N72 307ve

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Technical Report 32-15617

Stability Evaluation of a Rocket Engine for Gaseous
"Oxygen Difluoride (OF,) and Gaseous
Diborane (B,Hs) Propellants

Richard M. Clayton

P ey
T %
8 1Y
D, e ~
VLG, & H — 3
N Qs i ki
@ Q .i.“ukl 4

JET PROPULSION LABORATORY
CALIFORNIA INSTITUTE OF TECHNOLOGY
PASADENA, CALIFORNIA

August 15, 1972



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Technical Report 32-1567

Stability Evaluation of a Rocket Engine for Gaseous
Oxygen Difluoride (OF;) and Gaseous
Diborane (B,Hs) Propellants

Richard M. Clayton

JET PROPULSION LABORATORY
CALIFORNIA INSYITUTE OF TECHNOLOGY

PASADENA, CALIFORNIA

August 15, 1972



Preface

The work described in this report was performed by the Propulsion Division of
the Jet Propulsion Laboratory.

1PL TECHNICAL REPORT 32-1561



Acknowledgment

The author wishes to acknowledge the contributions of Dr. R. O. Kushida in carry-
ing out the computer simulations of unstable combustion, of Mr. F. G. Gerbracht
in design and fabrication support, and of Mr. J. W. Short and Mr. T. L. Nielsen in
test operation support.

JPL TECHNICAL REPORT 32-1561



Contents

I. Introduction
Il. Engine Description .
1. Analytic Simulation

IV. Experimental Apparatus and Techniques .
A. Combustor
B. Bombing Scheme .
C. Instrumentation .
D. Propellant Feed Systems .
E. Test Conditions .

F. Units .

V. Experimental Results .
A. O,/C,H, (Substitute Propellants) .
B. FLOX/B.H; {Design Propellants) .

VI. Discussion .
A. Insensitivity to Bomb Disturbances .
B. Cavity Damping Effectiveness .

C. Comparison of Results .
VII. Conclusions
Nomenclature
Appendix A. Pulsi.ng Device
Appendix B. Measurements and Data Reduction .
Appendix C. Test Facilities .

References

Tables

1. Nominal design conditions for regeneratively cooled OF;/B;H; engine .

2. Nominal design conditions for OF,/B,H; injector
3. Results for O,/C,H, firings .
4, Results for FLOX/B,H; firings

JPL TECHNICAL REPORT 32-1561

W N O O

(o]

11

17
17
17
18

20

21

23

29

32



Contents (contd)

B-1. Thermodynamic and virial equation constants used for N,, C,H,, and

B:Hs gases . . . . . . . . . . . . . . . . ... ... .. 2
Figures
1. Artist's conception of regeneratively cooled engine for OF,/B,H; . 2
2. Injector for OF,/B.Hs engine . 3
3. Analytically observed resonance, computer simulation of OF,/B.H; engine . 4
4. Internal geometry of heavyweight OF,/B,H, engine 6
5. Typical experimentally observed resonance, O,/C.H,, without cavities . . . . 11
6. Experimental performance of OF,/B.H, engine using O./C,H,. . . . . . . 12
7. Typical experimentally observed resonance, FLOX/B,Hs, without cavities . . . 13
8. Typical bomb pulses . . . . . . . . . . . . . . .. .. ... 14
9. Experimental performance of OF,/B,H; engine using FLOX/B.H;. . . . . . 15
10. Typical solids deposition with FLOX/B.Hs . . . . . . . . . . . . . . 16
A-1. Schematic of pulsing device (bomb} . . . . . . . . . . . . . . . . 21
A-2. View of chamber section nearest to injector . . . . . . . . . . . . . 2
A-3. View of accumulated damage to injector face from bomb fragmentation. . . . 21
B-1. Sonic venturi configurations . . . . . . . . . . . . . . . . . . . 23
B-2. Schematic representation of expansion through sonic veaturi . . . . . . . 26
B-3. High-response helium-bleed Kistler tap configuration . . . . . . . . . . 27
C-1. General views of O,/C,H, feed system . . . . . . . . . . . . . . . 30
C-2. Heavyweight combustor installed in prepdration for O,/C,H, firings. . . . . 30
C-3. General views of FLOX/B,H; feed system . . . . . . . . . . . . . . 3
C-4. Heavyweight combustor installed in preparation for FLOX/B,H; firings . . . . 31

JPL TECHNICAL REPORT 32-1561



Abstract

Results of an experimental evaluation of the dynamic stability of a candidate
combustor for the space storable propellants gaseous OF,/B.H; show that the com-
bustor is unstable without supplementary damping. An analysis using a Jet Propul-
sion Laboratory computer program (TRDL) indicated that the uninhibited engine
could be unstable. The experiments, conducted with O,/C.H, substitute propel-
lants and with 70-30 FLOX/B,H; (OF, simulated with FLOX), show that the
uninhibited combustor has a low stability margin to starting transient perturba-
tions, but that it is relatively insensitive to bomb disturbances. Damping cavities
are shown to provide stability.
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Stability Evaluation of a Rocket Engine for Gaseous

Oxygen Difluoride (OF,) and Gaseous

Diborane (B,H,) Propellants

I. Introduction

Unmanned deep-space missions have fostered interest
in the development of propulsion systems to utilize the
so-called space storable propellant combinations. And
because engine development experiences over the past
decade have shown that combustion instability is likely to
be a continuing problem, plaguing nearly all new com-
bustor development, it is deemed essential that candidate
design concepts be evaluated for stability in a timely
manner.

To that end, the stability characteristics of a 4.45-kN
(1000-1bf) thrust engine for use with oxygen difluoride
(OF.) and diborane (B,H,) propellants have been evalu-
ated. This combustor represents a design concept for
potential use in future spacecraft systems and is being
evaluated elsewhere for its capability for long-duration
burn times (Ref. 1). The primary emphasis in the experi-
ments conducted at the Jet Propulsion Laboratory (JPL)
was on dynamic stability with bombed firings of the
combustor.
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A unique feature of the engine from a combustion
standpoint is that both propellants are vaporized in thrust
chamber coolant passages and therefore enter the injector
and are injected as gases. Thus, mixing and combustion
take place entirely through gas phase processes, except for
the possibility of two-phase flow during starting transients.

Experience has shown that solid combustion products
can accumulate with time on the interior surfaces of the
combustor with OF,/B,H, propellants, though this prob-
lem appears to be much less severe with gaseous reactants,
compared with liquid reactants. Thus even though the
engine was designed with damping cavities, it was con-
sidered necessary to evaluate the stability characteristics
of the uninhibited engine as well, since deposits accumu-
lated over burn times approaching 1000 s {(foreseen for
future JPL flight missions) could render the cavities
ineffective.

A relatively small-scale analytical effort utilized a com-
puter program (TRDL) which solves numerically the



unsteady, two-dimensional nonlinear equations of motion
for a gas with internal mass and energy sources (Ref. 2).
Arbitrary initial disturbances were imposed on the steady
state solutions to simulate dynamic stability experiments.

The experimental work was undertaken in two parts:

(1) Preliminary experiments in which the substitute
propellants, gaseous oxygen and ethylene (C,H,),
were utilized in order to minimize complexities
associated with studies with deeply cryogenic pro-
pellants.

(2) Confirmation experiments in which FLOX (70%
F./30% O, by weight) and B,H,; were utilized to
verify the preliminary results. This FLOX mixture
is commonly used to simulate OF, in rocket experi-
ments.

Il. Engine Description

The regeneratively cooled thrust chamber utilizes a
double panel concept, with the B,H, being the primary
and the OF, the secondary coolant. An artist’s rendition
of the engine concept is shown in Fig. 1, omitting the
details of design and fabrication, which may be found in
Ref. 1. Both propellants enter coolant passages in the
nozzle skirt as liquids. The B,H; is introduced at an area
ratio of 20 and flows toward the injector through the inner-

most of the double panel passages. The OF, is introduced
at an area ratio of 10 and flows toward the injector through
the outermost passages. Both propellants are fully vapor-
ized before reaching the injector. Nominal design condi-
tions for the engine are listed in Table 1.

The injector comprises a barrier fuel flow injected from
80 shower head orifices located adjacent to the chamber

Table 1. Nominal design conditions for regeneratively
cooled OF,/B.H; engine

Parameter

Value

Chamber pressure

Nozzle expansion ratio
Vacuum thrust

Vacuum specific impulse
Mixture ratio (O/F)

Total flow rate

Barrier fuel flow

Average chamber mass flux
Chamber inside diameter

Chamber length (injector face to
nozzle throat)

Chamber contraction ratio

689.5 kN/m? (100 psia)
60:1
4.448 kN (1000 Ibf)
3.970 kN-s/kg (405 Ibf-s/Ibm)
3:1
1.120 kg/s (2.469 Ibm/s)
8% of total flow
83.66 kg/s-m* (0.119 Ibm/s-in.?)
13.21 em (5.20 in.)
24.13 cm (9.50 in.)

4.0:1

/FUEL MANIFOLD
e o

FUEL INLET

OXIDIZER INLET AND MANIFOLD

Fig. 1. Artist's conception of regeneratively cooled engine for OF,/B.H,
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Table 2. Nominal design conditions for OF./B.H; injector
Parameter Oxidizer Core fuel Barrier fuel
Mass flow rate®, kg/s (Ibm/s) 0.858 ( 1.89) 0.195 ( 0.43) 0.098 ( 0.20)
Pressure drop®, kN/m” (psid) 234 (34 ) 152 { 22 ) 152 (22 )
Orifice diameter, mm (in.) [No. of orifices]

Rows 13 2.49 ( 0.098) [56 1 0.99 ( 0039 [112 ] -

Row 4 2.16 ( 0.086) [40 ] 1.18 ( 0.047) [ 80 ] -

Barrier row = - 1.18 ( 0.047) [80 1
Injection velocity, m/s (ft/s) [Mach number] 244 (800 ) [ 0.8] 183 (600 ) [ 0.4] 183 (600 ) [ 0.6]
Inlet temperature®, K (°F) 261 (10 ) 394 (250 ) 394 (250 )

Orifice L/D 11 10 7

Orifice entry contour Sharp Sharp Sharp
Included impingement angle, rad (deg) 0.525 (30 ) -
Impingement distance from face, cm (in.) 1.525 ( 0.60) -

"Based on FLOX simulation of OF.. All other values are for OF; design conditions.

walls and a bipropellant core flow injected from 96 triplet
impinging elements (two fuel on one oxidizer) arranged in
four concentric rows about the chamber axis. The triplet
elements in the inner three rows are of identical configura-
tion, but the elements in row 4 have smaller oxidizer
orifices and larger fuel orifices to provide a reduced mix-
ture ratio near the outer periphery of the core flow. The
calculated radial mass and mixture ratio distributions for
design flows are depicted in Fig. 2, which also shows a
photograph of the injector as used in the JPL evaluation.!
Nominal injector design conditions are listed in Table 2.

