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ABSTRACT . , " ' . " • ' 

An experimental program at Lewis Research Center investigates 

acoustical-mode combustion instability in liquid propellant rockets. One , 

phase of this program is concerned with nitrogen tetroxide and a 50-50 fuê v-

blend of hydrazine-UDMH. Effects on combustor stability and performance by 

variations in injection velocities, impingement angle and distance, and . ^>, 

thrust per element of triplet injectors were studied in a 10.77-inch- . . . 

diameter cylindrical combustor at chamber pressures of 100 and 300 psia. -^ 

Nominal thrust levels were 6700 and .20 000 pounds. Stability rating was 

accomplished by the use of various size RDX explosive charges to generate 

tangential pressure disturbances. The injection Velocity effect correlated 

by using a ratio V0/Vj. Stability correlation with Vo/Vf resulted in a 

sharply humped curve with maximum stability at a ratio of 1.2. Performance 

decreased with increase in Vo/Vf after a maximum at 0.7, which agreed 

fairly well with the "uniform mixture ratio distribution" criteria of the 

Jet Propulsion Laboratory. Variation of impingement angle from 38° to 120° 

indicated that performance correlated''with the absolute velocity ratio 

Vo/Vf, but stability correlation appeared-to be best with a velocity ratio ~£ 

using the radial component of,,the fuel injection velocity Vo/Vfr. 'Impinge- g \ 

ment distances from 0:5 to 1.0 inch appeared to have only slight effect on ° o; 

stability and performance. Investigation of injector thrust per element :-5 & 
' • • • ' . ' • • • • ' - •  - 3 < & 

for Vo/Vfr ranging from 0.8 to 2.8 yielded convex maxima :curves. Acous- ,_, _c' 

tic liners were also tested to improve a liner design computer program, to j » 

obtain design criteria, and to develop flight-type liners. A marginally 
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stable and a spontaneously unstable combustpr were used to evaluate, liner 

configurations. All liners were effective in-the'marginally stable config-

uration, and only liners with large theoretical absorptivity were success-

ful in the spontaneously unstable combustor. , 

INTRODUCTION 

An experimental study of storable-propellant acousticalrmode combus-

tion instability was conducted in the Propulsion Sciences Laboratory as 

part of an extensive program at Lewis Research Center investigating system-

atically the effects of injection variables on combustion instability in 

liquid propellant rockets. A propellant combination of nitrogen tetroxide 

and 50-50 fuel blend of hydrazine-UDMH was used in this phase of the pro-

gram. The type of injector element tested was the coplanar-unlike-triplet, 

which has demonstrated high performance capabilities with this propellant 

combination.-1- . . 

Effects of the injection variables, which are injection velocities, ' 

impingement angle, impingement distance, and thrust per element, on rocket 

motor stability and performance were studied in a 10.77-inch-diameter cylin-

drical combustor at chamber pressures of 100 and 300 psia over a mixture 

ratio range of 1.4 to 2.2. The nominal thrust levels corresponding to the 

two chamber pressures were 6700 and 20 000 pounds. The range of variables 

investigated are presented in Table I. 

As a means of remedying combustion instability, several heat-sink 

acoustic liner configurations were also tested in the program at a chamber'_ 

pressure of 100 psia and mixture ratios of 2.0 and 1.6. The acoustic 

liners were tested with a spontaneously unstable and a marginally stable 

combustor to prove the relative effectiveness of the designs in improving 

an acoustic liner design computer program, obtaining design criteria, and 

developing flight-type liners. 
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Stability rating the various'injector and liner configurations was accom-

plished by subjecting the combustor to tangential pressure pulses generated by 
,  - . - ' . -

various size KDX explosive charges. .The KDX charges, or bombs, were detonated 

in tangential ports in the heat-sink combustion chamber wall during the steady-

state portion of the test firings. Reproducibility of the KDX bomb pressure 
\ . • ' . ' 

disturbance was good and the KDX bombs proved to be satisfactory as a .stabil-

ity rating technique. .' . 

APPARATUS . ' . . ' . 

