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High Frequency Instability in a Lox-Kerosene Rocket Combustor
(Effects on Heat Transfer Augmentation)

Yoshio WAKAMATSU, Hiroshi TAMURA, Akio SUZUKI,
Fumiei ONO and Mitsuo TOYOKAWA

ABSTRACT

The high frequency instability of a JP-4 fuel and liquid oxygen rocket combustor,
especially the effects of this instability on heat transfer augmentation to the chamber
wall, was studied. The FOF triplet type injector element and two chambers with dif-
ferent lengths were used in the experiments. Both chambers delivered a 10kN thrust at
a 3.5MPa chamber pressure.

The pressure oscillation generated spontaneously was identified as being a longitu-
dinal first mode. The ratio of rms pressure amplitude to average chamber pressure ob-
served in unstable combustion was 0.23 at most. In order to obtain stable combustion
or weak unstable combustion, a damping device based on Crocco’s theory of longitudinal
high frequency instability was designed and used successfully.

The heat flux to the wall increased six to seven times at most due to the instability.
It was shown that the increase of the bulk heat transfer coefficient was proportional to
the square root of rms pressure amplitude when the effective temperature, based on the
frequency of oscillation, was used. Various considerations, including the effect of solid
carbon particles, suggests that Dent’s model of convective heat transfer augmentation is
more reasonably consistent with the experimental results than is Hanby’s model.

The time average static pressure along the chamber axis increased downstream
after it had first decreased. Theoretical analysis of the periodically oscillating one-
dimensional flow showed reasonable agreement with the experimental results.
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Model 5307
R
Maximum Pressure without 150%
Calibration Shift or Damage
Output-Full Scale 375 Millivolts +20%
Linearity T 1% of Full Scale Output
Hysteresis * 0.5% of Full Scale Output
Frequency Response 0 to 10,000Hz
Transient Response 15 Microseconds for 250 psig
Ambient Temperature Range -65°F to 450°F With Water Cooling
Gas Medium Temperature Range | -300°F to 6,000°F With Water Cooling
o Ll with Ambent 10 Millivolts Maximum(0°F to 200°F)
gfgg?&e&%ﬁi%%%%&:gg ns 0.60 Gallons per Minute
Vibration Sensitivity 0.001%/G for Rated Pressure
Acoustic Noise No Measurable Error at 160 db
Diaphragm Resonant Frequency 43,000 Hz
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Mode of
Oscillation

Equation

Frequency(Hz)

Longitudinal 1st. | f,, =a/2L

1,141(L), 1,402(S)"

Longitudinal 2nd. | 2, =a/L

2,282(L), 2,804(S)

Tangential 1st. |f,r=1.84a/nD 5,980
Tangential 2nd. | fzr=3.05a/ 7D 9,913
Radial 1st. | fir=3.83a/7D 12,448

P:.=3.5%10%Pa. O/F=2.3

*+ S : Chamber Length=0.437m
L ; Chamber Length=0.5637m
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188 KRBT -—%

#B.1 E#HEIUOBMEEFE
0.5 sec before shutdown

Run | O/F 1 Prg f f Tert | w3 |93, | "eff,
() | (Pa fa) [ ()| (K [w/n®) | (W/n® K)

x10 R

32 2.42 7.43 | 1455 3387 .