1The injector used in the JPL evaluation incorporated the revised
oxidizer orifice diameters used in the final version (unit No. 2) of
the study under Contract NAS7-765 (Ref. 1).

(a) PHOTOGRAPH OF JPL INJECTOR
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Provisions for damping cavities of a quarter-wave slot
configuration were included in the engine design. These
devices were to be located along a 0.785-rad (45-deg)
conical interface at the juncture of the chamber and in-
jector,> where ten equally spaced cavities, each 2.18 cm
deep X 3.81 cm wide X 0.33 c¢m high (0.86 X 1.50
X 0.13in.), comprise a total open area of ~ 10% of the
chamber cross sectional area. The devices were designed
(Ref. 1) for tuned operation at 6200 Hz, the fundamental
tangential mode frequency of the combustion chamber,
and the dimensions were based on an assumed cavity gas
temperature of 990 K (1320°F).

2See Figs. 4 and 10.

(b) DESIGN MASS AND MIXTURE RATIO DISTRIBUTION
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Fig. 2. Injector for OF./B,H; engine
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lll. Analytic Simulation

To obtain further experience in analytic simulation of
unstable rocket combustion and to provide analytic results
for comparison with experimental results for the OF,/B.H,
combustor, the computer program TRDL (Ref. 2) was
used. The program utilizes a two-step, finite-difference
numerical method to solve the equations of gas motion for
the mass density, the transverse momentum flux, the axial
momentum flux, and the total energy density. The com-
bustor geometry is that of a circularly cylindrical annulus
with propellant injection at one end and a convergent—
divergent slot nozzle at the other end. Although baffles
can be simulated in the program, cavities cannot—at

present. Therefore, results were obtained only for an un-
inhibited model of the OF./B,H, engine. The important
dimensions used in applying the analysis to this engine
are the chamber contraction ratio (4.0), chamber length
(taken to be 30.5 cm or 12.0 in.), chamber diameter (13.2
cm or 5.2 in.), and the nozzle contour.

No attempt was made to model the gaseous combustion
processes that, for the subject OF,/B.H; engine, are pre-
sumed to be controlled by turbulent mixing. However, a
reasonable axial energy release profile was established in
order to provide a steady state initial condition upon
which arbitrary disturbances were imposed. At the start

2001 (a) SMALL-AMPLITUDE 11378
TRAVELING WAVE
-—=P BOMB o fo—P,
150 } 11034
—_ %
-, ’, -~

100 F - - - = = 689

50 % {345

200 " (b) LARGE-AMPLITUDE TRAVELING WAVE K78

p P _—F

o NE
B 150 4 1034 \z
T -~
‘&J -~
2 &
“ =
2100 4 689 =
= i
a.

0 4345

1 1 = | 1 . 1 A {
71378

2001 () BOMB

150 1034

100 689

50 (L e N N L L n S 345
0 1 3 4

TIME, ms

Fig. 3. Analytically observed resonance, computer simulation of OF,/B,H; engine
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of the nonsteady calculations, a mass and energy release
rate directly proportional to the local static pressure was
arbitrarily assigned.

Chamber gas oscillations were initiated either with a
steady tangentially traveling wave or with a simulated
bomb. Since the computer program is limited to only two
space dimensions, the region included in the simulation
was the outermost region close to the chamber wall. The
transverse frequencies observed analytically are of course
those for the annular geometry, but this is not believed to
affect the coupling of mass and energy release and gas
dynamics in a significant way in the present application
of the analysis, where combustion response was assumed
to be independent of frequency.

The results of the analytic study are summarized in
Fig. 3. The static pressure at stations 1.3 cm (0.5 in.) down-
stream from the injector face and 1.57 rad (90 deg) apart
are depicted. In Fig. 3a, an initial small amplitude, tan-
gentially traveling wave is seen to amplify with time.
The growth rate is approximately linear from its original
amplitude of 20.6 kN /m? peak-to-peak (3 psi) imposed on
a steady chamber pressure of 689 kN/m? (100 psi). The
growth of the small wave would indicate that the simu-
lated bare combustor is linearly unstable.

In Fig. 3b, the initial disturbance was a stronger tan-
gentially traveling wave of 1205 kN/m? peak-to-peak
(175 psi) amplitude. This wave, after some initial oscilla-
tions, appears to decay toward what appears to be a
limiting amplitude for a steady resonant oscillation.

The decay to a steady resonance is more rapid in the
case of an initial bomb-like pressure pulse disturbance, as
shown in Fig. 3c. The bomb was placed near pressure
tap P,. A “shutter” was placed adjacent to the bomb to
force motion in the opposite tangential direction relative
to those shown before. This shutter was removed 0.5 ms
after the simulated bomb explosion. The steady resonant
oscillation of approximately 179 kN/m? (26 psi) peak-to-
peak amplitude is attained at the simulated time of 4 ms.
The observed frequency of 2440 Hz corresponds closely
to the expected first tangential wave frequency for the
annulus dimensions and gas properties used for the
analysis.

These limited analytical results with an ad hoc energy
release model do not necessarily constitute a prediction
of the stability of the experimental engine. However, they
do demonstrate that the TRDL program is numerically
stable and can produce nonlinear gas dynamic solutions
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that approach the wave forms, frequencies (within the
limits of the annular geometry), and transitional behavior
which are generally observed experimentally. Certain
experimental results described below support this con-
clusion and thus we are encouraged to continue the
development of the program.

IV. Experimental Apparatus and Techniques
A. Combustor

A heavyweight, uncooled version of the engine was
fabricated by JPL using the internal dimensions of the
thrust chamber and detailed injector fabrication drawings
generated under contract NAS 7-765 (Ref. 1).

The internal dimensions and layout of the combustor as
used at JPL are shown schematically in Fig. 4. Optional
chamber lengths were provided by appropriate combina-
tions of three chamber sections. The location of optional
damping cavities in a common chamber section adjacent
to the injector is also shown.® The cavities were not used
whenever the stability of the uninhibited combustor was
to be evaluated (i.e., a blank chamber section was sub-
stituted).

B. Bombing Scheme

A port for inserting an electrically fired bomb {see
Appendix A for details) just inside the inner wall of the
combustion chamber was provided in each of the three
chamber sections (Fig. 4). Thus, from one to three bombs,
depending on the chamber length, could be fired at pre-
selected times during a given test. It was intended that
each available bomb position be used during each engine
run, with individual bombs sequenced to fire about 100 ms
apart during the midportion of the test. However, this was
in fact accomplished only for some of the preliminary
experiments with O, and C,H,. For the FLOX/B.H,
tests, the bombs placed downstream of the first chamber
section failed. It was apparent that the flame temperatures
were high enough that the available Teflon sleeve used for
thermal protection at the wall was inadequate. Thus, for
these tests, a single bomb located in the first chamber
section was normally fired about midrun. However, in
some instances, the bomb was fired during the starting
transient.

3The cavities are intended for placement in the injector side of the

" conical surface in the design (cooled) version of the engine rather

than in the chamber side as was done for the JPL experiments.
However, compensatory adjustments in the location of the conical
surface at the time of JPL fabrication placed the cavities in the
same relative position as for the cooled version.



24,13 (9.50) DESIGN LENGTH (TWO OF THREE
[~ AVAILABLE CHAMBER SECTIONS SHOWN)

DIMENSIONS IN CENTIMETERS AND RADIANS
—® OR (INCHES) AND (DEGREES)

SECTION 1 SECTION 2 -
THROAT PLANE
. 4 -
.27 N\ ] 0.263
(0.50) —f  |— (15) ‘
INJECTOR  f#——7,62 —
FACE (3.00) 15.24
\\ (6.00)
1 - 6.60 DIAM_____ _ __ 1 11.48DIAM
) 4.52
13.21 DIAM 0.35 I'2.60) ‘1 (4.52)
0.33 (0.13) (5.20)

} 0.788
WA

/m%u\

2.18 )\

(0.86)

® DENOTES PLANES OF BOMBS AND KISTLER TRANSDUCERS

QUARTER WAVE

CAVITIES (OPTIONAL)

BOMBS: ONE EACH CHAMBER SECTION
KISTLERS:
SECTION 1 - THREE SPACED 1.575, 2,363, 2.363 rad APART
(90, 135, 135 deg)
SECTION 2 AND 3 - TWO SPACED 1,575, 4.725 rad APART
(90, 270 deg)

Fig. 4. Internal geometry of heavyweight OF,/B,H; engine

Bombs of 65, 130, 260, and 520 mg (1, 2, 4, and 8 grains)
of PETN (pentaerythritol tetranitrate) were used during
the initial experiments in order to establish pulse ampli-
tudes and damping characteristics for various disturbance
magnitudes. But eventually a charge size of 130 mg
(2 grains) was adopted as standard. This charge size pro-
duced spiked initial disturbances with peak absolute
amplitudes of from 2 to 3 times the mean chamber
pressure.*

C. Instrumentation

1. High-response pressure measurements. Helium-bleed
Kistler transducer taps (see Appendix B) were located as
indicated in Fig. 4. All high-response data were recorded
on high-speed analog tape for later playback to an oscillo-
graph. The positional array of the transducers on the
chamber boundary® permitted evaluation of the modes of
gas motion during oscillatory combustion when the fre-
quency and phase relationships of .the simultaneously
recorded transducer signals were analyzed. Typical re-
cording, playback, and analysis techniques are discussed
in Ref. 4. Response of the helium-bleed taps was estimated
to be useful to 10-15 kHz from shock wave tests (see
Ref. 5).

1See Fig. 8.
5Consistent with recommendations of Ref. 3.

