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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

ATTENUATION OF TANGENTTAL-PRESSURE OSCILLATIONS IN A LIQUID-
OXYGEN - n-HEPTANE ROCKET ENGINE WITH LONGITUDINAL FINS

By Richard J. Priem

SUMMARY ’:(r7é>/

In an effort to prevent high-frequency combustion-pressure oscilla-
tions (screaming), fins were installed in the combustion chamber of a
1000-pound-thrust rocket engine with a chamber pressure of 300 pounds
per square inch and using liquid oxygen and n-heptane as propellants.

Tangential combustion-pressure oscillations were eliminated with
longitudinal fins located in the combustion zone. The fin position for
the liquid-oxygen - n-heptane engine was different from that of the
nitric acid - JP-4 fuel system investigated by Theodore Male and William
R. Kerslake. With four fins 4 inches or more in length, complete elimi-~
nation of the traveling form of the tangential-pressure oscillation was
obtained when the fronts of the fins were 3 inches or less from the in-
jector face.

With the fronts of the fins located 4 or more inches from the in-
jector face, tangential oscillations were not eliminated; however, the
frequency of their occurrence was reduced about 40 percent.

The amplitudes of the pressure oscillations were estimated from
streak photographs. Fins were relatively ineffective in reducing the
amplitude of the pressure oscillations (measured between the injector
and fins) in runs where oscillations occurred with fins. Amplitude de-
creased with increasing chamber length.

Unsymmetrical injection patterns were briefly investigated. These
injectors had about the same probability of screaming as those with sym-

metrical injection patterns and the same amplitude of the pressure wave.

All tests were 0.75 second long.

INTRODUCT ION

The occurrence of high-frequency combustion-pressure oscillations
(screaming) associated with a resonant frequency of the combustion chamber
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is a major problem in the development of rocket engines. These oscilla-
tions cause increased heat-transfer rates, which result in engine burnouts.
Oscillations in particular engines have been eliminated by changes in
injector design, nozzle configuration, and starting sequence, but these
methods are not always effective in other engines.

Several basic techniques for attenuating and eliminating oscillations
have been investigated experimentally. Longitudinal fins prevented
screaming in a 1000-pound-thrust, nitric acid - JP-4 fuel rocket engine
(ref. 1). Acoustical absorbers and changes in injector configuration have
been used for attenuation of longitudinal oscillations in several rocket
engines (refs. 2 and 3). Perforated liners have prevented lateral oscil-
lations in turbojet afterburners (ref. 4).

The work of reference 1 was extended to determine whether fins would
eliminate screaming in a 1000-pound-thrust rocket engine using liquid
oxygen and n-heptane as a propellant combination. This report considers
the effect of fin position, fin length, oxidant-fuel weight ratio, and
chamber length on the screaming probability of a liquid-oxygen - n-heptane
engine. To determine whether changes in injector distribution could
eliminate screaming, injectors producing unsymmetrical mass flow and dis-
tributions of oxidant-fuel weight ratio were also used.

The occurrence and strength of the oscillations were determined by
photographing the combustion gases through a narrow window with a
continuous-moving-strip camera. The window was perpendicular to the
longitudinal axis of the chamber.

EQUIPMENT

Engine. - The rocket engine was designed for a thrust of 1000 pounds
and a chamber pressure of 300 pounds per square inch. A 4-inch-diameter
cylindrical combustion chamber and a convergent-divergent nozzle were
used (fig. 1).

The combustion chamber had interchangeable sections so that the cham-
ber length could be varied from 2 to 29 inches. The engine was also equip-
ped with a 1/4-inch transparent Lucite ring for viewing the combustion

gases. This ring was always located L% inches from the face of the injec-

tor. Figure 2 shows a disconnected assembly of the engine parts. A spark
plug was used for starting.

Uncooled fins made of steel bar stock (1 by 1/2 in.) were located in
the chamber at distances of 2 to 18 inches from the face of the injector.
Four fins were always used for these tests, and the length of the fins
varied between 4 and 26 inches.
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Injectors. - Schematic drawings of the five different injectors

used in this investigation are shown in figure 3. Injector A (basic),
which was used for most of the investigation, was an annular triplet design
with two oxidant streams impinging on one fuel stream. The same injector
design was used in references 1 and 5 and is described therein.

The remaining four injectors were designed to produce uneven propel-
lant distribution in the chamber. Injector B had all 24 sets of impinging
Jjets in an arc encompassing seven-eights of a circle. Injector C had the
injector divided into four quadrants. In the second and fourth quadrants
the injector was identical to the basic injector. In the first and third
quadrants the distance between the center of the injector and fuel orifices
was reduced from 1.375 to 0.687 inches.