33 2.5] 7.64 | 1445 3341

34 2.1 6.88 | 1445 3340 633 N11.1 4100

35 1.84 4.29 | 1406 3163

36 2.01 6.72 | 1464 3429 598 9.37 3440

37 1.82 7.86 | 1474 3476 574 8.80 3030

38 2.88 0.1

39 3.01 7.53 | 1425 4249 669  N0.7 4130

60 2.13 5.83 11.9

63 2.06 6.11 | 1172 3370 13.5 5080

64 2.69 5.87 | 1152 3257 13.1 5240

65 1.84 5.53

67 1.88 5.52 | 1162 3313 13.3 5090

68 2.40 6.96 | 1172 3371 18.3 5440

69 1.58 1.01 | 1084 2884 4.59 1930

71 1.51 1.19 | 1279 2364 | 426 3.04 1570

72 1.82 1.25 | 1260 2294 390 2.27 1190

73 2.04 0.99 | 1220 2151 378 2.12 1190

74 2.25 0.51 | 1191 2050 375 2.07 1240

76 2.50 0.18 | 1084 1698 380 2.04 1540

77 2.73 0.18 | 1074 1667 378 2.06 1600

78 2.96 0.18 1.92

80 1.53 0.35 | 1094 2705 405

81 1.81 0.61 | 1123 2850 2.80

82 2.03 0.76 | 1094 2705 402 2.50 1090

84 2.21 0.49 | 1084 2656 393 2.27 1000

85 2.48 0.32 | 1005 2282 386 1.98 1040

86 2.69 0.18 938 1988 389 2.02 1270

87 1.53 0.39 | 1094 2705 385 1.95 842

88 i 2.94 0.19 879 1746 382 1.92 1410

Run 32 - 3% ; Short chamber withcut damper
Run 60 - 63 ; Lorg chamber without damper
Run 70 - 78 ; Short chamber with damper
Run 80 - 88 ; Long chamber with damper
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%B.2 HRELELIUEHBE(ZD1)

0.5 & 0.4 sec before shutdown

Ren | O/F We Yo Pla P1b Pr.ave] 2 P3 Pa
(- ) |l(xgrs) |(ka/s) | (Pa)e | (Palg| (Palg (Palgi (Pa)g) (Palg
x10 x10 x10 x10 xi0 x10
32 2.42 1.23 2.98 34.7 34.7 34.7 34.0 33.5 33.9
2.42 1.23 2.98 34.6 34.6 34.6 34.0 33.4 33.8
33 2.51 1.20 3.01 34.3 34.3 34.3 33.7 33.2 33.5
2.52 1.21 3.04 34.1 341 34.1 33.6 33.1 33.4
34 2.1 1.36 2.86 34.5 34.5 34.5 34.0 33.5 33.9
2.14 1.34 2.86 34.8 34.8 34.8 33.2 33.6 34.0
35 1.84 1.50 2.75 33.8 33.8 33.8 33.5 33.2 33.3
1.84 1.50 2.76 34.1 34.1 34.1 33.8 33.6 33.6
36 2.01 1.39 2.80 34.6 3.6 33.6 34.1 33.5 34.0
2.03 1.38 2.81 34.7 34.7 34.7 34.2 33.6 34.0
37 1.82 1.5 2.76 34.4 34.3 34.4 33.8 33.2 33.6
1.82 1.52 2.77 k1P 341 34.1 33.6 33.0 33.4
38 2.81 1.15 3.23 35.0 35.0 35.0 35.0 34.8 34.8
2.78 1.16 3.20 35.0 35.0 35.0 35.0 34.9 34.8
39 3.00 1.05 3.15 34.4 34.4 34.4 331.8 33.3 33.7
3.05 1.03 3.16 34.5 34.5 334.5 33.9 33.3 33.8
40 2.19 1.31 2.86 33.7 33.6 33.7 33,1 33.6 33.9
2.16 1.34 2.89 34.2 34.2 34.2 33.6 33.1 33.5
n 1.51 1.74 2.64 34.7 34.7 34.7 34.6 34.5 34.4
1.51 1.75 2.64 34.8 34.8 34.8 34.6 34.6 34.5
72 1.82 1.83 2.77 35.2 35.3 35.3 35.1 35.0 34.9
1.82 1.53 2.77 35.2 35.2 35.2 35.2 35.0 34.9
73 2.04 1.40 2.85 35.2 35.2 35.2 35.1 35.0 34.9
2.04 1.40 2.85 35.2 35.2 35.2 35.1 35.0 34.9
74 2.25 1.32 2.96 35.3 35.3 35.3 35.2 35.1 35.0
2.25 1.32 2.97 35.3 35.4 35.4 35.2 35.1 35.40
76 2.50 1.22 3.04 35.3 35.3 35.3 35.2 35.0 35.0
2.50 1.22 3.05 35.2 35.2 .2 | 3.2 | 35.0 35.0
7 2.73 1.186 3.16 35.% 35.% 35.95 35.4 35.3 35.3
2.7% 1.17 3.7 35.5 35.5 35.5 35.4 35.3 35.3
78 2.%6 1.10 3.24 35.4 35.4 35.4 35.4 35.3 35.2
2.97 1.10 3.25 35.4 35.4 35.4 35.4 35.3 35.2
Shore Chamber
Run 32 - 40 P] --- 15.0 mm Run 71 - 78 P] --- 15.0 mm
Withcut Damper. P2 --- 105.0 mm With Damper. P2 ---105.5 mm
P3 --- 196.0 mm P3 ---196.0 mm
P4 --- 377.5 nm Rq ---317.0 mn
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%B.3 HKEBIUEHBE(ZOD2)