2. Flow measurements. The flow rates of the gaseous
propellants supplied to the core and barrier sections of the
injector were separately measured with sonic venturis
located in the feed lines. The pressure and temperature
of the flowing gases in each of the three systems imme-
diately upstream of the venturis were digitally recorded
throughout each firing for subsequent data reduction. The
data reduction procedures which accounted for real gas
effects where necessary are described in Appendix B.

3. Other measurements. In addition to the measure-
ments discussed above, other measurements including in-
jector manifold pressures and temperatures, damping
cavity gas temperatures, and chamber pressure measure-
ments, from which the steady state operating conditions of
the combustor could be determined, were digitally re-
corded. These measurements were obtained by conven-
tional methods and will not be further described here.
For the interested reader, typical techniques of transducer
installation, digital data recording, and instrumentation
accuracies applicable to the present experimental program
are described in Ref. 6. Performance data reduction is
described in Appendix B.

D. Propellant Feed Systems

Photographic views and additional descriptions of the
test facilities utilized for these experiments are presented
in Appendix C. The salient features of the feed systems are

JPL TECHNICAL REPORT 32-1561



presented below as an aid to understanding the experi-
mental results discussed in Section V.

1. 0./C,H, system. Gaseous propellants were supplied
from high-pressure bottle banks. The respective fuel and
oxidizer bottles were manifolded to supply three separate
feed systems: oxidizer, core fuel, and barrier fuel. The
feed pressure to each system was separately regulated to
afford flow rate control by means of adjustable pressure
regulators. The sonic venturis were located in each system
downstream of the regulators and just upstream of pro-

pellant shutoff valves that were close-coupled to the injec-

tor inlet ports. Thus, combustor starting flow transients
could be reasonably short but well controlled by pressuriz-
ing the feed lines to a preselected level and then sequenc-
ing the propellant valves to achieve the desired initial
injection sequence.

In contrast to the design propellants, the O,/C,H, com-
bination is not hypergolic under starting conditions; there-
fore, it was necessary to provide an auxiliary supply of
ignition energy. This was accomplished with a single
unlike-impinging doublet injection element utilizing
N,0,/(50% N.H,, 50% unsymmetrical dimethylhydrazine)
liquid propellants, placed in the wall of the chamber sec-
tion nearest to the injector (see Fig. A-2). The ignitor
flame was normally started about 200 ms prior to initiating
the core flows and was stopped about 200 ms after core
flow ignition.

2. FLOX/B,H, system. An existing cryogenic test stand
facility was adapted to vaporize liquid FLOX and B,H,
that was normally stored at the site. The FLOX (70% F,/
30% O, by weight) was supplied from a helium-pressurized
liquid tank via an auxiliary tank wherein vaporization
was accomplished as the oxidizer flowed through a bed of
warm aluminum rivets. The gaseous FLOX system pres-
sure was established during prerun preparations by
equilibrating gas and liquid tank pressures to the desired
levels. Makeup gas was generated throughout the firings
to maintain a nearly constant feed pressure. -

The B,H; was also supplied from the stand liquid tank
and was vaporized in a second auxiliary tank in essentially
the same manner as the oxidizer. But, because of the de-
composition characteristics of B.Hj, it was stored as a gas
for only short periods at a temperature of about 290 K
(60°F). A gas tank pressure of about 4.2 MN/m? (600 psi)
was established during prerun preparations, whereupon
the liquid and gas systems were isolated by suitable valves.
During the firings, fuel feed line pressure was controlled
by a preset pressure regulator located at the gas tank
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outlet. The fuel was passed through a heat exchanger
during the firings to elevate its temperature, thus simulat-
ing its passage through thrust chamber cooling jacket.
However, the 394 K (250°F) design value (Table 2) for
the fuel injector inlet temperature was never obtained
with the available heat exchanger, and the firings were
made with inlet temperatures ranging from 311 to 333 K
(100 to 140°F).

The impact of that experimental difficulty on the
stability results was not determined. However, it is noted
that the starting transient for the cooled engine will also
be made over a range of below-design fuel inlet tempera-
tures; therefore, it is believed that the temperature condi-
tions achieved were adequate for this evaluation.

Propellant shutoff valves were located upstream of the
sonic venturis in both the FLOX and the B,H, feed sys-
tems. Also, the heat exchanger was located upstream of
the fuel venturis, which were arranged to split the fuel
flow between core and barrier flows. Thus, a considerably
greater effective manifold volume was present for the
FLOX/B,H; compared with the preliminary O./C,H,
firings. Consequently, starting transients were longer and
were probably influenced somewhat by nitrogen diluent
that was always present initially from purging the feed
systems downstream of the propellant shutoff valves.

E. Test Conditions

Experiments were conducted utilizing O,/C,H, propel-
lants in order to obtain a preliminary evaluation of the
stability characteristics of the gaseous combustor with and
without the damping cavities installed. As indicated pre-
viously, it was intended that the preliminary results would
serve to identify critical operating variables influencing
stability and thus reduce the number of tests required with
the more difficult-to-handle and more expensive design
propellants.

For the preliminary tests, the design mass flow rates
(Table 2) were assumed to approximate the mass and
mixture ratio distribution produced with the design pro-
pellants. Operation at the overall design mixture ratio of
3.0 also coincided closely with the theoretical maximum
combustion temperature of 3440 K for O,/C,H,. This
compares with the theoretical combustion temperature of
3960 K for OF,/B.H, at that mixture ratio. Thus, the
chamber mode frequencies with the substitute propellants
were expected to be about 7% lower than for OF,/B,H,.
A ~20% reduction in operating chamber pressure was also
expected because of the lower ¢* potential of the substitute
propellants at the design mixture ratio. Tests were also



made with significant variations in flow rates about the
design values.

The other combustor variable explored was chamber
length. One test was conducted with the minimum length
of 17.8 cm (7.0 in.) and one test was made with the 30.5 cm
(12.0 in.) length. These compare with the design value of
24.1 cm (9.5 in.).

The final phase of the evaluation utilizing FLOX/B,H,
was made over approximately the same range of mass flow
rate variation as for the preliminary experiments; however,
all tests were made with the design-length combustor.
Tests were again performed with and without the damp-
ing cavities. Two tests were made with modified cavities
to simulate deposition of solids in the cavities.

Firings with either propellant combination were nor-
mally scheduled for 2.0 to 2.5-s duration, which was suffi-
cient time to achieve essentially steady state operating
conditions. However, resonant firings were automatically
terminated early by means of an “instability shutoff”
device that monitored the signal from one of the Kistler
transducers. Thus, damage to the combustor from pro-
longed periods of sustained resonance was avoided.

F. Units

English Technical System units were used for primary
measurements and calculations. Conversion to Interna-
tional System (SI) units was done for reporting purposes
only.

V. Experimental Results
A. O,/C,H, (Substitute Propellants)

A total of 25 firings were conducted using the O,/C.H,
propellants. Four firings were made without the damping
cavities. The remainder (21) were made with cavities of
design dimensions incorporated in the combustor. Results
are summarized in Table 3.

1. Firings without cavities. All the firings without cavi-
ties were spontaneously unstable. An apparently classical
linear instability was consistently exhibited during the
starting transient, where a small, high-frequency oscilla-
tion grew rapidly to a nonlinear spinning wave with sus-
tained amplitudes of 1034 kN/m? (150 psi) peak-to-peak
and greater and frequency of from ~5200 to ~5700 Hz.
Because of the persistent, spontaneous inception of com-
bustor resonance exhibited in these four firings, no bombs
were used.

Typically, the core ignition transient and subsequent rise
of chamber pressure was monotonic and extremely smooth

. until the mean pressure rose to 172-207 kN/m? (25-30

psig). Detailed examination of the high response records
revealed that at about this point a small continuous-wave
kind of oscillation developed, but there was never any
indication of a discrete impulsive perturbation. An exam-
ple of the inception of resonance and the nonlinear nature
of the sustained first tangential spinning wave for one
firing is shown in Fig. 5. Note that the linear transition
to sustained resonance and the nonlinear wave form dur-
ing resonance bear qualitative similarity to the computer
simulation of these conditions shown in Fig. 3.

The possibility that the hypergolic liquid ignitor flame
triggered the oscillations was never conclusively ruled out;
however, changing the starting sequence of the injected
gaseous propellants relative to each other and to the
ignitor flow had no significant effect on the inception of
the oscillations. The possibility that the ignitor flow was
sustaining the oscillations was eliminated by the fact that
the oscillations persisted without significant change after
the ignitor flow stopped.

2. Firings with cavities. The subsequent installation of
the damping cavities was highly effective in stabilizing the
engine. A series of firings at near-design flow rates per-
turbed with bombs of from 65 to 520 mg (1 to 8 grains)
failed to initiate sustained oscillations, exhibiting damp-
ing times® of less than 10 ms.” However, a residual oscilla-
tion of generally less than 69 kN/m? (10 psi) peak-to-peak
appeared sporadically, independent of the size or time of
bomb discharges. The frequency of this oscillation was
~4545 Hz.

The characteristics of the engine with cavities were not
significantly altered from those described above in a series
of firings with off-design flow rates and chamber lengths.
All conditions were stable to the 130-mg (2-grain) bomb
size, which was adopted for producing an adequate dis-
turbance for this engine.

In these preliminary experiments with O,/C,H,, no
attempt was made to modify the damping effectiveness
of the cavities by altering their dimensions from the design
values.

SDamping time as used herein is defined as the total time (to the
nearest millisecond) for chamber pressure (Kistler measurements
nearest the injector face) to return to predisturbance appearance on
a high time-resolution oscillograph record.

