.12
5.5 0.28 0.13
3.2 0.17 0.12

Although there is a great deal of error in approximating an ablation rate
in this way, these data seem not to support the hypothesis. First, they
indicate an excessively high ablatiou rate. Second, the reduction in
thickness is not a constant for the six bombs. The discrepancy for the
0.50-inch case may be discounted as possibly due to a nonlinearity in

the effect of case thickness, but even the remaining data do not support
the assumption. The effect of ablation may be present, but it cannot

account for the magnitude of observed anomalies.

Within the range of bombs consideied, thickness has a very important
effect on cold initial pressure. Therefore, another possible explanation
is that the thickness term is expressing a nonlinearity in the model.
Such a nonlinearity could arise from the fact that the cold character-
izations were done at ambient pressure whereas the engine tests had a
chamber pressure of 150 psi. 8uch a change had a minor effect on che
cold-flow characteristics of the pulse gun, but was not exsmincid exper-

imentally for bombs.
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Bomb Orientation Effects. In addition to the usual method of mounting the
bombs from the baffle at different radial distances from the chamber axis,

some tests were also made with the bombs installed with their cylindrical !

axes perpendicular to the chamber wall surface. Four tests (027, 030,
045, and 051) were run with the explosive bombs inserted through Photocon ,
ports; two tests each with the triplet and doublet injectors, respectively. (

No significant difference could be noted in the observed initial overpres-
sures with respect to this different orientation. A difference was observed,
however, with respect to the acoustic modal behavior. The first several "
cycles of instability with the triplet injector could not be identified in
terms of any fundamental acoustic mode. The ultimate sustained instability,

however, was the familiar coexistent third tangential and first radial

modes. Slightly different results were observed with the Jdoublet injector;
the sustained instability initiated by bombs in Photocon ports was the
second tangential mode for both firings. It will be noted that a similar
behavior was obtained with the doublet injector and UDMH fuel. No apparent

explanation can be given at this time.

Three doublet injector firings (064, 067, and 079) were made with bombs
installed in the nozzle convergent section, 10.2 inches downstream of

the injector face. A transparent combustor section was used on the last
test, so that only one Photocon pressure measurement was obtained and
that one was in the nozzle section. Results from the other two tests were
considerably different from those obtained with baffle-mounted bombs.

The observed experimental values of initial overpressure were approximately
five times greater than those calculated by Eq. 25. Obviously, the same
correlation does not hold for the nozzle-mounted bombs as for bombs onl:
half as far from the injector. Although no direct explanation for this
effect was apparent, it is thought that it may be du: either to reinforce-
ment of the initial blast wave by a higher velocity nozzle-reflected shock
or simply to a cumulative effect from the initial waves having propagated
through burning sprays over a longer path. Whatever the reas:u for the
phenomenon, it deserves further study since it is sometimes found—much to

the investigators' confusion--that bombs placed in the nozzle are more
effective in initiating instability thar those located near the injector

(Ret. 4). 503




Pulse Guns. The amplitudes of the initial disturbances generated by the
pulse gun charges have also been reduced from the time-base expanded oscil-
lographs. Some pressure data have been plotted in Fig. 72 through 80 vs
the direct distance s from the chamber entry port to the Photocons. The
solid data points represent those tests with sustained instabilities. The
folloving trends are observed with respect to the initial wave growth.

Figure 72, 73, and 74 show the effect of the pulse gun charge size

and axial distance from the injector upon the initial wave growth for

the three different angular directions. Typical data are plotted for

two charge sizes; 40 HB/20K and 10 HB/7.5K for the doublet injector. 1In
all cases with the dynamically stable or unstable tests, the initial wave
amplitude increased with distance from the transducer. and reached a maxi-
mum value diametrirally opposite the point of entry of the disturbance.
Negligible wave growth was observed for completely stable tests. A test
was considered to be dynamically stable if it recovered from a rating
device disturbance in less than 100 milliseconds. The initial pressure
wvave growth was attributed to energy addition from accelerated combustion
as the wave traveled through the burning sprays. A definite trend was
shown for the larger pulse charge sizes to generate higher combustion cham-
ber initial peak pressures. This trend was most pronounced with radially
and chordally directed pulse guns; differences observed near the pulse
entry point with tangential pulse direction were effectively obscured by
the time the initial waves had propagated across the chamber. The size

of the disturbance, however, had no apparent relationship to the ultimate

stability of the system.

With the exception of a few anomalous data from tangentially directed pulses
with the triplet injector, weaker initial peak pressures were generated with
pulse entfy ports at distances further downstream from the injector face.
This suggests that less unburned propellants were available at increased
axial distances to support and amplify the disturbances.

In some instances the test-to-test reproducibil%ﬁy was poor. For example,
two repeat pulse gun firings were made with 40 BB/@OK charges during Test
No. 005 and 012. The initial waves started out at greatly different
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amplitudes (about 80 and 180 psi, respectively), but eventually converged
to the same value at a point oppusite the shock enrtry. The mathematical
corrclations were difficult to obtain with the pulse guns due to the large
data scatter. Nevertheless, generalizations can be drawn based upon the

experimental results.

Initial wvave growth from the tangentially orientated pulse gun propagated
both spherically and circunf;hgntially from the entrance port. The di-
rectionality effect ie shown iﬁ\Fig. 75. The angular displacement of

each Photocon from the point of entry of the disturbance into the chamber,
measured in the direction of wave propagations, is plotted as the abscissa.
Thus, 180 degrees represents a wave fraVel half way around the chamber,

or to a point diametrically oppoai@e theipdint'of introduction of the
disturbance. As indicated previous%y, thii point on the chamber represents

the region of maximum wave growth. \ ‘:

Y

As shown in Fig. '76, higher initﬁai‘ﬁavk amplitudes were demonstrated
with N, -UDME(50-50) fuel thaa vith UDMH. This is in agreement with the
bomb results. Larger disturbances resulted witq.increased pulse gun barrel
and port diameters as graphicallyaillﬁltrated iﬁ,Fig. 77. This was

probably caused by the increased nitenuation of the blast wave as it

\
1

propagated out of a smaller bore barrel into the chamier.

Three tests were made with mixed pulse gun charge sizes; 10,00C pound
burst diaphragms were used for all tests. The standard charge consisted
of a 17 B/10K cartridge; the other three charges were 10 HB/10K, 20 HB/10K,
and 40 HB/IOK cartridges. No significant differences in the initial pulse
amplitude were attributed to the variation in charge size with a fixed
burst diaphragm, as shown in Fig. 78. Six hot-firing tests were made
using charges of the slowe~ burning duPont Military powder; results from
three firings made at the 2-inch tangentiai boss are shown in Fig. 79.
For comparison purposes, twozlimilar test results are shown with Hercules
Bullseye powder. The minor differences observed probably are not signif-
icant. Interestingly, all the charges plotted in Fig. 79 were with
20,000 psi burst diaphragms. Comparison with Fig. 78 suggests the

possibility that the initial pressure wave amplitude is determined
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solely by the burst diaphragm strength (and the propellant spray combustion
field characteristics). This possibility is particularly intriguing when
it is recalled thut both the initial shock wave and the maximum blast

wave pressure were reduced by a factor of 2 wvhen the Hercules powder was
replaced by the duPont powder in the cold-characterisation testing.