Combustor 

The heat-sink rocket combustor (Fig. l) used in the injection variables 

studies was comprised of an injector, a bomb ring, a cylindrical spool piece, 

and a convergent-divergent exhaust nozzle with a contraception ratio of 1.89 and 

a nominal throat area of 48 square inches. The chamber had an inside diameter 

of 10.77 inches, and the distance from the injector to nozzle throat was kept 

constant at 23.5 inches, which resulted in a constant characteristic length 

L* of 42 inches. The inside surfaces of the mild steel chamber and exhaust 

nozzle were coated with 0.012 inch of nichrome and then with 0.018 inch of : 

flame-sprayed zirconium oxide, which permitted firings of 3.8 seconds durar-

tion at chamber pressures of 100 and 300 psia without excessive erosion. 

All liners were tested with two combustor configurations utilizing the 

same injector, which had 487 triplet elements. The configurations were ' 

(a) the 487 element triplet with an L* of 42-inch chamber, which was stable 

but could be driven unstable by a KDX bomb, and (b) the same injector with an 

L* of 56-inch chamber, which was spontaneously unstable from ignition. 

The exhaust nozzle had an expansion ratio of 1.3 since test objectives 

did not require a large area ratio, and the nozzle losses were more accurately 

p'redicatable for performance calculations. . 

Injector ' 

All injectors were tested as fuel-oxidant-fuel triplets at a chamber 

- 3 - '  . ' . . .  ' ' . . 



pressure of 300 psia and also 100 psia, if the injection differential pres-

sures were sufficiently large to ensure no "chugging-type" instability. Sev-

eral of the-configurations were also tested as oxidant-fuel-oxidant triplets. 

Injectors.were flat-faced .and the orifice length-to-diameter ratios varied 

from a maximum of 12.5 to a minimum of 6'.0. . . 

In addition to the injection variables listed in Table I, two types of 

injection patterns j(Fig. 2) were tested to determine the effect of pattern 

layout. In one case, the triplet elements were arranged in concentric rings 

(Figs. 2(a) and (b)), and the resultant impingement fans were all parallel to 

the chamber wall, whereas the second pattern was an alternating-grid (Fig. 2 

(.c)) that had adjacent impingement fans normal to each other. 

• ' . i . - . - ' . Acoustic Liners ' • 

The heat-sink,: .perforated acoustic liners tested (Fig. 3) were 0.1875 

inch thick, made of mild, steel, and flame-sprayed with zirconium oxide.. Ap-. 
• . - • • • . ' . ' 

erture diameters were either 0.125 or 0.25 inch, and the open area ranged, 

from 2.5 to 20.0 .percent. Open area was calculated by summing the area of 

the apertures in 1 square inch of the liner surface area. The resonator cav-

ity behind the liners was 0.97 inch deep, and the axial length varied from 

10.0 to 2.5 inches.. Two slotted liners and one cross liner 0.1875 inch -thick 

were also tested to study the effect of the aperture shape (Fig. 4)-. The 

slots were either G.,.,0625 or 0.125 inch wide and ran the length of the 10.0-

ihch liner resulting in open areas of 5 and 10 percent. The cross liner had 

arms 0.125 inch wide and a 10-percent open area. All liners had three cir-

cumferential partitions similar to those shown in Figs. 3 and 4, which sepa-

rated the resonator cavity into four compartments. 

RDX Explosive Bombs 

The heat-sink bomb ring shown in Fig. 1 constituted a segment of the 

chamber and permitted detonating RDX explosive (MIL-R-398) bombs, which ranged 

in size from 1.6 to 45.2 grains, in the four tangential ports during the 



steady-state portion of a test firing. In order to .eliminate the variables . 

of bomb location and direction, the bomb ring was adjacent to the injector, 

for all injection variables tests, and the direction of the bomb ports was 

always counterclockwise as viewed upstream. The centerline of the ports was 

tangent to .a .circle 2 inches less in diameter than the combustion chamber in-

side diameter. . - . ' . . - ' : 

The KDX bomb (Fig. 5) had an initiator consisting of an exploding bridge-

wire (EBW) and 1.6 grains of PETN (pentaerythrite tetranitrate, MIL-P-387A) 

explosive to which were added various amounts of KDX explosive. A voltage 

greater than 2000 volts was required to initiate the bombsj therefore, stray 

KF •signals or static electric charges could not accidentally cause a detona-

tion.' PE.TN has brisance characteristic very similar to KDX, but it is ea-

sier to detonate, electrically and, for this reason, was employed in the ini-

tiator. The RDX was 98-percent KDX and 2-percent steric acid, molded in : 

tablets 0.10 inch thick, 0.368'inch in diameter, and containing 4.4 grains. 