Injector D had alternate sets of large and small injector holes. In-
jector E had the propellant jets turned an additional 20° towards the
chamber axis in the second and fourth quadrants.

Propellants. - In all cases the oxidant was liquid oxygen and the
fuel was n-heptane.

Instrumentation. - Rocket-engine thrust was measured by a strain-
gage load cell (accuracy, 42 percent). Propellant flows were measured
by rotating-vane-type flowmeters (accuracy, +3 percent). Average chamber
pressure was measured by a recording Bourdon-tube gage (accuracy, +3
percent).

A continuous-moving-film 1l6-millimeter camera was used for detecting
and measuring screaming phenomena. The film speed varied between 60 and
110 feet per second. To obtain lateral streak records, the camera was
so oriented that the film would move perpendicular to the window slit;
consequently, the film moved parallel to the gas flow. Figure 4 is a
schematic illustration of the method of lateral streak photography.

OPERATIONAL PROCEDURE

The rocket was operated by the following procedure: Automatic record-
ing instruments were turned on, and the liquid-oxygen propellant valve was
opened 0.85 second later and began closing at 1.65 seconds. The fuel
propellant valve was opened at 1.00 second and began closing at 1.60
seconds. The camera was started at 1.00 second. The spark plug was
energized for the entire run. This procedure gave a total running time

of 0.75 second.

ANATYSIS OF PHOTOGRAPHIC DATA
Four different types of combustion were observed in this study. In

A
addition to smooth combustion, three forms of oscillatory combustion
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occurred: the longitudinal mode, and the standing and traveling forms

of the tangential mode. The velocity and pressure distributions of the
tangential modes are shown schematically in figure 5. The nomenclature

in this report is the same as used in reference 6. The standing form of
the tangential mode of oscillation consists of a pressure wave that
travels diametrically from one side of the chamber to the other. The
traveling wave form of the tangential mode of oscillation has a pressure
wave that travels circumferentially around the chamber. The longitudinal
mode is characterized by a pressure wave that travels between the injector
and the nozzle.

Each of the four types of combustion produces different images on the
woving film (fig. 6). Smooth combustion (fig. 6(a)) has random streaks
with no distinct periodic motion or patterns. For the longitudinal oscil-
lations (fig. 6(b)), a bright band appears on the film each time the wave
crosses the window. This photograph was taken close to the injector;
therefore, the wave traveling towards the injector is almost superimposed
on the wave traveling from the injector.

The tangential modes of oscillation produce different photographs
depending on the wave form and the orientation of the camera with respect
to the wave (figs. 6(c), (d), and (e)). With the traveling wave form
there is a bright band running diagonally across the film (fig. 6(c)).
Superimposed on this band is a wave pattern of the combustion streaks.
With the standing wave two different pictures are obtained, depending on
the orientations of the camera to the wave. When the camera views the
node point (position of maximum pressure variation and zero displacement),
a bright band appears on the film and the combustion streaks are relatively
straight (fig. 6(e)). When the camera views the anti-node point (position
of zero pressure variation and maximum displacement), the standing wave
produces the photograph shown in figure 6(d). There are no bright bands,
but the combustion streaks have a wave pattern.

The various forms of the tangential oscillations can be determined
more readily by viewing the chamber simultaneously from two different
angles as illustrated in figures 6(f) and (g). The traveling wave
produces almost identicel photographs in both views as seen in figure 6(f).
The standing wave produces the two images described previously if the
camera is alined with the nodes as shown in figure G(g).

RESULTS
Engine Performance with Injector A

The performance of the engine was determined from the specific
impulse
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(A1l symbols are defined in appendix A.) Figure 7 shows the variation of
specific impulse with the oxidant-fuel weight ratio o/f. Most of the

data fall between 90 and 100 percent of theoretical specific impulse. The
performance obtained with various chamber lengths is shown in figure 8.

The performance at first increases with chamber length, but there is little
change above 8 inches. The experimental scatter is approximately +5 per-
cent.

The change in performance with screaming is illustrated by the his-
togream of figure 9. The percentages were obtained by dividing the number
of runs within 2-percent performance intervals by the total runs. This
plot shows that with smooth combustion the peak of the histogram is at a
performance of 93 percent of theoretical specific impulse. With screaming
combustion the peak is shifted to 95 percent of theoretical specific
impulse. Apperently a small increase in performance accompanies screaming.
A summary of the performance data 1s given in table I.

Effect of Fins with Injector A

Oxidant-fuel weight ratio less than 2.5. - In the range of o/f from
1.5 to 2.5, 61 percent of the runs without fins had the traveling wave
form of oscillation (table I). The other 39 percent of the runs were
smooth. If fins were placed in the chamber so that the fronts of the fins
were 3 inches or less from the injector face, all the runs were smooth
(fig. 10). If the fronts of the fins were placed 4 inches or wmore from
the injector face, 39 percent of the runs had the traveling wave form and
61 percent were smooth. Fin position and length are shown schematically
in figure lO(a) with the type of combustion encountered.