A cross-plot of the data from both injectors using the radial entry pulse
gun port is shown in Fig. 80. Almost identical wave growth behavior was
obtained with the smaller 10 HB/7.5K pulse gun charges with the triplet

and doublet injectors. Increased wave growth was observed with the doublet
injector with the larger 40 HB/2CK charges.

Descriptive Correlations. As with the bomis, the initial peak pres-

sure in the rocket chamber due to the pulse gun firings have been studied
as a function of pulse gun and engine parameters. In addition to the
parameters which describe the charge (char;e weight and burst diaphragm
rating), the following additional parameters were included in the hot-
firing experiment:

1, Pulse Gun-Transducer Angle 6, degrees/180

2, Axial Distance 4, inches

3. Pulse Gun Diameter D , inches
gun

4, Pulse Gun Chamber Angle B, degrees/180

The angle B between the pulse gun and the chamber is equal to 90 degrees
for tangential bosses, 180 degrees for radially directed bosses, and

135 degrees for the intermediate (chordal) hosses. The barrel lengths, BL,
(the distance from the burst diaphragm to poiut of chamber entry) associ-
ated with these three angles were 7.25, 5.69, and 6.12 inches, respectively.
Both these variables cannot be used in the correlations since they are

so closely related. Because barrel length is the more easily quantified,
it was chosen as the independent variable. The pulse gun-transducer

angle was measured from the center of the chamber and normaliszed by

dividing by 180 degrees.
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As one would expect from the results using bombe, the pressure wave re-
sulting from the pulse-gun firings behaved differently with the two in-
jectors. From the .hape of the data, logarithmic models were chosen to
represenc the initial peak overpressure. The model found to best rep.e-
sent the triplet injector data is as follows:

In P =324 - 12,0 in z + 0.459 (1n z)2 + 0.189 1n W

- 154 1lnBL-2.98 lnBL In 8 +6.11 BLln z + 5.47 In 6
(30)
The multiple correlation coefficient is 0.92; the residual standard
deviation is 0.215.

The only parameter in Eq. 30 that is a function solely of the pulse

gun is the charge weight W. Over the range of variation of this parameter,
from 10 to 80 grains, a 50-percent increase in AP was produced. This

is a considerably smaller effect of charge weight than was observed with

a much smaller range of charges for bombs. The burst diaphragm strength

was not included in the model because it was not varied independently.
Unlike the bomb model, the pulse gun model contains no term in 4, the

axial position of the triggering device. Although it does not show up
in Bq. 30, the results of the data plots consistently agree that the
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initial waves from pulse guns at 4 inches from the injector had lower

amplitudes than those from guns at 2 inches.

The effect of transducer distance z is complex, as it was in the bomb
models before employing incidence coefficients. An examination of the
three terms involving ln z suggests that there iz pressure growth away
from the pulse entry port. This effect is further complicated by the
presence of the angle between the pulse gun and the transducer. For

some ports, hence for some barrel lengths, the tranaducer diltlﬁco g

and transducer angle O are nearly linearly related. It seems plausible,
therefore, that the three terms involving barrel length are simply further

manifestation of the effect of transducer distance.

It was hoped that modifying the raw peak pressure data by incidence co-
efficients would clear up the complexities of the model as it did with
the bomb data. If the propagation of the shock wave is essentially
spherical from the pulse entry port, then the incidence coefficients
are calculated in exactly the same way as for bombs. The following model
was fit using the pre-aﬁre data adjusted in this way:

P
In (—m> = 3.69 + 0.183 In W + 0.0804 L — 0.259 =
+0.0223 y2 + 0.650 B (31)

The residual standard deviation, which should be smaller by a factor of
1/(1 + c), vhere ¢ = 0.64 is the average value of the cosine of the angle
®, has increased from 0.215 to 0.27, and the multiple correlation coef-
ficient has correspondingly decreased from 92 percent to 77 percent.
Further, the signs on some of the terms appear to be of questionable
validity.

Modification of the data by the simple incidence coefficients used for
bombs thus does not permit a good fit with a simple model. We conclude,
therefore, that with the triplet injector the pressure waves produced
by pulse guns have a strong directional effect, rather than being
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~ csnemtially spherieal with only a slight distortion in the direction of

the darrel. A further analysis of the angle with wvhich the shock front
kit each transducer would be difficult and tenuous based on the data
-‘. available by this pregram.

The medel which best fits the uncorrected pulse-gun data using the doublet
injector, 50-350 fuel, and Hercules Bullseye powder is as follows:

P = 50.8 +1.40 ln ¥ - 0,20 (1n W)® + 0.0728 10 W 1n P,

- 492103 + 1.5 (12 5)2 + 0.512 1n BL
- 0,100 ¢ -9.511nBL1n @ (32)

The mltiple correlation coefficient and residual standard deviation
using the wodel are 93 percent and 0.19, respectively.

The terms involving the gun parameters are the same as those which appear in
the fits of the cold characterization data. The way in which they appear
differs from the cold results in two respects: (1) The magnitude of the
influe ¢ of these parameters on the pressure is much less (an increase

in chaz_s weight from 10 to 40 grains produced nearly a fourfold increase

in pressure during the cold tests but only about a 25-percent increase
during engine firings), and (2) the coefficients on the 1n W and (1n w)2
terms have reversed in asign. The cuarve still has positive slope, but the
curvature has reversed. Thus, we are seeipg an asymptotic effect of

charge weight.

The involvement of the transducer distance and angle terms in Eq. 32

is much less than for the triplet-injector model. The general appearance
of the terms in s, BL, and O suggests that the pressure waves may be much
wore nearly spherical with the doublet than with the triplet injector.
Although, these look like good data with whinh to coatinue evaluation

of the incidence coefficient concept, this was not accomplished in the
current program.
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Correlation with Cold Characteristics. The parameters which have
to do with the pulse after it arrives in the chamber and which were
therefore allowed to remain in the models are: s, 0, ¢, Dgun (vhich
wvas not varied in the cold-flow experiments), B, and fuel type F. The
data for the pulse gun characteristics were estimated using Eq. 16, 17,
and 18 and the hot-firing input parameter values were taken from the
previous analysis. For each injector design, empirical models were com-
puted using each of the estimated pulse gun characteristics peak pressure,
impulse,and velocity. In Table 18 the estimated coefficients for all
three cases are entered with the coefficient for the pulse gun character-
istic heading the corresponding column. Each column of the table may
easily be converted into an equation. For example, the first column be-
comes In P = 0.5867 1ln P t470Inz+ 0.4746 1n 0 + etc. The mltiple
correlation coefficients were all over 93 percent, indicating that about
87 perccat of the variations in In P are explained by hot firing imput
parameters and pulse gun characteristics. The standard errors about the

regression lines were 0.214, 0.221, and 0.217 for columns one, two, and

three respectively.

Since the peak pressure, positive impulse, and shock wave veiocity were
s0 highly related, the three equations are very similar, except for :the
constant term. The constant is different from wodel to model because
the three parameters are measured in different units. Once again, the
models contain an abundance of terms in z, 6, and B, which were used in
these models in place of BL and reflection coefficients.