Bomb size could be changed simply by varying the number of KDX tablets assem-

bled with the initiator. The bomb was insulted from the hot combustion .gages 

by a plastic cap, and the assembly was placed 1.0 inch from the chamber .in-

side surface in one of the bomb ports. Reliability of these: bombs was gpod, . 

although a small percentage of the' bombs did not detonate as programed .because 

o f l o  w voltage. . . . . 

Test Facility 

; Test objectives did not require an altitude capability, but a Leyis al-

titude facility was used in order to handle the toxic exhaust gases, and any 

propellant spills that might occur. The propellant temperature was 65+11 °F 

: throughout the test program. Wo attempt was made to reduce further this tem-

perature variation. 

Instrumentation . , 

The combustor and the facility were instrumented to record and monitor 

the normal operating parameters. Included were propellant tank pressures and 
, ' . ' • • - 5 -



temperatures, propellent .flow rates/:injection-pressures and temperatures, com-
\ 

bust-ion chamber pressure, combustor thrust, and ambient conditions. Pressure 

measurements were obtained by strain-gage-type transducers, and temperatures 

were measured by iron-constantan thermocouples. Flov rates were indicated by 

turbine flowmeters. _ 

• High-frequency piezoelectric pressure transducers"in water-cooled jackets, 

having a response flat to-6000 cps as installed, were mounted flush to the com-

bustion chamber wall as shown in Fig. 1. The three locations on the combustion 

chamber provided a means to determine the frequency and .phase relation of pres-

sure oscillations that facilitated identification of the modes of instability. 

- Combustor and facility operating parameters were recorded on an oscillo-

graph located .in the facility control room and on a digital data recorder for 

computer processing.- The data from the high-frequency pressure transducers 

and a signal to -indicate the initiation of the RDX bombs were recorded on mag-

netic tape. - . 

PROCEDURE . ' ' • ' • • ' • ' • • : 

Each injector or liner configuration was mounted in the test stand' and 

four RDX bombs of increasing grain size were placed in the four tangential' 

bomb ports. Program timers were used to sequence operation of the fuel and. 

oxidizer control valves for a 2.8- to 3.-8-second firing and'-to" sequence .-the 

firing of the four RDX bombs in a given order during the steady-state portion 
i •. • 

of the test at intervals of 100 milliseconds. An electronic controller regu-

lated fuel and oxidizer mass flow rates, and in this manner the chamber- pres-

sure and the mixture ratio were maintained constant throughout the firing-. 

Analysis of the data from the high-frequency pressure transducers, trans-

ferred from the magnetic tape ontb an oscillograph at a slower, tape speed, de-

termined which RDX bombs detonated and were damped, which RDX bomb drove the 

combustor into a sustained instability, and a first estimate.of the modes and 

amplitudes of the resulting instability. These data were later processed- on a. 

spectrum analy-zer to obtain more exact • frequency and amplitude analysis.-
-6-
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RESULTS AWP DISCUSSION. 

The results of the various phases of this investigation are presented in 

forms of. cross-plots in Figs. 8 to 11; that is,;.,stabili1by and performance data 

for each .configuration tested were first plotted as a function of mixture ratio, 

and then values at nominal mixture ratios of 1.6 and 2.0 and chamber pressures 

of 100 and 300 psia were plotted as a function of the variables under investi-

gation. 