“See Fig. 8a.
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Table 3. Results for O,/C,H, firings®

e tpesl s ot e po rms Bomb Lsize:_ mg (g'r;in), for Domp Resonance
Ren ——— O/F I, " - - " - N r posttion time, _ Amplitde £ o ioncy, Remarks
kg/s Ibm/s kN/m psia m/s ft/s % kN/m psi inj. Mid. Noz. ms KN/m® psi Hz
Without cavities
B-1351° - - - 0 ~455  ~66 - - - - - - - - - 517 75 529010
5618
B-1352* _ - - - ~421 ~61 _ — _ _ _ _ _ _ _ 1207 175 5464 to Short duration {250-600 ms)
5682 runs. Spon!aneou.s transitﬁlon
B-1353" 1091 2406 3.243 0.076 4827 7000 — - -~ - - - - - - 1034 150 520010 o reionance during starting
5464 calculated. No bombs used.
B-1354*" 1.140 2.513 3.209 0.076 536.4 77.80 — - - - — - - - — 1103 160 5291 to
5376
With cavities
B-1356" 1.205 2.657 3.140 0.0774 548.8 79.60 1560.0 5118 88.5 1z 1.7 - - - - - - —_ Stable. No bomb used.
B-1357 1.237 2.728 2741 0.0844  576.6 83.62 1595.6 5235 88.5 14.5 2.1 65 (1) — — 5° — - - Stable.
B-1358 1167 2.572 2928 0.0807 541.6 78.55 1590.1 5217 89.2 11.7 1.7 — - - - - - - Stable. No bomb used.
B-1359" 1.210  2.668 2763 0.0839 565.4 82.00 1600.2 5250 88.9 15.9 23 - - 520 (8)° 5 - - - Stable.
B-1360 1.170 2.579 3.018 0.079s5 541.4 78.52 1585.3 5201 89.5 15.9 2.3 65(1) — — 7 - - - Stable.
B-1361 1.190 2.623 3.023 0.0821 543.6 78.84 1564.8 5134 88.3 13.1 1.9 130(2)° - — 6 - - - Stable.
B-1362 1174 2589 2971 0.0826 541.5 78.54 15795 5182 88.9 17.2 2.5 260 (4) - — @ - - - Stable.
B-1363 1.103 2432 3.195 0.0747 508.2 7370 15779 5177 89.9 13.1 1.9 520(8) - - 7 - - - Stable.
B-1364 1.088 2.398 3.050 0.0753 501.7 7277 1580.1 5184 89.2 1.0 1.6 - - 65(1) 6 - - - Stable.
B-1365 1.096 2417 3.083 0.0743 502.7 7291 1570.6 5153 88.9 1.0 1.6 — - 130 (2) [ — - —_ Stable.
B-1366 1.151 2.537 2.996 0.0806 530.4 7693 1578.9 5180 88.9 13.1 1.9 - - 260 (4) 7 - — - Stable.
B-1367 1.071 2.362 3.607 0.0757 482.4 69.97 1542.6 5061 89.8 15.2 2.2 130 {2) — 130 (2) 5/5 — — — Stable.
B-1368 1.100 2.425 2702 0.0755 515.3 7473 1604.5 5264 88.8 9.7 1.4 130 (2) - - 6 - - - Stable.
B-1369 1.053 2.322 1.944 0.0762 505.7 73.34 16447 5396 87.4 9.0 1.3 130(2) — — 61 655 95 5270 to Stable but long damp time.
. . 5640
B-1370 1.101 2,427 2.967 0.0470 531.5 77.09 1653.8 5426 93.0 1.4 0.2 130 (2) - 130 (2)° 6/4 - — - Stable.
B-1371 1.088 2.399 3.010 0.105 473.9 6873 1491.4 4893 84.1 20.7 3.0 130 (2) — — 6 - - - Stable.
B-1372 0.771 1.699 3.052 0.0749 351.4 50.96 1561.5 5123 ~88.9" 6.2 0.9 130(2) - 130(2) - - - - Stable. Damp time not
obtained (tape recorder failed).
B-1373 1.354 2985 2989 0.0755 626.8 90.91 1585.6 5202 ~89.1¢ 14.5 2.1 - - 130(2) 6 —_ - - Stable.
B-1374 1.075 2370 3.072 0.0751 499.7 72,47 15920 5223 90.1 214 3.1 130(2) 130(2) 130(2) 10/9/7 - - - St:bles30.5 cm (12 in.)
chamber.
B-1375 1.057 2.330 3.153 0.0737 491.0 71.21 15914 5221 90.5 - - 130(2 - - 6 - - - Stable 17.8 ¢m (7 in.) chamber.
B-1376" 1.078 2376 3.267 0.0732 498.5 72.30 15847 5199 90.6 19.3 2.8 - - - - - - - Stable. No bomb used.

*Design chamber length except runs B-1374 and B-1375. Flow and performance data for ~1.8 s after ignition, except runs B-1351 through B-1356 (250-600 ms), B-1359 (800 ms), and B-1376 (1.3 s).
®Bomb fired during ignition transient before significant p, rise.

‘Reduced pulse amplitud ggest only detonator fired.

4Valve for c¥, based on linear interpolation between values for 551 and 689 kN/m? {80 and 100 psia) chamber pressure.
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Table 4. Results for FLOX/B,H; firings?

m, [peolr ok e pe rms Bomb size, D.ump ' ' Resonance Start transient
R N Y % TiN/mt ps moflorain e ATPINGS  prequency, Oxidirer-  Fuel- Remarks
N/ m? psi Hz rich rich
Without cavities
C-343 1.158 2.552 2.814 0.112 684.9 99.34 2026.6 6649 Q4.4 2.1 0.3 130(2) 4 — - — X Stable.
C-345 1.150 2.536 3.179 0.102 690.0 100.07 20547 6741 95.0 2.1 0.3 130(2) 5 - - - X Stable.
C-346 1.139 2511 3.182 0.0748 706.3 102.44  2123.8 6968 98.2 2.8 0.4 - - - - - X Stable. No bomb used.
C-347 0.933 2.056 2.105 0.101 575.0 83.39 2113 6927 100.8 1.4 0.2 — — - - — X Stable. No bomb used.
C-348 1.187 2.617 3.344 0.0700 725.6 105.23 2093.4 6868 96.4 2.8 04 130 (2) 3 - - - X Stable.
C-349 1.149 2,534 3,260 0.0735 706.3 102.44 2104.9 6906 97.2 2.1 0.3 130(2) 3 - - - X Stable.
C-350 0.576 1.270 3.439 0.0705 341.9 49.59 2033.9 6673 93.5° 0.7 0.1 130 (2) 3 - - - X Stable.
C-351 1.092 2.408 3.149 0.0524 677.7 98.29 21257 6974 98.3 2.1 0.3 130 (2) 5 - - - X Stable.
C-352" 1.198 2.641 3.373 0.098 687.0 99.64 - - — 2.8 0.4 - - - - - X Stable. Run duration too short
for performance.
C-354° 1,160 2557 341 0.071 681.7 98.87 - - - 2.8 0.4 130 (2)¢ 30 - - - X Stable but long damp time.
C-344* 1.084 2.389 5.248 0.069 419.4 60,82 - - - - - 130 (2) - 1241 180 6080 X Unstable spontaneously during
start (before bomb).
C-353* 1194 2.633 3.052 0.105 635.2 92.12 - - - - - 130(2) - 1517 220 6400 to X Unstable spontaneously dur-
6510 ing start (before bomb).
With cavities
C-340 1.127  2.485 3.298 0.0725 701.5 101.74 2132.1 6995 98.4 2.1 0.3 - - - - - X Stable. No bomb used.
C-341 1.174 2.589 2.763 0.113 710.9 103.10 2073.6 6803 96.7 2.1 0.3 — - — — - X Stable. No bomb used.
C-342 1.197 2.638 2.761 0.113 7249 105.14 2075.1 6808 96.8 2.1 0.3 130 (2) 3 - - - X Stable.
C-355 1.114 2.455 3.100 0.0762 676.9 98.17 2082.1 6831 96.3 14 0.2 130 (2) 5 - - - X Stable.
C-356 1.154 2.543 3.050 0.105 697.8 101.20 2072.0 6798 96.0 1.4 0.2 130 (2)° 20 - - - X Stable but long damp time.
C-357 1.129 2,490 3.034 0.106 673.9 97.74  2043.4 6704 947 1.4 0.2 130 (2) 5 - - - X Stable. Cavity height reduced
to 1.5 mm (0.07 in.).
C-358* 1.042 2.297 2.693 0.116 648.8 94.09 — - — - - - - 1241 180 6350 X Unstable spontaneously during

start. Cavity length reduced
to 10.9 mm {0.43 in.).

®All runs made with design chamber length. Flow and performance data for ~2.4 s after ignition except C-352 and C-354 (both ~600 ms), C-344 (190 ms), C-353 (370 ms), and C-358 (280 ms).

bYalue for ¢}, based on value for 689 kN/m? (100 psia) chamber pressure.

°Bomb fired during starting transient, but after ignition and significant p. rise.
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(a) INCEPTION OF OSCILLATIONS DURING START T .ANSIENT
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TIME ———
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Fig. 5. Typical experimentally observed resonance, O./C,H,, without cavities (run B-1353)

3. Cavity gas temperature. Cavity gas temperature mea-
surements during all firings were well below the design
value of 990 K. Representative values of these measure-
ments are difficult to designate because they varied con-
siderably during individual firings as well as for different
firings. The fact that measurements made for diametri-
cally opposed cavities differed consistently by about a
factor of 2 indicated that gross circumferential differences
also existed. Thus, an overall temperature range for all
firings of from 331 to 513 K (135 to 464°F) was observed at
an arbitrary constant time of 1.8 s after main flow ignition.
For most of the firings, the temperatures appeared to
approach a stable value at this time.

4. Performance. Steady-state performance of the com-
bustor (uncorrected for any losses) for the stable firings
with O,/C,H, is summarized in Fig. 6 in terms of charac-
teristic velocity (c*), c¢* efficiency (5.« = ¢* exp/c},), and
combustion roughness (p. rms) versus mixture ratio (O/F)
and barrier mass fraction (Z;). Description and definition
of all variables are contained in Appendix B.

Characteristic velocity data presented in Fig. 6 are
based on chamber pressure measurements at the head
end (injector face) of the chamber. Analogous data based
on pressure measurements at the nozzle entrance were
consistently 3-4% higher, this difference being observed
even though the static pressures for both locations were
converted to throat stagnation pressure as described in
Appendix B. Past JPL experience has indicated that the
difference is related primarily to the simplifying assump-
tions of one-dimensional, constant gas property flow in the
standard procedures of converting static pressures to

JPL TECHNICAL REPORT 32-1561

nozzle stagnation pressure—where, in fact, the real com-
bustion processes encompass multidimensional flow, in-
complete energy release prior to the nozzle throat, and
nonuniform gas properties. Thus, the choice of which
value for c* is the more correct is not obvious, although
the justification of a choice can be improved if accurate
thrust measurements are also available. Since thrust was
not measured here, no such justification will be made.