Similar results were obtained for the doublet injector as shown in

Table 19. The data for duPont Military powder and for the UDMH fuel
were included in the analysis. The fits are somevhat worse than for the
triplet. The standard errors are 0.209, 0.204, and 0.202 for the three
models, respectively; the mlciiple sorrelation coefficients are all over
0.85.
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TABLE 18

COEFFICIENTS FOR TERMS IN EQUATIONS RELATING

INITIAL PRESSURE AMPLITUIE TO PULSE GUN

CHARACTERISTICS

(TRIPIET INJECTOR)

Coefficient Characteristics
Max imum Shock Wave
Term Blast Pressure | Positive Impulse Velocity
1a{Characteristic) 0.5867 0.1542 0.1570
Constant 0.0 -6.48 -8.75
In sz 4.70 -3.15 -3.12
ln 6 0.4746 0.4812 0.4846
Ind 3.12 3.09 3.12
In 8 1.7 1.79 1.69
(1n )2 0.8749 0.8799 0.8706
(1n ¢)? -2.51 -2.49 -2.54
Ing * Ind 0.8368 0.8397 0.8546
Ins - In 8 -0.6580 -0.6663 -0.6523
Inf * Ind -0.6430 -0.6465 -0.6543
220
: sy
oy
ks nasd LT IR
i ¥, ;: .

-




TABLE 19

COEFFICIENTS FOR TERMS IN EQUATIONS RELATING
INITIAL PRESSURE AMPLITUDE T0 PULSE GUN
CHARACTERISTICS

(DOUBLET INJECTOR)

Coefficient Characteristics

Maximum Shock Wave
Term Blast Pressure | Positive Impulse Velocity
In Characteristic) 0.8785 0.2327 0.2593
Constant 0.0 6.38 8.7
In 2 -4.89 -4.93 -4.98
In 6 0.0 -0.1785 -0.1756
In g -0.1446 -0.0926 -0.118%
p(l 0.217 0.248 0.251
(1n 2)? 1.54 1.58 1.57
Inf * lnd -0.1725 0.0 0.0

(I)The fuel factor F was set equal to 1.0 for N2H-m (50-50)

fuel and to 0.0 for UDMH/fuel
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Censideration of the first few cycles of instadbility initiated by bombs

suggeste that there are at least feur categories of initial behavior vhich
may be idemtified:

1.

3.

A,

Doubs in the center of the combustion chamber initiated the
first redial acoeustic mode.

The saalleast bembs, near the wall or at the midradius, some-
times initiated the first tangential acoustic wmode.

Other bowbs in these locations imitiated the second tangential
atoustic wode.

Some bombs near the wvall and at the midradius initiated coexias-
tent first and second tangential acoustic wmedes.

Similerly, the initial inatabilities caused by the pulse gun disturbances
cap be categerized as follows:

1.

Pulse guns directed tangentially with hoth injectors initiated
predominantly the spinning first tangential acoustic mode.

Pulse guns directed chordally with the triplet injector
initiated coexistent first and third tangential acoustic wmodes.

Pulse guns directed chordally with the dcublet injector initi-

ated either the spinning first or standing second tangential
acoustic modes.

Pulse guns directed radially with both injectors initiated either
the standing first, second, or third tangential acoustic modes,
singularly or coexistent.




Subsequent Modes

The propagation of a woderately high amplitude bemb or pulse gun pressure
wave through the steadily burning propellant cosbustion medium may so
alter the burning rate of that wedium that it is rapidly consumed. Such
higher-than-steady-state combustion gas generation raises the mean chamber
pressure. This leads (through the same mechanisms that dominate the
occurrence, frequency and amplitude of chugging instability) to ome or
more cyclical oscillations in wean chamber pressure about the steady-

state value.

These low frequency oscillations are apparent in pressure treces such

az Fig. 52 and streak photographs, Fig. 60 and 61, but are not in-
dicated in the bar—chart stability summaries of Fig. 53 through 57.

There is some evider : that the variations in predominant 2:oustic wodes
shown there may be associated vith particular tiwes in the low-frequemey
pressure oscillations. The initial mede of acoustic instability, for
example, usually decays rapidly curing the pressure decay that follows

the initial steady-state spray burnout. Then, as the mean pressure falls
below the steady-state value and the propellant injectien rates begin to
exceed their average values, the conditions that ultimately determine
vhether an instability will be sustained or not are apparently established.
Duriug this time, the rate of amplification for the first tangential
acoustic wode (whether or not it was evident before) appoars te be crucial.

Whenever an instability was sustained following a Lemb or pulse gun dis-
turbance during these experiments, the initially triggered wmode and any
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intermsdiate wedes vere replaced vithin a few milliseconds by coexistent
third tamgential and first radial aceustic medes. DBecause the third
tangential is the lewest order tangential acoustic mede whose velocity
nedal pattera matches the boundary cenditions imposed by a three-vane
baffle configuration, it is the ene sustained and, since the first radial
wede is se mear in frequency and can alse match the baffle boundary con-
ditiens, it is excited, tee. Vith the exception of the first radial mode
imitiated by bembs at the chamber's axis, the sustained third tangential
wede appears to have been driven emly by the first tangential mode having
beon amplified abeve some threshold aqiit‘le before the low-frequency,
mean pressure escillations had decayed and cemverged on an equilibrium
mean chamber pressure. Omce the crucial peint was passed and it vas es-
tablished that the third tangential mode would be sustained, the first
tangential mede wvas more or less rapidly demped and disappeared. An in-
tvecosting corollary of this observation that the first tangential wode
cannet survive the presence of the third tangential is suggested by
several of the pulse gun tests: if the third tangential wode were present
in the initial pressure oscillations, it appeared to prevent the first
tangential mode from being amplified enough to drive a sustained third
tangential wode following the low-frequency oscillation in wean pressure.

When the doublet injector was fired with UDMH fuel, the second tangential
mode vas a predominant contributor to about half of the imstances of
sustained inatability. The renson for this tendency was mot discerned.

The occurrence of at least some conflicting evidence in such a program
is inevitable. As an example, the pressure records following explosion
of CUHB/20K pulse gun charges during Tests No. 005 and 012 are super-
imposed on each o’her im Fig. 8l. These tests were essentially pre-
cise replicates (Table 11) and the pressure traces are nearly identical
for about A milliseconds after pulse gun initiation. Then the spinning
first tangential acoustic wode during Test No. 005 decayed while that

in Test No. 012 continued to be amplified and, after about 3 wmore milli-
seconds, drove the combined third tangen: ial! and first radial modes.
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Sustain or Damp Characteristics. It would be highly desivable to be
able to predict dynamic stability of the motor as a function of the

location and/or characteristic of the rating device; for example, the
magnitude of the initial overpressure in the chamber. With the pulse
gun disturbances, there appeared to be a threshold value of peak over-
pressure of 40 psia, below which the combustion process remained stable

and was insensitive to wave amplification. Such was not the case with

bomba. Once the initial threshoid was exceeded with pulse guns such a
relationship to ultimate stability ceased. The darkened points on
Fig. 72 through 80 represent those tests with sustained combustion
instabilities. The unatable tests occurred randomly without regard to

the initial peak pressures.

The only parameters having an unambiguous effect cn ultimate stability
as determined by bombs were injeé¢tor type and fuel., With the triplet
injector the bomb-induced disturbances damped only 4 times in 18 tests,
whercas 19 of 26 tests damped with the doublet injector. With UDMH fuel,

I i all 5 bomb tests led to sustained oscillations. The ultimate damp/sustain

behavior of the bomb-induced disturbances is shown in Fig. 82.

The pulse gun-induced disturbance with the triplet damped 19 times in
31 tests. Similiarly, 39 tests in 50 recovered with the doublet injector.
Using UDMH fuel, 3 of 6 tests with pulse guns recovered. Combustor damp/

sustain behavior with pulse guns is summarized in Fig. 83.