A brief description of the stability rating technique utilizing.the B̂DX 

explosive bombs is presented herein followed by the discussion of the injection 

velocity, impingement angle and distance, and thrust per element effects..on. 

combustor stability and performance. This section is concluded with an explan-

ation of the; attempts to obtain an empirical relation between the injection 

variables-;and stability and finally a discussion of the acoustic liner test re-

sults ̂  . . . . . .  ' • . . - . • • • . . • 

,. .• -. . ,. Stability Rating Technique 

As discussed earlier, the method employed to initiate high-frequency com-

bustion instability was the detonation of various size.. RDX. explo.sive .bombs; in 

tangential ports in the combustion chamber wall.... Attempts to. use .the:-;ini,tial 

or .-maximum pressure spikes (which were usually not one and the same) produced . 

by..the bombs proved to be an unsatisfactory stability rating sca;le. A, chemi-

cal augmentation by the combustion process, similar to the augmentation of pres-

sure waves discussed in Ref. 2, masked the actual .pressure disturbances created 

by the -bombs resulting in large data scatter. This effect is illustrated graph-

ically by comparing the hot firing and cold (helium-pressurized chamber) maxi-

mum pressure spikes, as a function, of bomb size presented in Fig. 6.. .The cold 

bomb data for chamber pressures, of 100 and 300 psia resulted in two 5^ to 15-, 

.psi-wide bands, which ranged from a mean value of 10 to 80 psi as grain size 

varied, from 1.6 to 41.0 grains. The hot-firing bomb data plotted for several 

runs .yielded one band of 50 to 75 psi for both chamber pressures with mean val-

ues ,of̂  58 psi for .1.6 grains and 190 psi for 32.2 grains. Chemical augmentation 
-7-
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was probably the first cycle of an :instability -that either damped or became 

cyclic. -  - . ' • ' - • • 

.The size of the explosive bomb was•used>-therefore> as a stability rating 

scale.. It was. noted that, for a given injector configuration, chamber pressure, 

and mixture .ratio, instability was repeatedly initiated by a particular bomb 

size.-: Relative stability will be described in terms of the minimum bomb size 

(in grains) required to induce a sustained high-frequency.combustion instabil-

ity in the combust or'. . 

.. ...... Injection Velocity Effects . • 

Results of the liquid oxygen - hydrogen portion of the acoustical-mode 

combustion instability program at Lewis and tests by others3 have indicated 

that injection velocity ratio has a strong influence on combustion instability. 

For;the- storable propellant study, therefore, wide ranges of injection veloci-

ties and velocity ratios were investigated at chamber pressures of 100 and 

300 psia and mixture ratios of 1.4 to 2.2 (Fig. 7 and Table I). The range of 

injection'velocity, ratios, which was limited by the facility propellant systems, 

was approximately 0.5 to 2.5. It- s.hould be noted that the ratio of;-oxidizer 

velocity to fuel velocity •'••'Vo/Vf, which is'-the inverse of the rat id used "in the 
<• 

liquid oxygen - hydrogen:'studies, was-'employed, in': this Investigation, since ''the 

fuel was;'Cohsideredotb!'belthe controlling propellant. 'Calculations based.on 

Ref.- 4 indicated the fuel'to be the slower-to vaporize. 

...v. .•.,, The-.characteristic exhaust velocity efficiency T]Q* for stable operation 

and the.-.minimum bomb size required to initiate instability for the injectors 

configurations tested are presented in Fig. 8 as a- function of injection veloc-

ity ratio. Shown.in the figure are cross-plotted data for chamber pressures of 

100 and.300. psia at propellant mixture ratios of 1.6 and 2.0. Combustor per-

formance values T]Q# were based on vacuum specific impulse efficiency, as was 

done., in,Ref. 1, since this method resulted in better accuracy than the use of 

measured chamber pressure. 

https://Shown.in
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Stability, as -shown in Fig.. 8, was-,.found to be a function of chamber pres-

sure and injection velocity ratio. Correlations using absolute or differential 

injection velocities were attempted, but the best correlation appeared to be 

with a velocity ratio; At a chamber pressure of 100 psia and velocity ratios 

less than 1.3, the combustor was marginally stable since only the bomb initia-

tor (1.6 grains) was required to promote instability when it was.not already 

spontaneously unstable from ignition. The trend of the data at a larger veloc-

ity ratio was toward increased stability. A charge of 6.0 grains was required 

to induce instability at a velocity ratio of 1.7.. 