Oxidant-fuel weight ratio greater than 2.5. - In the range of o/f
from 2.5 to 4.0, 97 percent of the runs without fins had the traveling
wave form. The other 3 percent of the runs were smooth. If fins were
placed in the chawber so that the fronts were 3 inches or less from the
injector face, 10 percent of the runs had the standing wave form and
90 percent were smooth runs. If the fronts of the fins were placed 4
inches or more from the injector face, 45 percent of the runs had the
traveling wave and 29 percent had the standing wave. The standing wave
usually occurred with chamber lengths between 14 to 21 inches as shown in
figure 10(b).

Strength of waves. - The strength of the traveling wave form of the

tangential oscillation at a distance of l% inches from the injector face

was estimated by the technique described in appendix B. Figure 11 illus-
trates the variation of pressure amplitude with length. The amplitude at
first decreased with increasing length, but there is little change in

amplitude for lengths greater than 11 inches. The observed variations in




wave pressure are shown by the histogram of figure 12. Without fins in
the chamber the histogram peaked at a ratio of wave pressure to chamber
pressure of 0.32. With fins in the chamber the peak of the histogram was
decreased slightly to a ratio of 0.29.

Effect of Injector Design on Screaming Probabilities

The ratio of screaming runs to total runs for the various injectors
is given in the following table:

Injector Oxidant-fuel Oxidant-fuel
weight ratio, weight ratio,
1.5 Lo 2.5 2.9 to 4.0
Screaming runs |Screaming|Screaming runs|Screaming
Total runs |runs, Total runs runs,
percent percent

A 15/25 60 26/217 96
B 1/3 33 3/5 60
c o/1 0 3/3 100
D 1.1 100 1/1 100
E o/1 0 2/2 100

All the injectors produced some screaming runs., The only injector
which indicated a decrease in the screaming probability was injector B
(fig. 3) which decreased the probability about 30 percent. This deduc-
tion is made on the basis of two to four runs and, therefore, does not
represent the true probability., All injectors had about the same range
of amplitude (fig. 11).

Destructiveness of Screaming

The destruction of the engine when operating under screaming condi-
tions was evaluated by observing the erosion and burning of various en-
gine components. The greatest burning occurred in the spark plug. This
increased burning could result from an increase in the heat-transfer co-
efficient or from a peculiarity of the spark plug. Very little burning
took place with smooth runs or runs with longitudinal pressure oscilla-
tions (fig. 13(a)). Only the outer electrode was eroded with these two

types of combustion.

With the standing wave, the burning of the spark plug differed with
its various locations. When the spark plug was located at the node point
(position of maximum pressure variation), the center electrode and

_
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porcelain were eroded when oscillations occurred (fig. 13(c)). At the
anti-node point (position of zero pressure variation), only part of the
porcelain was removed (fig. 13(d)).

The burning of the injector face illustrated in figure 14 shows the
burning that occurred with 60 runs of 0.75-second duration each. The
burning was inside the injector-orifice ring in contrast to the burning
observed with nitric acid in reference 1, where it was outside the ring.

The amount of burning of the fins is shown in figure 15. Four
unused fins and four fins used in the chamber for two runs of 0.75
second are shown. Most of the burning was on the upstream edge of the

fing.,

DISCUSSION

The critical location of the fins required to eliminate combustion-
pressure oscillations are also observed in reference 1 which finds that,
with a similar engine using nitric acid and JP-4 as propellants, the
critical fin location is 8 to 16 inches from the injector. It 1s specu-
lated that this location is a function of the regions of high heat
release. With the liguid-oxygen - n-heptane system reported herein,
meximum attenuation was obtained when fins were located in the region 2
to 8 inches from the injector face as shown in figure 10. This region
also corresponds to the high energy release or combustion zone as shown
in figure 8. Therefore, it can be concluded that meximum attenuation is
obtained when the fins are in the combustion zone. Thus optimum fin loca-
tion is a function of the injector and propellants.

Fins located beyond the combustion zone produced little effect on
the amplitude of the wave moving in the combustion zone (fig. 12) and were
relatively ineffective in eliminating screaming as shown in figure 10.
In order to be effective, fins must therefore remove energy from the pres-
sure wave at the location where the wave is receiving energy. ZFins outside
the combustion zone absorb some energy, but not necessarily enough to
prevent oscillations.