On a relative basis, it can be seen from Fig. 6 that:
(1) 5es increased somewhat with increasing O/F.
(2} 7« decreased rapidly with increasing Z;.

(3) me+ was not significantly modified by either com-
bustor length or combustion pressure level.

(4) Combustion roughness tended to increase with both
increasing O/F and increasing Z,. A value of ~13.8
kN/m? (2 psi) rms was obtained for near-design
flow conditions.

B. FLOX/B,H; (Design Propellants)

A total of 19 firings were conducted using the FLOX/
B.H; propellants. Twelve firings were made without the
damping cavities. The remaining seven were made with
damping cavities installed—five with the design configura-
tion and two with modified cavities. Results are sum-
marized in Table 4.

1. Firings without cavities. Two of the firings without
cavities were spontaneously unstable, with transitions to
sustained resonance occurring essentially at the time of
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Fig. 6. Experimental performance of OF,/B,;H; engine using O./C.H,.
All data for runs with cavities.
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(a) INCEPTION OF OSCILLATIONS DURING START TRANSIENT
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Fig. 7. Typical experimentally observed resonance, FLOX/B.H,;, without cavities (run C-344)

ignition. Although the growth of initially small oscillations
to a nonlinear spinning wave was similar to that observed
with O,/C,H,, the hypergolic ignition process with the
FLOX/B,H; was rough under some conditions, and the
roughness evidently precipitated the initial oscillations.
Ignition roughness was accentuated whenever fuel-rich
starts were present; however, only two of the four starts
under this condition were unstable. All eight starts under
oxidizer-rich ignition conditions were stable. An example
of the precipitation of resonance and the character of the
sustained first tangential traveling wave is shown in Fig. 7.
Comparison of these resonance characteristics with those
for 0,/C.H, (Fig. 5) reveals substantially the same be-
havior except for the expected greater frequency with the
hotter FLOX/B.H,, combustion gases.

Five of the ten stable firings (without cavities) were
also perturbed with 130-mg (2-grain) bombs detonated
either during midfiring (four runs) or the starting transient
(one run). Pulse amplitudes of 689 kN/m? (100 psi) or
greater were observed, which were damped in 5 ms or less
(Fig. 8b), except for the firing with the bomb-pulsed start,
which exhibited a 30-ms damping time.

2. Firings with design cavities. As with the O,/C,H,
firings, the installation of the design damping cavities
apparently stabilized the combustor. Two firings were
conducted with fuel-rich ignition and three with 130-mg
(2-grain) bombs. All five firings were stable. One of the
firings had both a fuel-rich and a bomb-pulsed start. The
ignition transient of that run precipitated a low-amplitude
(~40 kN /m? or 6 psi) oscillation of ~5500 Hz that per-
sisted for ~90 ms while the bomb pulse, which occurred
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after the decay of the ignition oscillation, exhibited a
20-ms damping time. The other firings, bombed at midrun,
exhibited the same short (<5 ms) damping times as the
firings without cavities (Fig. 8c). The three firings with
oxidizer-rich ignition were stable.

3. Start transient oscillations. Although the ignition-
precipitated oscillations noted above were of somewhat
greater amplitude than typical, nearly all of the stable
firings with FLOX/B.H; exhibited small-amplitude (7-30
kN/m? or 1-4 psi) high-frequency oscillations (5000
5500 Hz) for periods of 50 to 200 ms during the starts,
regardless of ignition mixture ratio or the presence of
cavities. Also, nearly all starts under oxidizer-rich condi-
tions exhibited a “buzz” frequency of from 450 to 520 Hz
for periods of from 50 to 100 ms with maximum ampli-
tudes ranging from 14 to 100 kN/m? (2 to 14 psi). A more
quantitative correlation of the observed dynamic behavior
of the combustor with the starting mixture ratio transient
than given here is probably not possible because of the
question of nitrogen purge gas diluent mentioned previ-
ously in Section IV. Suffice it to say that the FLOX/B,H,
starting transient, as for the O./C,H, starting transient,
was the precipitative agent for sustained resonance when
the additional damping from cavities was absent.

4. Off-design cavity dimensions. Ultimately the cavity
dimensions were altered from the design configuration in
a cursory attempt to simulate the effects of solids deposi-
tion. Two firings were made with cavity alterations. In the
first, only the cavity width was changed from the 3.3-mm
(0.13-in.) design value to 1.5 mm (0.07 in.). This cavity
size was tested with a fuel-rich start and a midrun bomb
pulse (130 mg or 2 grains). The firing was stable with a
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(a) 02/C2H4 WITH CAVITIES (B-1371)

483 kN/m?
(70 psia)

(b FLO)VBZH , WITHOUT CAVITIES (C-351)

-

793 kN/im?
(115 psi)

676 kN/m?
(98 psia)

(c) FLO)VBZH6 WITH CAVITIES (C-355)

—

965 kN/m?
(140 psi)

N

676 kNA"lz
(98 psia)

Fig. 8. Typical bomb pulses (130 mg or 2 grains), mea-
sured with Kistler transducers located 1.27 ¢m (0.5 in.}
from injector face

pulse damping time of 5 ms and essentially no starting
transient oscillations. The second alteration changed only
the cavity depth from the 21.8-mm (0.86-in.) design value
to 10.9 mm (0.43 in.). In the test firing, a fuel-rich start
precipitated a sustained spinning wave, essentially identi-
cal to that shown in Fig. 7 for no cavities. Thus, the re-
duced depth is apparently the more detrimental change
to cavity effectiveness.

5. Cavity gas temperatures. Cavity gas temperatures
were again taken during three of the firings with the
design cavity dimensions. And again the gas temperatures
were well below the design value. While perhaps not as

14

great as for the O,/C.H, firings, the same kind of varia-
tions were observed; i.e., circumferential and sporadic
variations during the firings as well as for different firings.
The observed temperatures for this run series ranged from
339 to 470 K (150-386°F) at a constant time of 1.8 s from
ignition, where they appeared to approach a stabilized
value during most firings.

6. Performance. The performance characteristics of the
stable FLOX/B,H, firings, obtained in the same manner
as for the O,/C,H, firings, are summarized in Fig. 9. These
data show that for FLOX/B,Hj:

(1) nc: tended to decrease slightly with increasing O/F,
a trend contrary to the data for O,/C.H.,.

(2) nex decreased with increasing Z,.

(3) Reduced combustion pressure may decrease 7c:
somewhat; however, that observation is based on
only one firing, which was inadvertently made at a
considerably off-design mixture ratio.

(4) Combustion roughness was nearly constant at ~2.1
kN/m? (0.3 psi) rms for all flow conditions tested.
Thus stable FLOX/B,H,; combustion was signifi-
cantly smoother than for O./C.H,. Also note that
the presence of the cavities did not significantly
reduce the level of combustion noise.

7. Solids deposition. Significant amounts of solids depo-
sition were encountered throughout the FLOX/B.H; fir-
ing series. The typical appearance of the internal surfaces
of the combustor after a single firing (all hardware was
cleaned before each firing) is shown in Fig. 10.

Figure 10a shows the injector region of the combus-
tor, including the entrance areas of the damping cavities
where at least some blockage of the entrances is apparent.
Figure 10b shows a different view of the injector face with
the chamber section removed. The nonuniform thickness
of deposition, particularly near the orifices, is apparent in
both Fig. 10a and 10b. The rather uniform deposition on
the internal surfaces of the cavities is shown in Figs. 10b,
¢, and d, where a coating estimated to be as much as
0.5 mm (~0.020 in.) thick was observed.

Whether these deposits occurred during starting or ter-
mination transients, or during the firing, was not deter-
mined; however, examination of the chamber before
cleaning (between firings) revealed little difference in
appearance between 0.5-s and 2.5-s duration firings. The
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O 24,13 (9.50) 0.070-0.076  672-725 (98.2-105.2)
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@ 24.13  (9.50) 0.101-0.113  575-725 (83.4-105.1)
D 24.13 (9.50) 0.071 342 (49.6)

X REF. 1 CALORIMETER TEST DATA, INJECTOR 2, RUNS
004, 005, 007, 008 (NOMINAL Z' = 0.08)

DATA POINTS MARKED (c) ARE FOR RUNS WITH CAVITIES

g 1.0 T T T I
: ) () (<) () o
E
S 0 ©87 ()90 "7 e
o
7000 %2 DATA POINTS' % o o
x ¢ th
— — —_o— -
< -
& o — [o] b 4 95% c*
- 6800 0’(S ® (c) oS
= (e) (e) () —_———
L — 0
e °
- ° (c) L]
6600 ! L | ]
100 T T
(c)
P o
(@ \QO\
R ox Y @
-
v
& ° ?
(c) o
92 1 1 1 1
2.6 2.8 3.0 3.2 3.4 3.6

O/F [= LI/ mb)]
Fig. 9. Experimental performance of OF,/B,H; engine using FLOX/B,H,
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Fig. 10. Typical solids deposition with FLOX/B.H; (run C-342): (a) injector and cavity entrance region, (b) injector face
and cavity surfaces, (c) cavity surfaces, side view, and (d) cavity surfaces, top view
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composition of the deposits was not determined by analy-
sis, since it closely resembled samples of material deposited
in other (liquid-liquid FLOX/B,H; combustion) engines
for which chemical analysis had shown the material to be
largely B,O; and elemental B (Ref. 7). The material was
easily removed with a soft bristle brush and a water flush,
a result that was also consistent with previous experience.

VL. Discussion
A. Insensitivity to Bomb Disturbances

None of the bomb disturbances utilized in this evalua-
tion initiated a sustained resonant mode even without the
damping cavities. Yet the uninhibited combustor exhibited
a low margin of stability to small disturbances originating
during starting transients. This is in contrast to the usual
sensitivity of an unstable liquid-liquid combustor to bomb
pulse disturbances and leads one to speculate that perhaps
the turbulent-mixing, controlled-energy release processes,
as associated with this engine, are less sensitive to the
blast-wave type of perturbation than to the more continu-
ous gradients of spontaneously generated fluctuations. On
the other hand, this generalization is not supported by
the observation that, at least for the FLOX/B,H, firings,
even the spontaneous fluctuations were ineffective in pre-
cipitating resonance once quasi-steady-state conditions of
flows and combustion pressure were achieved; e.g., no
transitions to resonance were observed after completion
of the starting transients even though combustion noise
was always present, Thus, one is led to a more involved
speculation that the combustor was sensitive to a particu-
lar combination of mixture ratio, low combustion pres-
sure, and form of perturbation that was satisfied in these
experiments only during the early phase of some starting
transients.