At a chamber pressure of 300 psia, the effect of injection velocity ratio 

orr-stability was more pronounced. A narrow band of maximum stability was found 

between velocity ratios of 1.0 and 1.4 within which bombs as large as 23.4 to 

32.2xgrains.were required to drive the combustor unstable. Bombs of 6.0 to 

10.4 grains were sufficient for ratios less than 1.0 or greater than 1.4... An 

interesting'observation was that peak stability occurred at slightly higher, ve-

locity ratio than that for peak performance, and the combustors were less .stable 

at maximum and lower .levels -of performance. . • , , 

As was the case with stability, performance was a function of chamber, pres-

sure and velocity ratio. .At a chamber pressure of 100 psia, the performance 

optimized at approximately 93.5 percent, whereas the peak performance value for 

a chamber pressure of '300 psia was about 95.6 percent. Optimum performance was' 

obtained for both chamber pressures at an injection velocity ratio of approxi-

mately 0,7, which was slightly less than the ratio predicted by the Jet Propul- ' 

sion Laboratory's uniform mixture ratio distribution"criteria. The optimum 

velocity ratio for the configurations tested, based on the aforementioned cri-

teria, was approximately 0.95. The discrepancy between the predicted and ex-

perimental values was possibly due to the "blow-apart" phenomenon postulated 

fi " for liquid-phase reacting propellants. 

The velocity ratio study injectors were primarily tested as fuel-oxidant*-

fuel triplets. Some of the injectors were also tested as oxidant-fuel-oxidant, 
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and for identical injection velocity ratios all were found to "be less stable and 

higher performing. Testing of the oxidant-fuel-oxidant triplets ceased early 

in the test program because they proved to be very erosive.to .bomb rings, cham-

bers, a n d nozzles. . . . . 

Impingement Angle and Distance 

The effects of .impingement angle> and distance were investigated by varying 

the included impingement angle from the 60° used in the velocity ratio study to 

38° and 120° as the impingement distance of 0.5 inch and the injection pattern 

were kept constant. Then with the 30° and 60° included impingement angles, 

holding, injection pattern and velocity ratio constant, the impingement distance 

was extended from 0.5 to 1.0 inch from the injector face. The chamber pressure 

and mixture ratio ranges were again 100 and 300 psia and 1.4 to 2.2. , • 

. ..Effect of impingement angle variation with the 0.5-inch impingement dis-

tance ̂ is shown ...in Fig. 9 as a function of V0/V.p for cross-plotted data .at. a 

chamber pressure of 300 psia and mixture ratio of 2.0. Performance continues 

to indicate a good correlation with absolute injection velocity ratio. The 

data for the two other angles lie very close to the curve for 60°. Stability 

data did not corroborate the trend found for 60°., therefore, in order to obtain 

a stability correlation, the. axial and radial components of the fuel injection 

velocity Vfa and Vfr were used in the velocity ratio. .These data are pre-

sented in Fig. 10 with the data from Fig,. 8 at a mixture ratio of 2.0. The 

better correlation appears to be with the radial component of the fuel velocity 

Vo/V|-r, but neither correlation is strong since no configurations employing the 

38° and 120° impingement angle were tested with velocity ratios in the band,of 

maximum stability.  ' . . ' = . 

Shown also in Fig. 10 is the effect of varying the impingement distance as 

the impingement angle was kept constant at 30° and 60°. There appears to be 

only a minor effect for the configurations tested. Performance, which is not 

presented in the figure, also indicated only a minor effect of impingement dis-

tance.. 
-10-
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• • 'Thrust -Per Element 

The thrust, or fuel mass flow, per element investigation utilized the 60° 

impingement angle and nominal 0.5-inch impingement distance. Injectors with 

50, 101, 201, and 401 elements arranged in a circular pattern and injectors 

with 52, 104, and 208 elements arranged in an alternating-grid pattern were 

tested at chamber pressures of 100 and 300 psia and various injection velocity 

ratios (Table I and Fig. 2). Cross-plotted data at a mixture ratio of 2.0 are 

presented in Figs. ll(a) and (b) for chamber pressures of 100 and 300 psia. 