The investigation of the effect of unsymmetrical distribution of mass
flow and o/f on screaming occurrence has shown that the occurrences of
screaming can be reduced by varying the injector design. However, unsym-
metrical injector designs do not appear to be a technique for preventing
screaming. Such schemes could be incorporated with other techniques,
which in themselves could not eliminate screaming, thereby combining the
effects to prevent destructive oscillations.
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SUMMARY OF RESULTS

The investigation of attenuation of tangential combustion-pressure
oscillations with longitudinal fins reported in an investigation by
Theodore Male and William R. Kerslake was extended to a 1000-pound-
thrust rocket engine with a chamber pressure of 300 pounds per square
inch and using liquid oxygen and n-heptane as propellants. The combustion
chamber was 4 inches in diameter and had a variable length of 2 to 29
inches. All tests were 0.75 second long. Four fins were attached
axially to the chamber wall in symmetrical positions equidistant from the
injector.

The results of this investigation are:

1. Tangential oscillations were prevented with fins located within
3 inches of the injector.

2. Occurrence of tangential oscillations was reduced by 40 percent
with fins located 4 inches or more from the injector.

3. Fins that did not eliminate oscillations also did not appreciably

reduce the amplitude of the oscillations observed 1% inches from the

injector.

4., Performance values accompanying screaming were distributed about
a mean of 95 percent of theoretical specific impulse; for smooth combus-
tion, about a mean of 93 percent.

5. Tangential pressure oscillations produced more engine damage than

longitudinal oscillations or smooth combustion.

6. Injectors that produced unsymmetrical distributions of mass flow
and oxidant-fuel weight ratio did not eliminate oscillations.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 13, 1956
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APPENDIX A
SYMBOLS

a speed of sound, in./sec
F thrust, 1b
i[ specific impulse, lb—sec/lb
o/f oxidant-fuel weight ratio
12/ pressure, lb/sq in,
Be average chamber pressure, lb/sq 1172 1%
R gas constant sq ino/(secg)(OR)
s film speed, in./sec
P average gas temperature, °R
) gas velocity with respect to stationary point, in./sec
v gas velocity with respect to wave, in./sec
w total propellant flow, lb/sec
X camera magnification, length on film/length in engine
o) density, lb/cu Sl
Subscripts:

o}

average

[}

condition before shock

condition after shock
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THEORY FOR CORRELATING WAVE PRESSURES WITH PARTICLE VELOCITIES

Some means of measuring the amplitude of the pressure wave is
desirable in order to determine the effect of the fins on the intensity
of the oscillations. This was obtained by correlating the wave pressure
with the wave motion of the combustion streaks. However, this is a
crude approximation because of the assumptions that one-dimensional-
flow theory is valid, that the energy added to or lost in the wave can
be neglected, that the ideal gas law represents the state of the gases,
and that the shock wave moves at the speed of sound.

With these limitations in mind, the relation between particle veloc-

ity and wave pressure is obtained with the help of the following figure:

A
Py Pa
—_— > —
P1Vy PaVo
A

Gas 1s flowing toward a standing wave A-A at a velocity vy, Pressure 2
and density Py After the shock, the pressure is P,, velocity is Vo,

and density Po -

The momentum equations relate the increase in momentum of the gas
per unit time to the net force acting on the gas in the same direction.
For this case the equation becomes

The continuity equation requires that
P1V= PoVa (B2)

Combining equations (Bl) and (B2) gives the following equation:

& 2 1k It
vee ve 2 By~ Py e =
2 1 1 2 <;2 p¥>

The pressure rise across the wave is

2
(Vl - Vg) ——1

Pz 4 Pl =

]_)
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If an average density pgy 1is used so that

2 il i
_— = —  —
R
and," if
P
Pav = RT
then
2 2
A B
Pe 2RT
8o = Pl
where ——=—— 1is defined as the wave strength.

Pe

If the wave is traveling at the speed of sound a, the velocities
vi and v, are related to the velocities with respect to a stationary

point s by

vy +a=7Vg
v2+a=V2

Then

B aids
P? - Pl (V2 - Vl)a . Vl - Vz

BT RT ZRT

The wave pressure is therefore determined by measuring the particle veloci-
ties before and after the wave has passed through the gas.