For the triplet injector, the dynamic stability with bombs depended
randomly on bomb parameters ( W and Tc), bomb radial (r) and axial (%)
coordinates, and on the magaitude of the initial overpressure. This is
implied by the fact that for any dynamically stable test, tests with
sustained instabilities can be found with higher or lower bomb sizes

and greater or smaller {'s or r's.

The same can be said for the doublet injector with the following exception.
All threc bombs on the chamber axis caused sustained instabilities. It

appeared reasonable that this was a most sensitive location for the
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Figure 82. Stability of Tests With Bombs (50-50 Fuel)
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disturbance rsince for the doublet injeetor the first radial mode which
was immediately initiated by such bombs, survived the chug and thus

drove sustained coexistent first radial and third tangentianl modes. The
incidence of sustained oscillations was only slightly less for mid-radial
horhs thar for those near the wall (14.3 vs 23 porcont). I additior

to the effect of radial position moving the bomb further downstream led
to sustnined instability in two cases (compare run 053 [stable] vs 054
and run 050 [stable] vs 0&7).

This was in spite of the fact that the initial overpressures were weaker

for the downstream hombs.

In gencral, the magnitude of initial overpressure could not be correlated
with damping or sustaining instability. In Fig. 84 , damp times are
plotted against initial overpressures (as would be seen by a pressure
transducer one chamber radius away from the bomb axis). The scatter is
obvious, although for the stable tests the damp times fall below an en-
velope which increases with pressure. Sustained instabilities occurred
over the entire range of ovcrpressurc, however. One interesting incident
is that of the seven mid-radial bombs (doublet injector),only the one
generating the weakest initial disturbance (Fig. 68 ) failed to damp.
This "upper threshold" did not occur for radial bombs and is not con-
sidered significant. Attempts to correlate damp time with bomb position
failed.

The highest incidence of triplet .nstability with the pulse guns occurred
with the 15HB/10K charge sizes; four out of five tests resulted in sus-
tained instabilities. Seven out of ten tests with the triplet remained

unstable with the pulse gun fired tangentially,

et sy,

In every case of a sustained instability with both injectors and with
N2H4-UDMH(50-50) fuel, the first radial and/or third tangential mode pre-
vailed. Among eight doublet tests with UDMH fuel in which instability
was sustained,two bomb and three pulse gun firings resulted in a sustained

P second tangential mode.
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Amplitudes of Sustained Instabilities. The amplitudes of sustained in-

stabilities with both injectors and fuel tyves are compared in Fig. 85 .
For cach run, cstimated average oscillation amplitudes were measured

with Photocons at two axial positions. In cach case these transducers

were located essentially on the third tangential mode nodal points so it

is primarily the w.plitude of the accompanying first radial mode that is
measured. For three runs with the doublet injector (047, 048, 082) with
NQHH-UDMB(50-5O) fuel, the agreement is within the accuracy of measuring
the average amplitude (*10 psi). This scems to verify the concept that

the amplitude of the sustained mode is dependent only on the run conditions
and not the initiating disturbance. UDMH fuel with the doublet injector
and NQHH-UDMH(SO-SO) fuel with the triplet injector gave amplitudes of

the sustained instabilities which were higher than those with N2HQ-UDMH(5O-5O)
and the doublet injector. These data are consistent with the same UDMH

and triplet tests having exhibited lower initial pressure wave umplitudes.

SR it B

- L Nk et ol R

Both phenomen. probably stem from more concentrated combustion nearer to

the injector,

A8 described previously, in all sustained instabilities with NQH,‘-UDH{(SO-SO)
fuel, coexisting first radial and third tangential modes are believed to

be present. Analysis of the records of Photocons H and I* in runs 080
through 083 indicates that the sustained peak-to-peak-oscillation amplitude
of the first radial mode vas about 8] psi while that of the third tangential
mode was about 164 psi. [IP’hotocons A, B, and C (which are supposedly on

the third tangential node and measure only the first radial) average about
90 psi peak-to-peak which may be due to their "seeing" a little of the

third tangential mode.

#Photocons H and I show a distinct "beat" which has a frequency close to
the difference in the theoretical frequencies of the first radial and
third tangential modes. Applying simple sinusoidal analysis, the beat
moximum is the sum of the amplitudes of the two modes, while the beat
minimum is the difference of the respective amplitudes. 8ince these
transducers were midway between the third tangential nodes and antinodes,
the third tangential amplitude calculated still had to be corrected to
its value at the antinode.
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Uemonstration Tests

Based upon the data obtained during the experimental hot-firing program,
analytical models were developed that correlated tliec combustor response
(in terms of the initial peak overpressure) to the rating device's input
parameters or characteristics. A short series of additional hot-firings
using the doublet injector and N2Bh-UDHB(50-50) fuel were made to demon-
| strate the accuracy of the analytical models. The triplet injector was
damaged earlier in the program and therefore could not be used during
the demonstration firings. The correlations obtained (Eq. 25 and 32)
during the analysis were used to predict the motor's initial disturbance
pressure growth for rating devices' parameters or motor conditions not

previously tested.

A total of seven demonstration tests were made; six bombs were fired,
two at elevated chamber pressures of 21] and 266 psia, respectively,
Four pulse gun charges were fired with two at the higher chamber pressures.

The input parameters varied for the demonstration firings are listed in

Tahle 20 , A complete description of the rating device parameters were

I given in Tables 13 &and 14,

In addition to the parametric changes made in the rating devices, two
! new chamber Photocons were installed with different values of transducer
' distance, z. In some instances, a Photocon used in the demonstration
firings wes as close as 1,80 inches from the disturbance. The correla-
tions were based upon data with Photocons no closer than 2.95 and 2.60

inches for the bombs and pulse guns, respectively. Those points below

2.60 inches, therefore, represent input conditions outside of the range

upon which the model was hased.

et

The demonstration firing results are shown in Fig. 86 through 89 . A

o=

correlating line has been drawn through the individual predicted points
(solid) for cach test. The experimental points are also plotted. The

percent error between the predicted values and the actual experimental

o
ke

data were calculated at several discrete values nf z by the following

equation.
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TABLE 20

RATING DEVICE PARAMETERS FOR DFMONSTRATION FIRINGS*

Test No. Device Reason for Selection

080 Bomb The wall thickness was 0.062-inch, which was half
the thickness of the nylon cases previously fired.

081 Bomb The axial distance was 2.55 inches, which was closer
to the doublet injector face than bombs previously
tested.

082 Bomb The charge size was 6.9-grains of PEIN, which was
intermediate between the previous charge sizes of
5.5 and 13.5 grains.

083 Bomb The wal! thickness was 0.250 inch, which was inter-
mediate between the previous 0.170- and 0.280-inch
nylon wall case thickness.

r ] 084~-8%% | Pylge Gun | The axial distance was 3.00 inches, wvhich was inter-
mediate between 2.00 and 4.00 inches for previous
tests with 4OHB/20K charges and tangential entry.

I 084-5 Pulse Gun | The axial distance was 3.00 inches, which was inter-

' mediate and also the charge size 40HB/7.5K was mixed.

|

. 085 Bomb A repeat charge size of 13.5-grains with a 3.23-inch

: axial distance was made at 21}—psia chamber pressure.

' 085-7 Pulse Gun | A repeat charge size of 15HB/10K and 2.00-inch axial

distance wvas made at 21l-psia chamber pressure.