For circular patterns, at a nominal velocity ratio of. 1.8, and chamber 

pressures of 100 and 300 psia, the data resulted in convex maxima curves; that 

is, stability and performance increased to a maximum and then decreased as fuel 

mass flow per "element increased. Performance trends were similar at a velocity 

ratio of 2.8 and chamber pressure of 300 psia, but stability was different. 

Stability continued to increase with increase in Ŵ /E with a possible maximum 

at a larger value of Wf/E than tested. An interrelation between Vo/Vf and 

Wf/E is apparent and in order to obtain maximum stability and performance') it 

may be necessary to select proper combinations of Vo/Vfr and Ŵ /E. 

The alternating-grid injection pattern resulted in a decrease in maximum:; 

stability and a 1 to 2 percent increase in performance compared with that of 

the circular pattern, as seen in Fig. 11. It is believed that the"blow-apart" 

phenomenon and the alternating fans that would produce a second mixing zone are 

the' reasons for the improved performance and subsequent reduced "Stability. 

Attention should be brought to the fact that maximum stability for the 

thrust per element study was not as great as that encountered in the velocity 

ratio investigation. There are two possible explanations for this anomaly, 

namely (a) that the thrust per element configurations were not tested in the 

maximum stability band since the interrelation between Vo/Vfr a^ W~/E was 

unknown and (b) that the difference in circular injection patterns used in the 

two investigations had an effect. Comparison of the two patterns is shown in 

Fig. 2. The 90-element circular pattern (Fig. 2(a)) used in the Vo/Vfr study 

-11-



had elements in a slightly nonuniforw area;distribution so that the angle and 

distance variations could be made without altering the location of the center 

orifice .of the triplet element (normally oxidizer orifice). The injection pat-

terns for the thrust per element, investigation (two of which are shown in Figs. 

2(b) and .(o)-) were distributed uniformly over the injector face area. , The dis-

tribution variations are not as drastic as those reported in Refs..7 and 8, but 

the differences could still .have accounted for:the change in stability charac-

teristics . . -= 

Stability Correlation 

• ., An analytical explanation of why stability should correlate with Vo/Vj>r 

or Wf/E will not be attempted herein, but it should be noted that the param-

eters could.'be modified to suggest physical processes such as liquid jet rigid-

ity, vaporization, and so forth. -i... : 

Attempts,, as yet incomplete, are being made to correlate the injection .. 

velocity ratio and the thrust per element data and to determine the chamber 

9 10 pressure effect with the aid of several combustion instability theories,*;-*, 

It was noted in these investigations that the mode of the generated instability 

shifted from the first radial or second tangential to the first tangential as 

velocity ratio, and fuel mass flow per element were increased..- It appears that 

'a correlation of Vo/Vfr, W~/E, and chamber pressure effects with Crocco's sen-

, sitive time lag.or Priem's burning rate parameter may be possible. - < • 

Acoustic Liners .••. ' 

A. Pratt & Whitney computer program based on Helmholtz resonator theory 

was used to design several acoustic liners that showed promise..of' damping the 

acoustical-mode instability encountered with the two particular combustor con-

figurations tested in this phase of the program. Spectrum .analysis indicated 

the modes of instability exhibited by both configurations to be primarily the 

first radial (4950 cps) with lower amplitude first and second tangential (2400 

and 3950 cps) and discrete high-order longitudinal modes. Combustor operating 

conditions were a chamber pressure of 100 psia and mixture ratios of 2.0 and'1.6. 

-12-



All perforated liner configurations', tested (Table II). in the marginally 

stable combustor ,_.(L ĵ — 42 in.) were successful ..in damping the largest RDX bombs 

possible.to ,test (45.2 grains), which produced^pressure disturbances as large • 

as 100 to 180 psi. (p.eak-to-peak). Without a liner, 10.4 grains or pressure dis-

turbances of 35 to 65 psi (peak-to-peak) would drive the combustor unstable. 