0.5 & 0.4 sec before shutdown

Run 0/F Hf No P]a Plb Pl,ave P2 P3 P4 P5
(-) l(xass) J(xars) | (Pa) | (Pa) | (Pa) i (Pa) | (Pa) i (Pa)] (Pa)
x10° x10° x10° x10° x10° x10° x10°
60 2.13 1.37 2.90 33.5 33.5 33.5 33.2 32.7 32.7 33.0
2.14 1.35 2.88 33.8 33.8 33.8 33.4 32.9 33.0 33.3
63 2.06 1.39 2.86 34.3 34.4 34.3 33.5 33.0 33.2 33.5
2.07 1.39 2.87 34.3 34.3 34.3 33.8 33.0 33.2 33.5
64 2.69 1.14 3.05 34.3 34.3 34.3 33.2 32.8 33.0 33.3
2.72 1.12 3.06 34.1 34.2 34.2 33.2 32.8 33.0 33.3
65 1.84 1.52 2.79 33.9 34.0 33.9 33.4 33.0 32.9 33
1.82 1.53 2.78 34.0 34.1 34.0 33.4 33.0 33.0 33
67 1.88 1.48 2.78 33.9 33.9 33.9 33.3 32.9 32.8 330
1.86 1.49 2.77 33.8 33.9 33.8 33.2 32.8 32.8 3.
68 2.40 1.24 2.96 34.3 34.4 34.3 33.4 33.0 33.2 33.4
2.4 1.23 2.97 34.3 34.4 34.4 33.4 33.0 33.2 33.4
69 1.58 1.69 2.68 35.0 35.0 35.0 34.9 34.9 34.8 34.9
1.58 1.70 2.68 35.0 35.1 35.1 34.8 34.8 34.7 3.8
80 1.53 1.73 2.64 34.6 34.5 34.6 34.5 34.4 34.3 34.3
1.53 1.73 2.64 34.7 34.7 34.7 34.6 34.5 34.4 34.4
81 1.81 1.82 2.75 34.9 34.9 34.9 34.7 34.6 34.4 34.4
1.80 1.83 2.75 35.0 35.0 35.0 34.8 34.7 34.6 34.5
82 2.03 1.40 2.84 35.3 35.2 35.3 35.1 35.1 34.8 34.8
2.03 1.40 2.84 35.4 35.3 35.3 35.2 35.0 34.8 34.8
84 2.21 1.31 2.89 35.1 35.1 35.1 35.0 34.8 34.7 34.7
2.21 1.3 2.90 35.2 35.2 35.2 35.1 34.9 34.7 34.7
a5 2.48 1.22 3.01 35.4 35.4 35.4 35.3 35.1 35,1 35.1
2.47 1.21 3.00 35.4 35.3 35.3 35.2 35.0 5.1 35.0
86 2.69 1.15 3.09 35.5 35.4 35.4 35.3 35.2 35.2 35.2
2.70 1.15 3.10 35.4 35.4 35.4 35.3 35.2 35.2 35.1
87 1.53 1.72 2.63 4.7 34.6 34.7 34.5 34.4 34.3 34.3
1.52 1.74 2.64 34.5 34.4 34.5 34.3 34.2 34.1 kLI
88 2.94 1.09 3.20 35.5 35.4 35.4 35.3 35.2 35.2 35.2
2.95 1.09 3.20 35.4 35.3 35.3 35.3 35.1 35.1 3.1
* Long Chamber
Run 83 - 89 P1 --- 15.0 mm Run 80 - 88 P] --- 15.0 mm
Without Camper P2 ---130.5 mn With Damper P2 ---130.5 mm
P3 ---246.0 mm P3 ---246.0 mm
P4 ---417.0 mm P4 ---417.0 mm
P5 ---477.5 mm P5 ---417.0 mm
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MZPFHAEAFTHAKXAE ES6845
BE 1156 45 10 A % 47

RATA ML= F OH K oM OB X OPT

B O OH A A A B K F H 1880

BT Y = ME(0422)47-5911 (kAL E)T182

DRI AT B R & = ® 0 R

FESFEXERET 12 =7 o
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