; 086 Bomb Same as 085 except at 266-psia chamber pressure.

C86-" Pulse Gun | Same as 085 except at 266-psia chamber pressure.

#Complete descriptions are given in Tables 13 and 14
#%The dash number refers to the boss orientation (Pig. 45)
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Figure 86. Demonstration Hot-Firing Results With Bombs
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Figure 88. Demonstration Hot-Firing Results With Pulse Guns

237




O 85-7 (211 psia P)
A 86-7 (266 psia P,)
@ Predicted (150 psia Pc)
. [ A
.|
:
g 300
& r
2 !
~4
o
wl
e
S - |
1
Prediction
based upon
200 = 150 Pc b |
1§ Equation 32
¥ ] 1
f 5 (=)
:’ I
: [ )
0o 5 10

Entry Port to Photocon Distance, &, inches

Figure 89. Demonstration Hot-Firing Results With Pulse Guns at
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|Predicted Value - Experimental Value|
S T Predicted Value (100)

These data are presented in Table 21.

The negative signs indicate that the precicted values of peak overpressure
were less than the experimental values. Results from the first four tests
with bombs are ahown in Fig. 86 . The actual data obtained on tests 080,
081, and 082 were on the average, within 10.3 to 12.5 percent o! the pre-
dictions. With a bomb (0.280~inch wall thickness) located et the chamber
center for test 083, the percent error increased to 28.0 percent. The
effects of chamber pressure upon the initial wave amplitudes are shown

in Fig. 87 . In all instances the actual run values were higher than
the predictions based upon 150-psia chamber pressure. The percent de-
viation from the correlation line, however, was not significantly higher
than the data obtained for only chenges in the bomb parameters. Thus,

a « .ear trend is not indicated for the effect of chamber pressure upon
the initial wave growth of the disturbance. (Refer also to Fig. 71.)

A larger data scatter was obtained for the pulse gun results as shown

in Fig. 88 . The modei is highly suspect below a z value of 2.60 inches.
A data point at 4.50 inches for the -8 location (tangential) was con-
sidered in error and was not included in the average data. The average
percent error for the -5 location (chordal) was 44.6 compared to only
19.8 for the -8. The more accurate prediction for the latter is probably
due to the fact that only one pulse gun parameter was varied from those
on wvhich the correlation was based, i.e., axial distance. For test 084-5
both the axial distance and the pulse gun charge weight/diaphragm size

were changed.

The effect of chamber pressure on the pulse gun initial wave grewth is
shown in Fig. 89 . The actual data points were scattered about the
150~psia chamber pressure correlating line. No definite effect of

chamber pressure on initial wave amplitude can be noted.
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TABLF 21

DEMONSTRATION FIRING RESULTS

Test Percent Error .in Prediction
No. Device z2=2¢toh | z=4to7 | 2z=71tol0| z =10 to 11.5 | Average
v80 | Bomb 9.1 10.8 17.6 12.5 |
081 | Bomb 4.0 0 16.1 16.5 12.2 !
082 | Bomb 5.5 13.2 4.0 18.6 10.3 |
083 | Bomb -28.0 28.0 |
084-8 | Pulse Gun | -22.2 -157.1#% -19.8 17.3 19.8
084-5| Pulse Gun | -58.9 -30.4 uh.6
085 | Bomb 4.1 -22.0 -3.1 9.7
K 085-7 | Pulse Gun -23.2 -23.2 -5.1 14.1
i 086 | Bomb -8.1 -42.2 0 25.1
1 086-7 | Pulse Gun 0 -10.5 10.5

*Data point not included in average value
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COMPRIMENSIVE COMPARISON OF RATING TECHNIQUES

[ 4

The three combustion stability rating techniques investigated have been
found to affect the propellant spray combustion fizld in two fundamentally
different ways. The bomb and pulse gun techniques introduce, primarily,
finite amplitude pressure disturbances and their ratings reveal the com-
bustion field's pressure sensitivity. The gas flow technique, on the
other hand, primarily introduces flow velocity or propellant displacement

disturbances and its ratings are based on the combustion field's displace-
ment sensitivity. Such a fundamental distinction has often been alluded
to but, prior to this program, the two fundamental effects had not been

shown to be separable and independent.

The N2OI‘/N2H,‘-UDMI(50-50) and N20,‘/‘UDM{ propellant combinations, under

the conditions tested, had no demonstrable displacement sensitivity.

As a result, the gas flow rating technique was at a great disadvantage

in this couparative program. With other propellant combinations (or

b perhaps at other conditions), displacement sensitivity may be an important
contributor to initiation of combustion instabilities and the gas flow
technique thus may be a valuable investigative tool. Discussions in-
cluded in this section of the gas flow technique's effectiveness and re-
peatability are based, therefore, on previous experience with LOX/RP-1
propellants.

The flow of explosion products that follows the initial blast wave out
of the pulse gun's barrel may be thought to make this rating device one

e ey

that acts upon both the pressure sensitivity and displacement sensitivity.
The flow of explosion product gases, however, persists no longer than the
positive pressure duration. That characteristic was seen in the cold-flow
studies to be of the order of a millisecond for the pulse guns. While
this is about three times longer than the bombs' positive pressure dura-
tions, it is one to two orders of magnitude shorter than the initiation

of flow to initiation of instability typically observed with the gas

flow rating technique. It seems likely, therefore, that the pulse gun

and bomb techniques both fulfill the singular role of pressure disturbance

sources.

= =
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COMPARISON OF MERITS AND LIMITATIONS

The three rating techniques are critically compared in this section in
terms of specific individual attributes. When a single attribute is
considered, one technique may appear to exhibit distinct advantages over
the other techniques. In order to arrive at a choice of the technique(s)
to be used for a particular rocket engine rating, however, merits and
limitations in terms of all the attributes must be taken into account.

A listing of merits and limitations is given in Table 22 to place the
following in sharper perspective.

Applicability and Physical Size

The rating technique attribute termed applicability is concerned with

the suitability of the technique for a particular engine rating. Questions
coacerned with the length of the projected test series, time available

for preparations, the physical size of the rating device, the type of
combustion chamber to be rated, potential engine damage, and the devices'

external and internal engine access requirements must be considered.

If the projected test series is necessarily short, the gas flow rating
technique's potential for obtaining comparative ratings in a very few
tests may be important. Again, however, its use is restricted to pro-
pellants and conditions exhibiting displacement sensitivity. The"pulge
gun, similarly, can potentially supply ratings in a limited number of
tests through use of several graduated size charges fired sequentially
during each test. The requirement of a scparate chamber access port may
impose a limitation on how rapidly the rating may be obtained. By con-
trast, only a single bomb can usually be scheduled f;r use in each test
because of the likelihood that a few cycles of wave motion induced by
one bomb would dislodge any additional bombs.

Concerning time available for preparation before a rating program is

to begin, the techniques would normally be ranked: bombs, pulse guns,
gas flows. Bombs can be prepared quite quickly because they require
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minimal amounts of simple machining operations and they are constructed

of readily available materials; preparing the combustor to receive tnem
may require the longest time. Preparation of pulse gun equipment requires
somevhat longer times than bombs. More complex machining operations and
case hardening processes are used in fabricating a pulse gun. Further,
the burst diaphragms required may not be immediately available. (Some

of the orders placed during this program were delivered in six to eight

weeks.) An adequate gas flow system may be the slowest prepared because
an extensive zas supply system and the attendant flow control systems are

needed even before calibration tests can begin.