For the spontaneously unstable combustor that utilized the same injector with a 

chamber having an L* of .56 inches,- only four liner configurations were success-

ful. To ensure that the larger L* of the spontaneously unstable combustor 

(smaller ratio of liner surface area to total chamber surface area for constant" 

length liners) was not the reason why half of the liner configurations did not 

damp the instability, several unsuccessful liners were tested with spontaneously 

unstable injector/chamber configurations from the injection variables investiga^" 

tion. These configurations all had an L^" of 42 inches, similar to the margin-

ally stable combustor for the liner study. Test results were identical to that" 

of the L*" configuration! of 56 inches;; that is, instability was not. completely 

suppressed.. . . . . , , ...*,, , 

An input to the computer program for liner design is the .backing tempera- •' 

ture, or the. temperature of the gases behind .the liner. For a given combustor, 

this temperature varied with the size of the liner holes, and .the percent open •, 

area. By using-,the measured temperatures, the operating band on the theoretical 

absorption curves for the liners tested could be determined as shown in Fig. 12. 

The theoretical absorptivity (calculated for the first radial mode) of the: 

liners tested varied from 0..05 to 0.70. All liners damped the-marginally, stable 

combustor. With the spontaneously unstable combustor, only liner configurations 

with a theoretical absorptivity of. 0.30 or greater were successful. It can-be 

concluded that, for a marginally stable combustor, practically any liner design--

will damp the instability, but with a spontaneously unstable combustor,. only 

liners with.large.values of theoretical absorptivity will be successful. 

Liner position and length were found to be important factors. For the 

tangential-modes,, the liner should be placed adjacent to the injector. Minimum 
-13-
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liner length was also indicated, but data gathered do not define exactly the 

minimum effective.length and what function it is of injection variables or in-

stability modes-. -, . - • 

The slotted and cross liners tested to determine the effect of hole shape' 

on absorption characteristics demonstrated results similar to the round-hole, 

perforated liners. It appears initially that hole shape does not have a first-

order effect on liner effectiveness. 

Several flight-type liners for use with engines employing ablative cooling 

are being designed from the heat-sink liner test results for experimental eval-

uation. ".They include a ceramic liner made of zirconium oxide, a refractory 

metal liner., and an ablative liner. In addition, a regeneratively cooled liner 

Is in the design stage. 

SUMMARY : •'•''•• '-

Combustors, injectors, and liners were tested at chamber pressures of 100 

and 300 psia, at mixture ratios of 1.4 to 2.2, and in a 10^77-inch-diameter cy-

lindrical combustor with a contraction ratio of 1.89. The following results 

were obtained: . . - • •-••''.'• 

1. Performance was found to be a function of injection velocity ratio" ••'" 

V0/Vf and maximized at a ratio slightly less than that predicted by the Jet 

Propulsion'Laboratory's'uniform mixture ratio distribution" criteria-. 

2. Acoustical-mode combustion instability was affected by injection veloc-

ity ratio .and appeared ..to correlate with., a .ratio employing ,the.:,radial component 

.of ;the fuel injection velocity Vo/Vfr wjith .-a inar-jrow iband -of .maximum stability 

that .o.c.curs near maximum performance,. ' 
3. Impingement distance appeared to have only a slight effect on-stability 

and performance for the few configurations tested. . -

4., Thrust, or fuel mass flow, per element variation at various velocity 

ratios indicated an interrelation between Wf/E and V5/Vfr and, in order to 

obtain maximum stability and performance, a proper selection of both is neces-

sary. ' . 

5... A fuel-oxidant-fuel coplanar triplet was more stable but less efficient 
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than the oxidant-fuel-oxidant triplet. 

6. An alternating-grid injection pattern was more efficient but less 

stable than a circular injection pattern. . . 

7. Acoustic liners tested were very effective for damping acoustical- . 

mode combustion instability in that practically any liner design stabilized 

a marginally stable combustor and a good liner design (theoretical absorptivity 

greater than 0.30) stabilized a spontaneously unstable combustor. 
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(a) Photograph. 

RDX explosive bomb-\ 

Liner -s Nozzle 

Injector 

L Bomb ring 

(b) Illustration. 

Figures. - Perforated liner. Aperture diameter, 0.125-inch; 
thickness, 0.1875-inch; open area, 10 percent. 
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(a) Slot liner. 