The fact that the combustor exhibited a similar sensi-
tivity to the starting transient with either propellant com-
bination suggests that thermochemical differences between
the two combinations were relatively unimportant to
combustor stability. Therefore, the important mechanism
coupling energy release with pressure oscillations in this
combustor appears to be reactant mixedness and mixing
dependence on local transverse (or tangential) gas motion,
although some form of injected flow coupling cannot be
conclusively ruled out. Evidently the bomb pulses used
here did not produce an adequately coupled disturbance
although the bomb-pulsed starting transients mentioned
in Section V-B exhibited an unusually long damping time,
and hence coupling conditions may nearly have been satis-
fied in those cases.
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One explanation of the apparent low sensitivity of the
gas-gas mixing controlled combustor to the blast wave
discontinuity may lie in the fact that reduced peak con-
centrations of available energy exist in the chamber. This
is true because no energy exists in the concentrated form
of liquid streams or particles as in the case with liquid in-
jection, where a finite time (and axial distance) is required
for evaporation. Thus, a shock-fronted blast wave can
release the energy of a spray field of mixed liquid droplets
by reducing the spray to a micromist where very fast com-
bustion can occur and enhance the coupling of the con-
centrated energy release with the traversing disturbance.

B. Cavity Damping Effectiveness

The design configuration for the damping cavities was
highly effective in stabilizing the combustor; however,
verification of their intended operation as quarter-wave
acoustic devices by comparisons of the pressure oscilla-
tions at the open and closed ends of the cavities was not
attempted. On the basis of acoustic theory (Refs. 8-10)
such a verification would show that maximum damping is
achieved when the cavity resonant frequency is equal to
the chamber frequency. When that condition is sustained,
the pressure oscillation at the closed end of the cavity
lags the chamber pressure oscillation by «/2 rad (90 deg)
and the ratio of closed to open end oscillatory pressure
amplitude reaches a peak (> 1).

Of course adequate cavity effectiveness does not neces-
sarily require that the cavities operate precisely at their
resonant condition or even that they operate as classical
acoustical devices at all, it only being necessary that they
dissipate more energy than the net driving energy in the
combustion chamber. The fact that the measured cavity
gas temperatures were 50 to 70% below the design value
suggests that the cavity resonant frequency was reduced
by as much as 30 to 40%, a degree of detuning which would
drastically reduce cavity damping on the basis of quarter-
wave-tube theory, indeed almost eliminating damping.
However, since the measured temperatures were located
near the closed end of the cavities, a temperature gradient
may have existed providing a somewhat higher effective
gas temperature.

Interestingly enough, the damping times for bomb
pulses imposed during midfirings, as well as combustion
roughness, were essentially the same with or without cavi-
ties (FLOX/B.H, firings, Table 4). This suggests that the
damping attributable to the cavities under steady state
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operating conditions was nil. However, their effectiveness
for inhibiting the growth of the small amplitude oscilla-
tions during starting transients seems clear. Indeed, these
starting transient oscillations were some 15 to 20% lower
frequency (5000-5500 Hz) than the design chamber fre-
quency (6200 Hz); therefore the cavities may have op-
erated nearer resonance during the starting period. A
similar argument could be made for the effectiveness
of the cavities in the O,/C,H, firings, where even the
fully developed chamber mode frequency was nominally
5500 Hz.

The cursory examination of the effect of reduced cavity
dimensions (a simulation of solids deposits) made with
FLOX/B.H; propellants suggests that a 50% reduction of
cavity open area in this combustor does not measurably
reduce damping effectiveness. However, this is not well
substantiated because the incidence of instability was not
100% even without the cavities. Nonetheless, from quarter-
wave acoustic theory, that reduction of open area should
have produced a significant reduction in damping through
both increased cavity impedance and increased cavity
resonant frequency. '

Reducing the length of the cavities by 50% clearly de-
stroyed their effectiveness, since a spinning wave of essen-
tially the same amplitude as for the chamber with no
cavities was developed and sustained. That length reduc-
tion would, of course, about double the cavity resonant
frequency, assuming the gas properties were unchanged,
and hence would reduce damping for the starting tran-
sient chamber oscillations as well as for the fully devel-
oped wave.

In summary, the design cavity configuration appears to
have been most effective in damping chamber oscillations
during the starting transients and essentially ineffective
in providing additional damping for the bomb pulse oscil-
lations. However, the combustor response to the starting
transient perturbations was high, while being essentially
nil to the bomb pulses; therefore, the cavities were effec-
tive in stabilizing the engine. Elucidation of the main
dissipative mechanism provided by the cavities cannot be
made from the data obtained, but the results imply that
the cavities operated considerably off-resonance on the
basis of quarter-wave cavity acoustic theory. Thus, a sub-
stantial amount of cavity damping action may occur
through mechanisms not dependent on classic acoustic
relationships between the chamber and the cavities. One
such mechanism may be a relatively simple venting or
relieving effect which would serve to decouple the com-
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bustion energy release at the chamber/injector juncture
where tangential mode oscillations are most intense.

C. Comparison of Results

Since the combustor evaluated in these experiments
functionally duplicated an existing engine® that has under-
gone independent heavyweight chamber tests (Ref. 1) as
well as regeneratively cooled tests of longer duration, it is
of interest to compare some of the results. Such a com-
parison serves to indicate some aspects of reproducibility
of the combustor design.

1. Stability. While the comparable engine has not under-
gone bombing tests, that engine has exhibited one spon-
taneously unstable firing when the combustor was operated
without cavities and with an above-design barrier flow
rate (Ref. 1). Details of the resonant mode that was pre-
cipitated during the starting transient are not available;
however, the sustained resonance damaged the injector
face and thus was probably a tangential mode of relatively
high amplitude. Subsequent longer-duration firings with
the design cavities installed and with a regeneratively
cooled chamber have been stable. These results are con-
sistent with the results reported herein.

2. Performance. Characteristic velocity performance
(uncorrected for losses) reported in Ref. 1 for a series of
short-duration tests with a heavyweight chamber are
shown as the X data points in Fig. 9. Performance appears
to have been reproducible within =-1%.

3. Solids deposits. This characteristic seems to be incon-
sistent. For the experiments reported herein, significant
amounts of deposits were found in the shortest runs. How-
ever, the results reported in Ref. 1 show very small de-
posits even for long-duration firings of up to 50 s. Since
the two combustors were essentially duplicates and since
the measured steady state performances were nearly the
same, the difference in solids accumulation may reflect
differences in starting or termination transients. A quan-
titative evaluation of the effects of these transients on
solids deposition could not be made with the feed system
used in the JPL experiments, but it is believed that these
effects should be evaluated further. For instance, the
deposition of significant quantities of solids in the damping
cavities, even if only during transient conditions, could be
accumulative for multiple firings, potentially rendering
the cavities ineffective.

8Utilizing the so-called unit No. 2 injector of Contract NAS7-765.
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VII. Conclusions

The following conclusions have been drawn:

(1)

(2)

The gas-gas OF,/B,H, combustor utilizing FLOX/
B.H, (70-30 FLOX being a simulant for OF,) or
0./C,H, is unstable when it is not equipped with
supplemental damping cavities.

Without cavities, the combustor response to starting
transient perturbations is sufficient to precipitate
sustained combustor resonance (first tangential spin-
ning mode) for either propellant combination. For
the FLOX/B,H,, this response is greatest under
fuel-rich starting transients.

Combustor response (using FLOX/B,H,) to the
bomb disturbances as used in these experiments is
insufficient to precipitate sustained resonance with
or without cavities.

The design cavity configuration, based on a quarter-
wave acoustic damping concept, provides sufficient
damping to stabilize the engine to the starting tran-
sient perturbations. Their damping contribution to
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(5)

(6)

()

bomb pulses under steady-state operating condi-
tions is negligible since damping times are the same
with and without the cavities.

Since the cavities appear to be operating sufficiently
off-tune to seriously degrade their damping as pre-
dicted by quarter-wave acoustic theory, a substan-
tial contribution to their dissipative action may
occur through nonacoustic mechanisms such as
energy release decoupling effects at the corner of
the chamber.

Solid deposits would degrade cavity effectiveness,
especially if the deposits reduced the depth of the
cavity.

Performance and stability characteristics from the
JPL experiments are consistent with limited results
for an independently tested duplicate engine. How-
ever, contrary solids deposition characteristics are
obtained, where significant amounts are observed in
the JPL experiments. A significant factor in solids
deposition may be starting and termination tran-
sients.
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14
C3

E,
Cq

O/F
Px

P/

Nomenclature

flow area
virial coefficients,?i =1,2,4,5

constants for specific gases in virial coefficient?
$1=0,1,3,5

constants for specific gases in virial coefficient?
%4 =0, 1,1, or variables in virial coefficient A?,

i=3,5

constants for specific gases in virial coefficients®
tand A, i=3,5

constant for specific gas in virial coefficients® A}
and A}

constant for specific gas in virial coefficient? A}

venturi discharge coeflicient, actual flow rate/
ideal flow rate

experimental characteristic velocity, defined by
Eq. (B-16)

theoretical characteristic velocity, based on
one-dimensional equilibrium considerations

venturi inlet diameter
venturi throat diameter

gravitational conversion factor in general rela-
tionship: force = mass X acceleration/g,

enthalpy per unit mass
ideal-gas enthalpy per unit mass

polynomial coefficients in Eq. (B-8) obtained
by curve fitting, i = 0,1,2,3

stagnation pressure conversion factors, defined
under Eq. (B-15)

chamber flow Mach number
mass flow rate, defined in Egs. (B-1) and (B-12)
mixture ratio, defined in Eq. (B-13)

reduced pressure, pressure/critical pressure of
specific gas

pressure normalized by atmospheric pressure

absolute pressure

“Symbols Af through E, are defined following Eq. (B-6).
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p. static chamber pressure (measured)
Pee isentropic nozzle-throat stagnation pressure,
defined in Eq. (B-15)
p.rms electronically generated measure of combus-
tion roughness, described in Appendix B
R specific gas constant, universal gas constant/
molecular weight
S entropy per unit mass
S, ideal-gas entropy per unit mass
time
T absolute temperature
T, reduced temperature, temperature/critical
temperature
Z; Dbarrier fuel mass fraction, defined in Eq. (B-14)
Z’ compressibility factor, defined in Eq. {B-4)
y specific heat ratio
nex  C* efficiency, defined in Eq. (B-17)
p mass density
pr reduced density, density/critical density
Subscripts
2 venturi stations downstream of inlet station
b Dbarrier fuel
f core fuel
ox oxidizer
t total
thr nozzle throat
v venturi inlet station
x assigned reference station between venturi inlet
and throat
I injector end of chamber
N nozzle entrance end of chamber
Superscripts

*

sonic station in venturi
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Appendix A

Pulsing Device

Design of the pulsing device (bomb) used in this evalua-
tion evolved from a similar device used in previous JPL
combustion stability research (see Ref. 4). In the previous
work, experience had shown that the older bomb assem-
bly, utilizing standard electrically detonated blasting caps
with metallic cases, produced shrapnel that was damag-
ing to the interior surfaces of the combustor. Also, only a
few charge strengths were commercially available, espe-
cially for charge sizes less than 130 mg (2 grains). Since it
was obviously desirable to avoid shrapnel damage and
since small charge sizes were desired for the relatively
small OF,/B,H, combustor, a new bomb assembly was
devised.