The particle velocities were determined from the film by the
following technique. Tangents AB and CD were drawn to the maximum
slope of the combustion streaks, as illustrated in the following sketch:

{5 i; -
N / Film edge

Time

ley/// \\\\*ng - T e
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Particle velocities were then obtained from the following equation:

o s tan Gl
1 X
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TABLE I. - PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET ENGINE
USING LIQUID OXYGEN AND E—HEPTANE AS PROPELLANTS
Run |Thrust, | Oxidant- | Total Specific |Chamber| Fins Type of
1b fuel propellant|impulse, |length, : combustion
weight |flow rate,|lb-sec/Ib| in. |Co8MR/ERd |ogcit1ation
ratio 1b/sec
1| 1030 3.35 4.61 223 19 None | None| ®Traveling
2| 1070 4,50 5.0L 213 19 Traveling
3| 1040 d.25 4.25 244 19 Traveling
4| 1100 4.16 4.96 230 19 Traveling
5] 1090 3.64 4.64 255 19 Traveling
6| 1120 2.65 4.61 243 19 Smooth
7| 1130 e 4.73 299 19 Smooth
8| 1100 2395 4.79 22, 19 Traveling
9| 1060 1.82 4.62 230 A1) Traveling
10| 1080 3.89 4.68 233 19 Traveling
11 (¥ 1108 4.08 4,77 295 34.5 Traveling
12| 1130 2.06 4,60 245 34.5 Traveling
151 1030 AR Fs 15, 4 .45 254 34.5 Traveling
14| 1110 35.10 4.56 248 34.5 Traveling
154 TS0 a2 4.82 299 34.5 Traveling
16 1110 4,17 4.78 252 14 Traveling
17| 1140 3.00 4.59 248 14 Traveling
18| 1150 2.09 4.65 247 14 Traveling
12| 1080 D IO 4.75 RoD 20 6 10 Longitudinal
20| 1085 e 4.71 231 20 6 | 10 | Smooth
2kt 1110 ST AT 4,77 252 20 None | None| Traveling
22| =~=-- =35 _———— —— 20 o 6 | Longitudinal
23| ---- =220 -———— -——- 20 2 6 | Smooth
24| ~=-= =2.0 -———— -—- 20 None | None| Traveling
25| 1000 3.68 4.5% 223 20 10 | 14 |PStanding
26| 920 170 4.32 214 20 10 | 14 | Traveling
27 850 1.74 4.0L1 o i 20 10 14 Traveling
28| 1180 3.60 4.67 262 20 8 | 12 | Standing
29 945 1.78 4.50 rall k5] 20 8 1.2 Traveling
30| 1100 5.95 4.69 235 20 None |None| Traveling
30 975 1.85 451 215 20 None | None| Traveling
32| 1100 Ol 4.60 2359 14 2 6 Standing
33| 1085 216 4,52 299 14 2 6 Smooth
34| 1160 2.43 4.58 £oo 14 o 6 Standing
35| 1140 Al 155 4,70 243 14 2 6 | Smooth

aTraveling wave form of tangential mode of oscillation.

bstanding wave form of tang“wscillation.
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TABLE I. - Continued. PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET
ENGINE USING LIQUID OXYGEN AND n-HEPTANE AS PROPELLANTS
Run |Thrust, | Oxidant-| Total Specific |Chamber| Fins Type of
1b fugl propellant |impulse, leggth, Begin| End c0m§ustign
weight |flow rate,|lb-sec/lb| in. oscillation
ratio lb/sec
361 1105 395 4.81 229 14 4 8 | Standing
371 1150 2.08 4.80 239 14 4 8 | Smooth
381 1150 e dTis) 4.87 236 14 None | None | Traveling
39 [ 1LL55 3.65 4.65 249 20 4 8 | Standing
40| 1100 S (314 4.77 230 14 6 | 10 |Standing
4] 998 1280 4.33 229 14 6 | 10 |Traveling
42| 1170 2:03 4.97 235 14 6 | 10 |Smooth
43| 1075 S.13 4.42 242 D 6 10 |Traveling
44| 1090 2~ 0f 4.67 233 23 6 | 10 |Traveling
45| 1105 3.65 477 231 23 None | None | Traveling
46| 1115 2002 4.38 253 23 None | None | Traveling
47| 1105 Do 0D 4.67 25T 25 4 8 |Standing
48| 1040 2.02 4.62 225 25 4 8 |[Smooth
49| 1100 228 4.72 253 23 4 8 | Smooth
50| 1030 B0 4:.35 237 S2 12 | 16 |Traveling
51| 1100 3.68 4.77 230 32 12 | 16 |Traveling
52| 1035 202 4.53 228 S2 12 | 16 |Traveling
53| 1120 iy 12) 4.74 237 32 12 | 16 |Traveling
S4 | 1145 517 4.80 236 e 4 8 |Smooth
95| 1140 201, 4.83 235 52 4 8 |Traveling
56| 1160 S0 4.69 247 Y None |None | Traveling
57| 1130 3.41 4.87 241 52 8 | 12 |Traveling
58| 1090 2.05 4.69 253 52 8 | 12 [Traveling
59| 1130 2.04 4.70 235 S2 8 | 12 |Traveling
60| 1100 529 4.82 229 25 2 | 16 |Smooth
r
6L fi=~== | =3i2 EIES- S B 9 2 | 6 |Smooth
62| -=-=-- =20 ———- - 9 2 6 | Smooth
63| -=--- e a -——- -—- 9 None | None | Traveling
64| -~--- S -——— -—- 9 None | None | Traveling
65| 1105 3.00 4.53 245 4 1 3S) 4.5| 8.5|Smooth
66| 1110 1.86 4.73 235 TS 4.5| 8.5|Standing
67| 1165 3.45 5.05 Ro2 9.5 4.5 8.5|Smooth
68| 1105 3.00 4.67 251 16 S 9 |Traveling
69| 1190 2.16 4.99 299 16 5 | 9 |Smooth
70| 1170 3.45 4.77 245 | 16 S | 9 |Standing
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TABLE T.