The rating devices' physical size is important in relationship to the ex-
ternal and internal engine access required. The gas flow apparatus is
certainly the largest of the techniques but it usually can be mounted in
some unobtrusive location within a few feet of the combustor. Its onlv
required connection to the engine is usually a simple flow line which,
unless the flow entry point is varied from test to test, does not require

continuous accessibility, Bombs and pulse guns, on the other hand, must

be removed from the combustor and rebuilt after each test. This requires
that each entry port be readily accessible from the outside of the engine,
a requirement which may severely limit selection of application points
and the number of pulse guns that may be used. If there is good access
to ihe inside of the combustor, external access problem. for bombs may be
avoided by installing them inside the chamber. Minimum external access

for making electrical connections is then needed.

With regeneratively cooled combustion chambers, installation of rating
technique application ports may be very difficult, very expensive or even
prohibited. Bombs enjoy clear advantages over the other devices in this
regard. As just noted, they may be mounted wholly within the combustion
chamber with only an electrical connection port required. (Even the
electrical connection may be eliminated if thermal initia‘ion and its
random variation in explosion time are acceptable.) Further, some
variation in bomb chamber position can be achieved from an individual
attachment point by means of extension wands. '
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Bombs in regeneratively cooled combustions chambers have a distinct
disadvantage, however, in that their shrapnel may distort, or even
penetrate and cause leakage from thin-walled structures. A similar
potential for damaging injector components exists but it is usually no*

of as much concern as is regeneratively cooled wall damage. Other com-
bustor damage potential comes from the disruption of the normal propellant
flow paths. When any of the techniques is admitted through the chamber
wall, increased turbulence may lead to wall melting or ercsion downstream
of the entry port. Again this may be minimized for bombs by mounting them
on injector or baffle components and making the flow disruption a free-

stream rather than a wall effect.

Effectiveness

* How effective a rating device is for delineating a particular engine's
instability traits depends, as has been seen, on the propellant combina-
{ tion, propellant injection pattern, combustor configuration and operating
) conditions. Additionally, there is strong dependency upon the devices'
L directionality (or lack of it) and versatility in the location of
application.

The evaluation of a device's effectiveness may also vary from one appli-
cation to another with differences in the rating goal. A greater effec-
tiveness would surely be ascribed to puise guns, for example, to be used
for a study of tangential acoustic instability of an unbaffled injector
than those used for general evaluation of any instabilities that might
occur at a baffled engine's normal orerating point. In the latter in-

stance, a pulse gun might not effectively initiate baffle compartment

or longitudinal acoustic resonances nor give any clues to a potential
feed system coupled (chug or buzz) instability problem. (Only the
effective initiation of wave motion within the chamber will be considered

here,)

For general purpose stability investigations, bombs may be more effective
than gas flows or pulse guns because of the nearly spherical, essentially
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nondirectional pressure waves generated by bombs; this permits (conceivably
at least) initiation of the longitudinal acoustic wode. In the current
experiments, where no longitudinal mode was observed, radially directed
pulse guns were apparently as effective as bombs positioned near the chamber
wall and initiated the same standing acoustic modes. Chordally and tangen-
tially directed pulse guns, hovever, nearly invariably initiated the spin-

. ning first tangential mode. While the ultimate statility appeared to be

critically dependent upon the behavior of the first tangential mode, there
vas no evidence linking that effect preferentially to either the spinning
or standing mode.

Direct initiation of the first radial acoustic mode occurred only with
bombs mounted at the center of the combustion chamber, a strong pressure
anti-node for that mode. Its initiation with bombsin other positions and
pulse guns vas indirect, i.e., by the third tangential mode, and appeared
not to be related to the rating techniques. Again, the bomb technique's
versatility in mounting locations gives it a clear advantage over the

pulse guns, vhich are restricted to applications at the combustor's wall.

The gas flov technique is similarly limited to applications near the wall.
This technique's effectiveness may be enhanced by using a gas that is
chemically reactive with one or both propellants; this was not investigated

in the current program.

The apparent advantages in effectiveness of bombs are lessened somevhat
by the fact that bomb orientation did affect initial wave growth in this
program. This suggests that bomb blast wvaves de have some directional

characteristics.

Repeatability

Somewhat facetiously, it might be said that the gas flow met!:od was the
most repeatable of the rating techniques investigated--not very appli-
cable, but consistent and repeatable. From previous studies, it ias noted
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that this technique has a reputation for precise control and good repro-
ducibility, e.pg., ratings have been established with individual values

falling within about *5 to 10 percent of the mean value.

Few replicate tests with the explosive devices were attempted in this
hot-firing program. Amoung five sets of replicate pulse gun firings,
four sets exhibited comparable initial wave amplitudes (within about *10
percent) and the other gave completely conflicting data (i.e., only a
very low amplitude wave was produced in one came). With the exception
of that some set, the initial modes triggered were ulso duplicated.
Ultimate stability was duplicate! in three of the five sets; in view of
the apparent lack of correlation of ultimate stability to the rating

L

techniques, this is pé&haps surprisingly good repeatability. The fact
that the amplitudes of the initial waves were moderately well correlated
to the variations of pulse gun parameters is further evidence of reasonably

acceptable pulse gun repeatability.

Pulse gun r-peatability appeared to be better in the hot-firing tests

than in cold—characterization experiments. It seems reasonable that im~
proving the device to reduce lata scatter in the latter would also improve
the former as well. Another potential source of scatter in the hot-firing
tests was that the burst diaphragms were exposed to heat transfer from

the combustion gases for varied lengths of time and may have undergone

changes in their burst pressures.

That the i>‘tial pressure wave amplitudes produced by bombs were corre-
lated even more closely to the bomb parameters than those from pulse guns |
is convincing evidence of bomb repeatability. They were also quite con-
sistent in the initial modes of instability induced. The correlations

were based on averages, however, and each average value represented some

degree of scatter. An indication of repeatability was given by several

bombs mounted at the center of the chamber. .Depending upon the charge

weight, some random variations in amplitude were observed among the

pressure transducers in each test and from test-to-test that wvere not
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apparently related to the injector pattern. This was believed to be a

result of non-uniform case rupture; fabrication variability, such as
eccentric or off-center cavities in the cases, or operational variability,

such as asywmmetric heating (softening) or ablation, might be the cause.

It is apparent from the foregoing that repeatability was not very well
established in this program but that it was not so poor for either pulse
guns or bombs as to represent a major obstacle to fulfilling the program

objectives.

Reliability

Gas pulse technique reliability is determined primarily by the reliability
of the electronic and servo control systems for producing the desired
flowrate-time function. With the full servo control of flowrate system
used in the hot-firing program, non-linear ramps were produced in two of
eleven tests, an inordinately high 18 percent. That system was used as

an expedient; for considerably greater versatility and essentially com-
plete reliability, the indirect flow control using the function generator

is preferred.