The new assembly underwent a certain evolution of its
details as it was used; however, the conceptual design
remained the same and is shown schematically in Fig. A-1.
A view of its installation in the chamber section nearest
to the face is shown in Fig. A-2.

SHORTING PLUG
¥ (BENDIX P/N JC 06 P-8-25)

FIRING LEAD CONNECTOR
(BENDIX P/N PT 00A-8-2P) — ]

TWO-PIN HIGH PRESSURE TERMINAL
(McCORMICK-SELPH P/N
800230 REV. J, 230)

BODY
(HEAT TREATED 4340 STEEL)

O-RING SEAL
(AN 6290-3,
BUNA N RUBBER)
INNER SUPPORT SLEEVE
(TEFLON)

N GROUND WIRE

\ (24 TO 28 GAUGE
STRANDED AND

INSULATED)

ELECTRODE CONNECTOR

(WINCHESTER P/N 100 2020 S)

ELECTRIC DETONATOR

(DU PONT PRODUCT X811D)—N
N

‘/Z% 7] CHAMBER WALL
OUTER COVER SLEEVE 4 BASE CHARGE

(TEFLON) (DU PONT DETASHEET "C" EXPLOSIVE CORD)

Fig. A-1. Schematic of pulsing device (bomb)
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The assembly consists of an electrically initiated minia-
ture detonator (du Pont® product number X-811D); a
base charge (du Pont Detasheet “C” explosive cord, 63%
by weight PETN); a Teflon outer cover sleeve for thermal

10Chemical Products Sales Division—Explosives Department, E. 1.
du Pont de Nemours & Co., Inc., Wilmington, Del.

KISTLER

IGNITOR

WALL
THERMOCOUPLE

Fig. A-2. View of chamber section nearest to
injector (without cavities)

Fig. A-3. View of accumulated damage to injector face
from bomb fragmentation (after run C-342)
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isolation; and miscellaneous mechanical support and elec-
trical connection elements.

Nominal bomb sizes mentioned in this report neglect
the detonator charge (~50 mg) and refer only to the
base charge size, controlled during bomb assembly by
the length of the installed explosive cord.

Based on data from Ref. 11, a 1.14-mm (0.045-in.) thick
cover sleeve was initially used, but that was found to be
completely inadequate for the ~1-s exposure time de-
sired. Ultimately the wall thickness was increased to
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3.05 mm (0.12 in.), which still provided reliable operation
only for bombs placed near the injector.

Damage from shrapnel was reduced with the new con-
figuration by excluding metallic materials from the area
of the base charge and by confining the metallic-encased
detonator within the body of the assembly. However,
localized pitting of the injector face was still noted,
apparently as the result of high-velocity particles of
Teflon. Figure A-3 shows the appearance of the accumu-
lated damage after 14 tests with bombs ranging from 65
to 520 mg (1 to 8 grains) located 1.27 ¢cm (0.5 in.) from the
face. Although this damage would be objectionable for
flight-rated components, it is not considered to have influ-
enced the stability evaluation.
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Appendix B

Measurements and Data Reduction

I. Venturis and Calibrations

Sonic venturi flowmeters having the characteristic di-
mensions illustrated in Fig. B-1 were used throughout the
evaluation. As is well known, flow rates can be deduced
with these devices from measurements of total pressure
and temperature at the entrance to the venturi, using
known calibration factors and fluid properties and follow-
ing appropriate computational procedures.

In the present case, all venturis were designed with a
large enough entrance contraction area ratio (~20) that
the difference between total and static properties was
negligible (<0.04%); therefore, averaged redundant, static
values of pressure and temperature were used.

Discharge coefficients (C;) were determined by means
of calibrations with gaseous N,. For these calibrations,
the venturi was located in the N, pressurant line supply-
ing a tank from which water was displaced (by the N,)
through an accurately calibrated turbine flowmeter. Using
the volumetric flow rate indicated by the turbine meter
as the standard and the state properties of the N, in the
tank ullage space deduced from pressure and tempera-
ture measurements, the mass flow rate of N, through the
venturi was determined. The venturi C; was then com-
puted using the standard definition, C; = actual flow
rate/ideal flow rate, where the ideal flow rate is for the

d D
cm (in.) cm (in.)
OXIDIZER 1.212 (0.478)  5.860 (2.31)
CORE FUEL 0.660 (0.260)  3.560 (1.402)
BARRIER FUEL?
B 0.450 (0.177)  2.290 (0.902)
B, 0.348 (0.137)  2.340 (0.922)
B, 0.445 (0.175)  2.340 (0.922)
B 0.570  (0.224)  2.340 (0.922)

3
°FOUR DIFFERENT BARRIER FUEL VENTURIS USED.

PLANE OF INLET PRESSURE AND
TEMPERATURE MEASUREMENTS

ELLIPTICAL
CONTOUR

2 377

U—J

/; 0.123 rad (7 deg)

.—
™ r*— 0.6 d

Fig. B-1. Sonic venturi configurations
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measured venturi inlet pressure and temperature. A con-
stant value of C; = 0.992 was established for the flow
range of interest for all venturis.

The ideal N, flow rates were computed by both meth-
ods described below, with an average difference between
methods of 0.2% for the 15 calibration runs, indicating
that real gas effects in the expansion process between
venturi inlet and throat were negligible for the N.. This
agreement in flow computation lends credence to the
computational procedure (below) for real gas effects and
also indicates that the standard sonic venturi equation is
adequate for O, and FLOX gas flow computations within
the 0.2% order of accuracy.

ll. Oxidizer Flow Rate Computation

The following relationship based on the standard sonic
venturi equation was used for calculating O, and FLOX
flow rates (using appropriate units):

_A'pCa [ gy 2 (7+1)7(v-1) %
- ZT [R y+1 (B-1)

where

“m = mass flow rate

A* = venturi throat area

p» = venturi inlet total absolute pressure

T, = venturi inlet total absolute temperature

Z!, = compressibility factor, a function of p, and T,

o
I

discharge coefficient

g. = gravitational conversion factor in general rela-
tionship: force = quantity of matter X accelera-
tion/g.

R = specific gas constant

y = ratio of specific heats, a function of p, and T,

Gas properties from Ref. 12-14 were used for O, N,, and
70-30% FLOX.
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lll. Fuel Flow Rate Computation

Both C,H, and B;H, gases are sub]ect to significant
variations in specific heats and compressibility factors
over the range of temperature and pressure changes asso-

ciated with expansion from the inlet to the throat of the -

venturi. Those effects were found to produce errors of
as much as 10 to 20% if the standard venturi equation was
used. The technique outlined in Ref. 15 was ultimately
adapted for circumventing this difficulty.

Basically the problem is to establish the enthalpy and
density at the sonic throat, accounting for the variations
noted above as the gas expands via an assumed one-
dimensional, isentropic process from the measured inlet
pressure and temperature to sonic conditions. For con-
venience in accomplishing this, virial equations of state
are used in conjunction with the steady flow energy
equation.

Solving the energy equation for mass flux squared at
any station along the venturi axis gives (neglecting eleva-
tion changes along the axis)

_7;‘ - (hy — hy)
A.) _ p3A3

- ! piAY

(B-2)

where subscripts v and 2 denote inlet and downstream
stations, respectively, and

m = mass flow rate
A = flow area
p = mass density

h = enthalpy per unit mass

From measured values of inlet pressure p, and tem-
perature T, inlet values for p,, hy, and S, (entropy) were
computed using the following virial equations which are
based on the equations proposed in Ref. 16 and on the
Law of Corresponding States (see Ref. 17):

State equation

PR = Z’pRTR (B-S)
Compressibility equation
Z' =1+ Alpp + Alpp + Alps+ Alpd (B-4)

24

Enthalpy equation

(h—hy) [30 50;][1—exp(—c';p;)}

“RT |T T C7

+Bo

2B, 4B, 6B,
T, ' T, ' T3 |P*

- 3G _<cg 3C

1% *ter, ~\ar, T 2Tf) exp (= CQ'Pﬁ)]

[/C; C;
(3 + 1) v e (—czom | e

6E1
+ BT, PR

(B-5)

Entropy equation

S-S C: 2Ci 2
[ & -ewom)]
2B, 4B,
I Rl sl

C C,  2Ci '
- [ 20 + <T3 T{) exp(_C;,sz):l pk

—InpP

(B-6)

where

P = reduced pressure (p/critical pressure)

Tr = reduced temperature (T /critical temperature)
pr = reduced density (p/critical density)

A;=B, + B,/T; + B,/ T + B,/T5,

A;=C, +C/Tr +Cy/T3 + C,/T5,

A= (C,+C;)C?
for N, and C.H,

Al=E,

A= (C;/T% + C;)C?