- Continued.

15

PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET

ENGINE USING LIQUID OXYGEN AND n-HEPTANE AS PROPELLANTS

Run |Thrust,| Oxidant- | Total Specific |Chamber| Fins Type of
1b fuel propellant|impulse length : combustion
weight |flow rate, lb—sec/ib in.  |[osin Bodl i11ation
ratio 1b/sec

Tl 2L 2.06 &l 257 16 None | None| Smooth

72| =+=- =3,5 - ——— 18 3 7 | Standing
13| -=-=- 1) -——- - 18 5 7 | Smooth

74| -=-- =S - - 18 None | None| Traveling
15| -=-=- =250 ——— -—- 18 None | None| Smooth

76 L150 Sl e, 4.72 243 26 7 | 11 | Traveling
T | 130 2.08 4.99 239 26 7 | 11 | Smooth

78 | 1080 1286 4.70 230 26 None | None | Traveling
79| ---- TG ———- --- 25 9 | 13 |Traveling
80| ---- =200 - - 25 9 | 13 | Smooth

81| ——— e —_—— - 25 None | None | Traveling
82| 1170 Dol 4.83 255 25 4 8 | Smooth

83| 1180 207 4.99 234 25 4 8 | Smooth

84 [ 1050 o2 4,75 220 25 None | None | Traveling
85 | 1190 Sy 5.00 237 25 13 | 17 |Traveling
86 | 1200 Red 5,15 231 25 13 | 17 |Smooth

87| 1170 219 5502 251 25 13 | 17 | Smooth

88 | 1160 Bia 26 4,95 233 25 6 | 10 | Smooth

89 { 1180 2.10 5.02 253 25 6 | 10 | Smooth

SO TG AR oLil5 22 20 6 10 | Smooth

9l | 1180 3.53 5307 233 25 6 | 10 |Smooth

92 | 1150 =98 4.74 243 ad & 7 | Smooth

93 | 1160 06 4.92 237 23 3 7 | Smooth

94 | 1250 2955 SL09 244 29 5 7 | Smooth

95 | 13:30 35.36 5.06 223 23 3 7 | Smooth

96 | 1160 550 4.82 241 25 12 | 16 |Smooth

97 | 1140 Aial 4.95 231 23 12 | 16 |Smooth

98 | 1130 2.08 95.18 230 23 12 | 16 | Smooth

99 | === =2.94 ——— - SE 4 | 12 | Smooth
100 | ---= 220 -———— -—— 4 | 12 | Smooth
101 | ---- 2510 -——— -—- 5 None | None | Traveling
102 | ---- 2.00 ——— -—— 5] None | None | Traveling
103 | --=- 2.84 -——- --- it None | None | Traveling
104 | -=-- e 29 -———— -—- 7 None | None| Traveling
105 | ---- 2.88 -———- -—— 25 4 | 12 | Smooth




TABLE I. - Continued. PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET
ENGINE USING LIQUID OXYGEN AND n-HEPTANE AS PROPELLANTS
Run |Thrust, | Oxidant-|Total Specific |Chamber| Fins Type of
1b fuel propellant (impulse, |length, g combustion
weight |[flow rate,|lb-sec/lb| in. Begim fad oscillation
ratio 1b/sec