The protective case design for explosive bombs has a strong influence on
bomb reliability. Being mounted within the combustion chamber, Lombs are
subjected to the high temperature environment and if the case is too thin,
may be prematurely detonated due to thermal sensitivity of the explosive
charge. Only one instance of thermal detonation occurred in this test
series but it has been common enough in other programs that it is some-
times relied upon for bomb initiation when routing of lead wires out of
the chamber has appeared particularly inconvenient or difficult. Internal
mounting also exposes bombs to the stresses of transverse combustion gas
flow and any pressure wave motion within the combustor. This has usually
meant that only one bomb could be used in each test because the first
sequenced bomb is likely to break or dislodge any others. Structural
failure of a single bomb (e.g., by a brief disturbance such as a transient
instability during the engine start sequence) cou d then mean that no
bomb rating data would be obtained from that test.
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Inadequate protection of detonator lead wires as they were routed out
of the combustor caused three bombs to fail to detonate and another was
abortcd by a disconnccted lead wire terminal. Thus components through-
out the bomb design und fire circuit affect its reliability.

By comparison, the pulse gun was foun) to be relatively trouble-free and
reliable. Some difficulties were experienced in the cold-flow experi--
ments with diaphragm leakage prior to its rupture and with firing pin
jamming and breakage. These problems were overcome by devoting more
careful attention to tightening and cleaning operations and were not ex-
perienced during the hot-firing tests. The burst diaphragms apparently
offer adequate protection to the explosive charges; no problem with thermal

initiation was erperienced.

Handling Characteristics

Some discussion pertinent to the handling characteristics of each rating
device has been given earlier. The relative effort required to effect
changes or replaccment between tests and the hazards associated with each

technique are discussed briefly here.

Once the basic flow system has been installed for the gas pulse apparatus,
very little additional handling is required. The only test hardware
preparation consists of relocating the connecting line between the con-
trol valve and the appropriate chamber boss. The operation of the device,
however, requires additional preparation. This includee the manipulation
of numerous valves and the pressurization of the source tank to the de-
sired valve. Other than personnel association with high pressure gas

systems, no particular hazard is associated with the gas pulsing equipment.

The bomb and pulse gun devices both contain small amounts of high explo-
sives. Safety with explosives requires knowledge of the hazards involved
and rigid adherence to the proper methods of performing each function.

The greatest hazards to be guarded against are stray currents, static
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electricity, frictional heat, impact and carelessness. Pulse guns are
less hazardous than bombs because the cartridge-loaded charges and the
unidirectional blast make it easier to avoid direct personal xposure.

Folloving a hot-firing test, any bombs that have not been detonated wust
be disposed of immediately. Extra precautions are called for because of
the potentially higher sensitivity of explosives that have been heated;
this work should be performed by personnel specifically trained in ex-
plosives disposal techniques. Residual pulse gun charges, on the other
hand, may simply be returned to storage and used in a subsequent test
(unless there is external evidence of excessive heating of the pulse gun
assembly).

Another hazard associated with bombs is the possibility that one may be
dislodged and ejected from the combustion . .amber as a live bomb. This

is even more hazardous than having a residual bomb in the combustor; per-
sonnel may be completely unaware of its presence and so may unwittingly
detonate it without benefit of protective equipment. Periodically, the
test area should be searched thoroughly and a specific search should be
conducted whenever there is not positive evidence that a bomb actually
detonated in the combustor.

RATING TECHNIQUE SELECTION FOR CURRENT USAGE

From the foregoing comparisons, it is apparent that there is not a single
stability rating technique that is universally applicable, effective, re-
liable, etc., for use in any and all engine rating studies. Rather, the
particular engine, with its particular injection pattern, combustor geometry
and propellant combination, must be considered in terms of the various
rating devices' characteristics and attributes and a particular single
device (or combination of devices) selected for use.

The choice of a rating technique is also influenced by che goals estak-
lished for the rating program. From previous experience, for erzample,
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it may be well known that an engine is especially sensitive to one par-
ticular acoustic mode of instability. A short rating program's goal
might well be an evaluation of how that sensitivity is affected by a
change in injection pattern (or by an acoustic liner or baffle assembly).
The rating device that is best suited to initiation of that particular
mode of instebility would probably be selected, even though another tech-
nique might initiate more and other modes with better repeatability or
reiiability.

Another rating program might have as its goal the establishment, with
reasonable assurance, that no destructive instabilities can be initiated
within the engine's normal operating range. The rating technique selected
might then be a complementary combination of devices, utilizing both bombs
and pulse guns. For a cylindrical chamber, this should certainly include

tangentially directed pulse guns, bombs at the chamber's axis and bombs

near the exhaust nozzle. For other chamber configurations, there may be
other specific modal triggering requirements to account for by combina-

tions of rating techniques.

This latter example fits in the category of dynamic stability evaluation
or demonstration. Among the rating techniques, there exist today suffi-
cient versatility and range of experience to accomplish such ratings
rapidly and efficiently. It appears that such ratings may best be
accomplished by making more use of complementary combinations of rating
techniques.
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RECOMMENDATIONS FOR IMPROVED RATING TECHNIQUE

1t has been shown in this study that certain of the purameters and charac-
teristics of explosive bombs and pulse guns can be quantitatively corre-
lated with some aspects of the stability response of an operating liquid
rocket conbyltor to them. Fach of the rating techniques has been found
to have specific advuntages and limitations; some minor design changes
should be investiguted as means of enhancing the advantages and reducing
the limitations. 1t does not now uppear that such improvements will
advance cither device to a position of general applicability., For that
reason, it is recommended that some altcinate devices be designed to
incorporate as many of the advantages and as few of the limitations of
ti.c existing rating techniques as possible and evaluated in terms of

the attributes required of a generally applicuble rating technique.

Additional Correlations

Somewhat expanded statistical correlations of the data obtained in this
program might include the effects of pulse gun initial shock wave amplitude,
e¢ffects of powder burning rate, and effects of improved models for the

wove incidence coefficiemt at each transducer. Some additional data

would he required to ensure statistical significance; e.g., small hombs,
homhs closer to the injector ond pulse guns farther from the injector.
Datailed spectral analysis could conceivably give initial mode of insta-
bility data for quantitative correlation to the initial wave information.
The validity and value of the results would be enhanced greatly if a por-
tion of the additional]l experimental data correlated were obtained from

another program, such as those conducted in recent years at AFRPL.
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Improvements for Bombs and Pylse Guns

Bombs would be considerably more useful if their reliability were improved.
In particular, their susceptibility to thermal detonation and physical
failure under stress need to be eliminated. The possibility of using more
than one bomb per test and of reliable scheduling of the explosion are
highly desivable go:-'«. Simultaneously, however, the potential for
chamber damage should be reduced by designing the case te produce less
shrapnel. Finally, if the bomb is to be a truly non-directional dis-
turbance, the directional effects introduced by the cylindrical charge

design should be investigated and eliminated.

Pulse gune should be improved by determining and correcting the causes of
the excessive variability in pressure amplitude and impulse among replicate
charges observed in the cold-flow tests. Means could also be determined
for eliminating the complex wave form and providing a single, clean pres-
sure wave. Better correlations might be obtained if the pressure wave
amplitude just outside the muzzle of the gun were determined; the streak
photographic techniques used in the current bomb characterization should

be directly applicable here.

Investigation of Other Rating Technique Concepts

By combining the beneficial attributes of the various rating tecbaiques,
several candidate rating systems can be conceived, one or more of which
might be developed into a single device with universal applicability.