, (Ca/Ti )3$forB2H6
ASEEI/TR

C;=Ciexp (—Cpk)

Cs=Ciexp (—C7ph)

P’ = pressure normalized by atmospheric pressure
h, = ideal gas enthalpy per unit mass

S, =1ideal gas entropy per unit mass at 1 atmosphere
pressure
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Table B-1. Thermodynamic and virial equation constants used for N, C,H,, and B.H; gases

Gas
Constant -
N; C.H{ B.H;

Critical pressure, MN/m? (psia) 3.399 (492.9 ) 5117 {742.15) 4,005 (580.9)
Critical temperature, K (°R) 126.26 {227.27) 283.06 (509.51) 289.83 {(521.7}

B, 0.15694 0.12107 0.032529

B, —0.39800 —0.31262 —0.20765

B, —0.083742 —0.15322 —0.16789

Bs 0.0093650 0 0

G 0.024350 0.040655 —0.18904

G —0.018047 —0.052715 0.32675

Ce 0.030135 0.053650 —0.096318

cy 0.068122 0.043633 0.082774

(o 0.0033110 0 0

[ 0.93665 X 10 0.96444 X 107 —4.8395 X 107

“Data from Ref. 17.
PDerived from data of Ref. 19.

and B,, B, B, Bs, C,, C,,
for particular gases.

4, CY, C§, and E, are constants

Ideal enthalpy and entropy data used for N,, C,H., and
B.H,; were obtained from Refs. 12, 17, and 18, respec-
tively. Values for the thermodynamic and virial equa-
tion constants and the sources for that data are listed in
Table B-1.

After the gas properties were computed at the venturi
entrance, Eqs. (B-2-B-6) were then utilized to compute
mass flux for a range of decreasing pressures (setting
§ =8,) so that conditions for several abitrary stations
spanning the throat region were evaluated (Fig. B-2a).
Thus, calculated mass flux was observed to increase to a
maximum and then to decrease as the stations proceeded
through the throat.®*

One of the arbitrary stations just upstream of the ap-
proximate throat plane, as established by the maximized
mass flux calculated above, was subsequently assigned as
reference station x. From Fig. B-2b, it can be seen that
in general

h, — h, = (h, — h;) + (h, — h,) (B-7)

where h, represents any of the other arbitrary stations
downstream of station x.

11For this series of calculations, the term containing the variable
(A./A.) in the denominator of Eq. (B-2) was assumed to give neg-
ligible variations in the region of the throat and was therefore
assigned the constant value of (A'/A.).
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Furthermore, if h, —h, can be expressed as a third-
order polynomial function of pz — p% (Fig. B-2c), then

he — ho = Ko + Ki (p — p8) + Ko (o7 — p2)*+ Ks (pz — p3)°
(B-8)

and

dh,
dp}

=K, + 2K (p2 — p3) + 3Ks(p2 — p3)*  (B-9)

The coefficients K,.; in Eq. (B-8) were satisfactorily evalu-
ated by standard curve-fitting methods,*? using data for
station x and three of the other stations spanning the
throat; i.e., a curve was fitted to three data points.

The differential dh,/dp? can also be obtained from
Eq. (B-2) by differentiating (m/A.)? with respect to p3
(entropy constant) and setting the result equal to zero,
representing the sonic throat condition. Thus,

dh,

d(m/A) _ 2 (hy—hs) 5P dp3
dp —<1_ p§A§)2 | A

(2AZ p2A?

therefore

dh, h, — h,

et piAZ
P (1 - P3A§>

12[t was also determined that an equally good fit could be obtained
with the function h. — h. = B (p7 — p3)*.
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Fig. B-2. Schematic representation of expansion
through sonic venturi

or, from Eq. (B-7),

dh, _ (hy — h) + (h; — h,)

dp3 p3A3
2 & (1 N P;A5>
Equating Egs. (B-9) and (B-10) and substituting the sonic
condition designation x for station 2 gives

(B-10)

K, + 2K; (pz — p**) + 3Ks (p; — p*)* =
hy — hs 1 [Ko + Ky (pz — p*) + Ky (p3 — p*)* + Ki(p; — p**)°]

p*2 A*2
p*z (1 — p%AE

(B-11)
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Equation (B-11) was solved for p* using standard itera-
tion techniques. Setting p. = p* and h, = h*, h* was com-
puted from Eq. (B-8). Finally, m was computed from

2g. (h, — h*) %
P*ZA*Z
piA2

1 = CaA*p* (B-12)

1—

In practice, fuel flow calculations were performed using
the standard venturi equation (Eq. B-1) for all digitally
recorded time slices (~50 samples per second), as was
done for oxidizer flows and other reduced data. How-
ever, fuel flows were subsequently recalculated by the
more correct method outlined above for selected times,
generally for the midportion and near the end of each fir-
ing. Computerized methods were used for all calculations.

IV. Combustor Operational Parameters
A. Mixture Ratio O/F

The mixture ratio was computed as follows:

mQX

O/F = m (B-13)

where subscripts ox, f, and b refer to total oxidizer, core
fuel, and barrier fuel flows, respectively.

B. Barrier Mass Fraction Z;

The barrier mass fraction was computed as follows:

my ,

L T T (B-14)
C. Chamber Pressure, p..
The chamber pressure was computed as follows:
(Pe)i,»
ce)r, ¥ = S B-15
(p )I,N (K)I,N ( )

where subscripts I and N refer to values for the injector
and nozzle entrance stations of the combustion chamber,
respectively, and

Pee = isentropic nozzle throat stagnation pressure

p. = measured average absolute static chamber
pressure
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K, » = conversion factor based on one-dimensional
isentropic flow:

1 ¥/ (r-1)
-1
¥ 2
1+ ( 3 ) M
1 ¥/ (7-1)

y—1
1+( 5 )M

K1 = (1 + YMZ)

Ky:

where

y = specific heat ratio of combustion gases
M = chamber flow Mach number

Typical values for K; and Ky were determined to be 1.013
and 0,986, respectively, and were assumed to be constant
throughout these experiments.

D. Combustion Roughness, p. rms

This parameter was used as a measure of the fluctuat-
ing component of chamber pressure to denote combustion
noise during stable firings. Its value was generated elec-
tronically from the output signal of one of the Kistler
transducers, where the signal components between 10 Hz
and 8 kHz were converted to a single combined rms level
averaged for a 100-ms time constant throughout the firing.
The averaged rms fluctuations were expressed in pressure
units based on transducer calibration data.

V. Performance Parameters
A. Characteristic Velocity ¢*

Characteristic velocity was computed using the stan-
dard relationship

(Mw = Ee (Pc;)i:;zv A (B-16)

where

A, = geometric nozzle throat area
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B. ¢* Efficiency 1.«

This parameter was computed as

(), »

[Cth ] o/F

(nex)r,w = (B-17)

where [c%,]o/7 = theoretical c* for measured O/F, based
on one-dimensional equilibrium considerations. Theoreti-
cal values for O,/C,H, were computed using the NASA
Lewis Research Center ODE computer program de-
scribed in Ref. 20 with a heat of formation for C,H, of
52.26 kJ (12.49 kcal/mole). Theoretical values for FLOX/
B.H; were taken from Ref. 1.

VI. Helium-Bleed Kistler

All high-response chamber pressure measurements were
made using the so-called helium-bleed tap technique. This

HELIUM INPUT (FLOW RATE AT STANDARD CONDITIONS
314 cm% (40 SCFH) AT 10.3 MN/m? (1500 psi))

10-gem HELIUM FILTER

ELECTRICAL CONNECTOR
HELIUM TUBE

_ 11.11-mm (7/16-in.)
THREAD

KISTLER 603A PIEZOELECTRIC
TRANSDUCER

HELIUM OUTFLOW

CHAMBER WALL

DIAM 1.52 mm
(0.060 in.)

Fig. B-3. High-response helium-bleed Kistler
tap configuration
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technique affords thermal protection to a recessed trans-
ducer while retaining a reasonably high tap-cavity reso-
nant frequency by virtue of the high sonic velocity for
helium that flows through the cavity. Shock tube tests (see
Ref. 5) of the configuration used in these experiments
(Fig. B-3) indicate a rise time capability of about 20 pus
with a resonant frequency of about 50 kHz. Thus a nearly

28

flat dynamic response out to 10-15 kHz is estimated for
the experimental high response measurements.

The Kistler transducer and helium-bleed adapter, as
used in these experiments, were manufactured by Kistler
Instrument Corp., Seattle, Wash., and PCB Piezotronics,
Inc., Buffalo, N.Y., respectively.
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Appendix C

Test Facilities

The O./C.H, and FLOX/B,H; firings were conducted
at the JPL Edwards Test Station, Edwards Air Force
Base, California, utilizing test stands B and C, respec-
tively. Both facilities are located approximately 200 m
(~600 ft) from a common control and recording center
from which all firings were remotely controlled and moni-
tored, and at which all data were recorded.

General views of the feed system for the 0,/C.H,
experiments are shown in Fig. C-1 (including a local con-
trol panel used during stand preparation and checkout,
and the local stand shop). The foreground of Fig. C-1b
shows the C,H, bottle bank enclosed so that the gas sup-
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ply could be warmed and maintained above its saturated
vapor temperature. Figure C-2 shows the heavyweight
combustor mounted and being prepared for a firing test.
The massiveness of the thrust mount reflects its nominal
2 MN (~50,000 1bf) thrust capacity and not that required
for this combustor.

The FLOX/B.H; feed system is shown in Fig, C-3,
which also includes a view of portions of the exhaust gas
scrubber assembly. Major components of the fuel vapor-
ization and heating system are visible in Fig. C-3a.
Figure C-3b shows the liquid FLOX supply tank, but the
vapor tank is hidden from view. A view of the combustor
installation is shown in Fig. C-4.
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A
-y

CORE BIPROPELLENT VALV

&' THRUST CHAMBER
e / e e o . .
IGNITOR PROPELLANT VALVE s

;o Fig. C-2. Heavyweight combustor installed in

an i A preparation for O,/C.H, firings

B 2.
Y
?n,./
» L7/~

HEATER

Fig. C-1. General views of 0,/C,H, feed system: (a) O.
bottle bank and feed lines and (b) C;H, bottle bank
(enclosed), feed lines, and heater
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FLOX GAS TANK |
(HIDDEN FROM VIEW)

LIQUID FLOX
TANK

5.
CHEATERS

=8 ST S
S NLET TO EXHAUST 35
B SCRUBBER |
el et [« g ot

T G ASEOUS N,

HEATER

Fig. C-3. General views of FLOX/B.H; feed system:
(a) B,H; system and (b) FLOX system
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Fig. C-4. Heavyweight combustor installed in
preparation for FLOX/B.H; firings
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