106 | ---- 1.86 -——- --- 25 4 | 12 | Smooth
107 | ---- 2.00 -—— -——— 25 None | None| Traveling
108 | ---- 2.80 -——- -—- 18 4 | 12 | Traveling
109 | ---- 195 ——— --- 18 4 | 12 | Smooth
110| --=-- S5.12 ——— -—- None |None| Traveling
111 ---- 2.85 -———— - 17 10 14 | Smooth
112 ---- 2.05 ———- -— 17 10 | 14 | Smooth
113 ---- L9 -——— -—- 17 None | None| Smooth
114 | ---- 210 —-—— -—- 21 14 18 | Traveling
115| ---- 2.04 ——— -— 2L 14 | 18 | Smooth
116 | ---- 1290 -—— -—- il 14 | 18 |Traveling
117 | ---- 3.70 -——- - 25 14 | 18 |Traveling
118 | ---- 2.65 ———— - 25 18 22 | Traveling
119 | ---- 2.05 ———— -— 25 18 22 | Smooth
120| ---- 2.10 -——— -— 5 18 | 22 | Smooth
121 | ---- 5.70 ——— -——— 19 10 14 | Traveling
122 -~-- 2.00 ——— - 19 10 | 14 | Smooth
123) ---- 2.00 ——— - 20 7 9 | Smooth
124 | ---- 35.82 -———— - 20 7 9 |Traveling |
125 ---- 2 -——— -— 20 7 9 |Traveling {
126 ---- 1.90 -—-- --- 20 7 | 9 [Smooth {
127 | -~--- 5.60 ———— -——— 20 7 9 |Traveling |
128/ =vms 3.38 == . 5 None |None| Traveling |
129 | ---- 1.95 —— - 5 None | None | Smooth ?
130} ~—=- 1.92 BN s 5 None | None | Smooth !
131 | ---- e ) ——— -——— 15 None | None| Traveling i
132| ~-=- 1.67 ——— - 13 None | None| Traveling |
133 -==- 1.61 - S 13 None | None| Smooth ‘
134 | ---- 5.55 ——— - 12 2 9 | Smooth :
o 1.85 Gt e 12 2 { 9 | Smooth |
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TABLE TI.

- Continued.

i

PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET

ENGINE USING LIQUID OXYGEN AND n-HEPTANE AS PROPELLANTS

Run | Thrust,| Oxidant-| Total Specific |[Chamber| Fins Type of
1b fuel propellant |impulse length : combustion
weight flow rate, lb—sec/ib 1ns. * | BegliyEnd oscillation
ratio lb/sec
136 | ---- 3.60 -——— -—- 12 None | None | Traveling
137 | -==- 1.80 -——-- --- 12 None | None | Traveling
138| --=-- 3.40 -———— - 32 2 | 29 |Smooth
139) --~-- 4.57 ——— - 3L z 28 |Smooth
140| ---- 2ails -——— - Sil. 2 | 28 |Smooth
{
141 ---- 2ed3 ——— --- 31 None | None | Smooth
142| -=--- 4.52 -—— --- 31 None | None | Traveling
143 ---- 9.02 ——— --- 27 2 | 24 |Smooth
144 | ---- il oHS) ————— - 27 2 | 24 |Smooth
145| ---- 495 -——— - i f None | None | Smooth
146 | ---- 2.95 ——— - 2 None | None | Traveling
147 | ---- 2.93 ———— - Zc 2 | 19 |Smooth
148 ---- 3.08 -——— -—- o 2 | 19 |Smooth
149 | ---- .96 ——— --- 22 2 | 19 |Smooth
150 ---=- el ———— -——- 22 None | None | Smooth
151 | ---- =5,0 ———— - 17 2 | 14 |Smooth
152 ---- §1590 ———— --- 7 2 | 14 |[Smooth
153 ---- 15178 ———— - 1Ly None | None | Traveling
154 | ---- Redo ———— - 20 4 12 |Standing
155 | --=-- 8. 87 ———- - 20 4 | 12 |Smooth
156 | ---- 5'e 20 -—— -——— 20 4 | 12 |[Standing
157 ---- 2.55 ———— - 20 4 | 10 |Smooth
158 | ---- 1..65 —-=- -—- 20 4 | 10 |Traveling
159 | ---- =35.0 ———— ———- 20 4 | 10 |Standing T
160 | ---- 3.15 ——-- - 16 2 6 |Smooth |
161 | 1180 2.22 4.72 248 16 2 | 6 |Smooth }
1 162 | 1230 1,99 5.04 244 16 2 6 |Smooth ;
‘163‘ 1220 Bl 4,85 252 16 None | None | Traveling |
| 164 | 1160 2.93 4.75 243 20 8 | 16 |Traveling |
| 165] 1140 1.89 4.97 228 20 8 | 16 |Smooth
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NACA RM E56C09

PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET

ENGINE USING LIQUID OXYGEN AND n-HEPTANE AS PROPELLANTS

Run |Thrust, |Oxidant- |Total Specific |Chamber| Fins Type of
1b fuel propellant [impulse, |length . combustion
weight |[flow rate,|lb-sec/1b| in. peainiEad | 1T ntte
ratio 1b/sec