In the preceding section, it was recommended that a combination of bombs
and pulse guns be used for general stability rating and that the combina-
tion be selected by considering the characteristics of the engine system
to be rated. Perhaps this is too permissive; continucd investigation
might show that one particular combination is adequate for general rating

use. In that case, a single integrated design should be developed.
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The possibility of bringing the gas flow technique back into the picture
by initiating its flow with a high amplitude shock wave is intriguing.
Both pressure sensitive and displacement sensitive mechanisms would be
perturbed. The shock wave could be provided by mechanically rupturing a
diaphragm sealing & prepressurized high pressure gas from the chamber or
by simply plumbing the ges flow through a modified pulse gun.

Another concept worthy of investigation is the repetitive generation of
pressure pulses, perhaps by a chemically fueled shock or detonation tube,
to establish ratings based on the minimm sensitivity that occurs in a
given time interval as opposed to the instantaneous sensitivity at the
instant of detonation of a single charge.

Finally, means of achieving the versatility in chamber position now avail-

able for bombs need to be developed so that the improved, more generally
applicable devices may, indeed, be applied more generally.
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APPENDIX A

THE APPLICATION OF STATISTICAL CORRELATION ANALYSIS

In applying mmltiple correlation or regression methods, one begins by
listing potentially important independent variables, each suitably quan-
tified. Dependent variables or responses are selected which describe the
physical process under investigation as completely as possible. Then from

previous experimental experience, knowledge of underlying physical prin-
ciples, or judicious application of physical intuition, one hypothesizes
specific algebraic forms or models relating each dependent variable with
tke independent variables. The parameters of these models (i.e., the
coefficients and exponents in the algebraic expressions) are generally un-

known, however, and it is “he basic purpose of the statistical correlation

to ohtain best estimates for these parameters.

Generally speaking, a satisfactory model is one which can account for
most of the variation in the dependent variable. It should include only
those functions of the independent variables which have importance in
describing the dependent variable. When such a model has been determined,
it is possible to describe past test results from a quantitative point

of view and, in addition, make statistically qualified estimates of the
behavior of the dependent variable for any combination of the independent

. 9

variables within the general test ranges.

More specifically, two distinct types of models have been developed and
reported in the course of this program. The first, which might be called
descriptive models, are designed to fit the available data as well as

possible. Descriptive equations generally contain many terms, any one

of which may have only a small effect, in order to model well the peculi-
arities of a particular data set. The criterion for the inclusion of a
specific term is whether it will help, rather than hurt, the fit. Such
models may therefore contain terms which appear to be meaningless or of -
the wrong sign oa physical grounds, but which do serve to reduce a

certain amount of variation in the data. If one is interested in
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predicting the future performance of the same system from which the
original data set is obtained, and if no extrapolation is made beyond
the original ranges of the independent variables, then such a model is
probably the most useful for prediction. It is sure to contain ell the
really important effects, even though they be small,

The second class consists of what we will call interpretive models. A

term is included in such a model only if the evidence of its reality is
overvhelming in a statistical sense. Statistical methods called tests

of hypotheses are generally used to assess the significance of terms in
such models. If one wishes to generalize the results of experimental

work to different systems or to extrapolate the results on the same

system, such models should be used. Only those terms which are sure to

be real should be employed; for example, one will often avoid the "whiplash"

effect caused by extrapolating on the basis of spurious curvature terms.

All the correlations determined in this program were obtal ned by using
the Rocketdyne Stepwise Regression Routine, a computer program for which
a card deck is on file at Rocketdyne's computer facility. This program
can be used for any model which either is linear or some transformation
of it is linear in the unknown parameters. By a stepwise procedure
functional variables are added or deleted until a final multiple linear
regression equation is obtained. This model will include only those
functional variables which have a significant effect on the dependent
variable., By apecifying in advance the confidence levels used to include
or delete terms, one can obtain either a descriptive or interpretive

correlation.

To determine whether & useful correlation has been obtained, the multiple
correlation coefficient is evaluated. The square of this index is the
fraction of the total variation in the dependent variable which has been
accounted for by the independent variables using the chosen model. For
example, a coefficient of 0.8 indicates that 64 percent of the variation
can be attributed to the variables used in the model. The other 36 percent

may be identified with other variables not included in the analysis, in-

_consistencies in the data, a poor choice of the original model, and/or
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simply "random error."” The maximum value cf this coefficient is unity
which corresponds to perfect correlation. Thus & correlation coefficient

close to one indicates thai the correlation is of significant practical

value.

The model predictions should not differ greatly from the corresponding
observed values. A measure of these deviations is given by the standard
error about the fit or residual standard deviation. This is defined as

the root mean square of the deviations of the actual data from this pre-

diction based on the model, with an adjustment factor depending on the
number of terms in ihe model. When the logarithm of the response is used
as the dependent variable then the stendard error is roughly the percent
error in the response. Thus, if the s«tandard error for In y is 0.05,
then the deviations between observed values and predicted values of y

are approximately 5 percent.
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NOMENCLATURE
a, A, b, B, N .
T = arbitrary constants
A = area, 8q in.
BL = pulse gun barrel length, inch
c¥* = characteristic exhaust velocity, ft/sec
C, = shock or blast wave velocity, ft/sec or in./microsec
(cs)0 = initial value of Cy at the hlast source
l <, = velocity of sound in the undisturbed medium,
ft/sec or in./microsec
' d = duration of gas flow ramp, sec
r D = diameter, inch
exp’ ] = er 1 where e = 2.71828 (base for Naperian logarithms)
F = a correlating parameter for fuel type, Table 19
= impulse, 1bf-sec or lbf-microsec
. Iu = unit impulse, .3i-sec or psi-microsec
4 = axial distance from the injector face to the centerline
. of a rating device, inch
L = length of a cylindrical explosive charge, inch
L/D = length to diameter ratio of a cylindrical explosive charge
M = shock or blast wave Mach number (= c./co)
P = pressure, psia
Pb = back pressure downstream of a pulse gun, psig
Po = initial pressure in the undisturbed medium, psia
PT = explosive powder type correlating .parameter
AP = shock or blast wave overpressure, psi

r = radial position, inch (Fig. 63)
” R = radius, inch or feet
t

= time, sec or microsec
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time interval or duration, sec or microsec , l

duration of the positive pressurz portion of a blast
wave, sec or microsec

bomb case thickness, inch '

velocity, ft/sec
surge tank volume, ft3

wveight flowrate, 1bm/sec

explosive charge weight, grains or pounds

axial distance from the injector face to the centerline
of a pressure transducer, inch

axial distance from pulse gun diaphragm to the centerline

of a pressure transducer, inch

projected transverse distance between the centerline of
a bomb and & pressure transducer, in (Fig. 63)
straight line distance between the center of a boub

charge and a pressure transducer, inch (Eig. 63)
-1 3)

blast wave correlating parameter (= RW

approximate angle of blast wave incidence on a pressure
transducer (Fig. 63)

angle between pulse gun's centerline and the chamber
radius which intersects it at the chamber wall

ratio of specific heats (cp/cv) for air or combustion
gases

density, Ibm/1t’

projected angle between cowbustion chamber radii which
intersect the pulse gun's centerline at the wall and
intersect the center of a pressure transducer (measured
in the pulse direction)
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Suhscripts

numeral = value of a parameter at that distance, in inches, from
a blast source

b = value for a base explosive charge

c = value for an explosive charge

d = value for an explosive detonator
db = value for a burst diaphragm

f = final value

gun - value for a pulse gun (barrel)

i = initial value

inj = injection value or at the injector

max = maximum value

n = value at the nozzle inlet
ns = rnozzle stagnation conditions value

R = value at a radial distance from a source

t = value at the nozzle thrust

positive value
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