166 | 1180 291 5.04 234 20 8 | 16 |Smooth
167 | 1190 3.20 5,18 229 20 8 | 14 | Smooth
168| 1170 2403 4.95 236 20 8 | 14 | Smooth
169 | 1160 G 155! 5208 2511 20 8 | 14 |Standing
170| 1160 3.00 5.14 228 20 8 | 14 |Traveling
171| 1180 3.15 5.08 231 20 8 | 12 |Smooth
172 1150 1,85 4,91 235 20 8 | 12 |Smooth
1734 1180 2.38 5.14 230 20 8 | 12 | Standing
174 | 1050 2481 4.68 225 14 2 6 | Smooth
175| 1140 2.24 4.99 229 14 2 6 | Smooth
176 | 1070 2.83 4.81 223 14 2 6 | Smooth
177 870 1.54 4.36 200 14 None | None | Traveling
178| ---- 5.0 - 20 6 | 10 | Smooth
179| 1100 2.68 4.75 2ok 20 6 | 10 | Traveling
180| 1200 Do 5.00 257 20 6 10 | Standing
181 1910 Ze63 4.58 1} 20 6 | 10 | Standing
182| 1100 2.4 4.88 229 20 6 10 | Standing
183 | 1000 2.46 4.58 217 29 2 6 | Smooth
184 | 1125 236 5.14 219 29 2 6 | Smooth
185] 1160 5.55 S 2ol 29 2 6 | Smooth
186| 1100 D 4.58 257 79 None | None | Traveling
187 | 1050 sl 4.39 238 14 4 8 | Standing
188 | 1030 170 4.67 223 14 4 8 | Traveling
1894 1150 S5 4.84 P55 14 4 8 | Standing
19011 220 3.45 5.00 245 14 4 8 | Standing
191 | ---= Pl D 5.06 - 29 6 | 10 | Traveling
192| ---- ZolS SRS -— 29 6 | 10 | Traveling
193 | ---- Seoe Se 2 - 20 2 | 10 |Smooth
194 | ---- £ 0 4.94 -— 20 2 | 10 | Smooth
195 -~--- 1.97 4.96 -—— 20 2 | 10 |Smooth
196 | -~--- =3 2l 5z - 20 2 | 10 | Smooth
197 | -==-- 57,40.0] -——— -—- 20 None |None | Traveling
198 | ---- SR 5.02 -—- 29 12 | 16 |Traveling
199 | 1080 1.83 4.78 2217 29 12 | 16 |Traveling
200 | 1150 3.50 4.72 243 29 None | None | Traveling
201 | 1240 2485 4.81 292 9.5 None | None | Traveling
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Figure 5. - Various forms of fundamental tangential mode of oscillation (reproduced from ref. 6).
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(a) Smooth combustion.
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(b) Longitudinal wave.
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eling wave form of tangential mode.
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(d) Standing wave form of tangential mode viewed at anti-node point (zero

pressure variation).
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(e) Standing wave form of tangential mode vie
pressure variation).
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Figure 6. - Streak photographs of various oscillations in 1000-pound-thrust
rocket engine using liguid oxygen and n-heptane as propellants.




6009SH WY VOVN

S
|

0.0005 Sec A,i

oo n
(f) Traveling wave form of tangential mode; chamber viewed from two different angles.
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(g) Standing wave form of tangential mode; chamber viewed from two different angles; camera alined

with nodes.
o
Figure 6. - Concluded. Streak photographs of various oscillations in 1000-pound-thrust rocket engine \:
using liquid oxygen and n-heptane as propellants.
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Figure 7. - Engine performance as a function of oxidant-fuel weight ratio
injector A). Combustion-chamber lengths, 8 to 32 inches; with and
without fins; propellants, liquid oxygen and n-heptane.
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Figure 8. - Engine performance as a function of chamber length (injector A). Screaming and nonscreaming

runs; with and without fins; propellants, liquid oxygen and n-heptane.
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Figure 9. - Engine performance with smooth and screaming combustion for combustion-
chamber lengths of 10 to 32 inches (injector A).
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Figure 10. - COccurrence of screaming with various fin positions and engine lengths

with 1000-pound-thrust rocket engine using liquid oxygen and n-heptane as pro-
pellante (injector A). =
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Figure 10. - Concluded. Occurrence of screaming with various fin positions and

engine lengths with 1000-pound-thrust rocket engine using liquid oxygen and
n-heptane as propellants (injector A).
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injectors.
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(a) Longitudinal oscillations.

B ey

Standing wave form of tangential oscillation

(c) Spark plug located at node point (d) Spark plug located at anti-node point
(maximum pressure variation), (zero pressure variation).

Figure 13. - Burning of spark plug during screaming operation of rocket engine
(0.75-sec run) with various oscillations and spark plug locations.
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Injector after 60 runs of 0.75 second

Figure 14. - Injector face illustrating burning obtained during runs.
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Figure 15. - Burning of fins caused by screaming operation of rocket engine. S .
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