(b) Cross liner. 

Figure 4. - Acoustic liners tested. 
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Figure 6. - RDX bomb data. 
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Figure 7. - Range of V0/Vf tested. 
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Figure 8. - Injection velocity ratio effect Fuel-oxidant-
fuel triplet; 90 elements; impingement, 60°, 0.5 inch. 
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(a) Impingement angle effect on performance. 
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(b) Impingement angle effect on stability. 

Figure 9. - Effect of impingement angle on stability and 
performance. Fuel-oxidant-fuel triplet; 90 elements; 
impingement, 0.5 inch; pressure, 300psia; oxidant-
f uel ratio, 2.0. 
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Figure 10. - Correlation of impingementangle and distance. Fuel-oxidant-fuel triplet; 90 elements; 
Pc, 300psia; oxidant-fuel ratio, 2.0. 



- S 
c S 
a> _ 

II to 
I 

<U O> 
S. <= 
O 3) 

1° 

S
O
 'S 
 ,- C 

3
(nt-
 ra 
 tS  «rt 

>- oooo
;? -~

OD

 s "is 
 e^g,^ 
 Sen 

o» o o en 

aI
-C

 g- i* 
 "oJ Q. 

O O <^ •_ *C 

I I 

8
g 

 ?i

*"•* 

tl 
11 .s

SUIBJ6 '3ZJS 

quioq 

NASA-CLEVELAND, OHIO E-3445 


	Structure Bookmarks
	STORABLE PROPELLANT COMBUSTION INSTABILITY 
	PROGRAM AT LEWIS RESEARCH CENTER 
	by William K. Tabata, Robert J. Antl, 
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	Lewis Research Center 

	TECHNICAL PAPER proposed for presentation at 
	Second Propulsion Joint Specialist Conference sponsored by the American Institute of Aeronautics and Astronautics Colorado Springs, Colorado, June 13-17, 1966 
	NATIONAL AERONAUTICS AND SPACE ADMINIST 
	STORABLE PROPELLANT COMBUSTION INSTABILITY ••'--.. PROGRAM AT LEWIS RESEARCH CENTER : • 
	-

	by William K. Tabata, Robert J. Antl, and David W. Vincent '.-.;'.:'.••_ Lewis Research Center 
	National Aeronautics and Space Administration  ; ."-. ABSTRACT . , "'."•' An experimental program at Lewis Research Center investigates acoustical-mode combustion instability in liquid propellant rockets. One , phase of this program is concerned with nitrogen tetroxide and a 50-50 fue^vblend of hydrazine-UDMH. Effects on combustor stability and performance by variations in injection velocities, impingement angle and distance, and . ^>, thrust per element of triplet injectors were studied in a 10.77-inch- . 
	Cleveland, Ohio " .
	-
	by using a ratio V
	0
	using the radial component of,,the fuel injection velocity V

	'•••'.'••••' - • -3 <& 
	for Vo/Vfr ranging from 0.8 to 2.8 yielded convex maxima :curves. Acous- ,_, _c' tic liners were also tested to improve a liner design computer program, to j » obtain design criteria, and to develop flight-type liners. A marginally 
	. ' ' X-52198 
	stable and a spontaneously unstable combustpr were used to evaluate, liner 
	configurations. All liners were effective in-the'marginally stable config
	-

	uration, and only liners with large theoretical absorptivity were success
	-

	ful in the spontaneously unstable combustor. , 
	INTRODUCTION 
	An experimental study of storable-propellant acousticalrmode combustion instability was conducted in the Propulsion Sciences Laboratory as part of an extensive program at Lewis Research Center investigating systematically the effects of injection variables on combustion instability in liquid propellant rockets. A propellant combination of nitrogen tetroxide and 50-50 fuel blend of hydrazine-UDMH was used in this phase of the program. The type of injector element tested was the coplanar-unlike-triplet, which
	-
	-
	-
	1

	Effects of the injection variables, which are injection velocities, ' impingement angle, impingement distance, and thrust per element, on rocket motor stability and performance were studied in a 10.77-inch-diameter cylindrical combustor at chamber pressures of 100 and 300 psia over a mixture ratio range of 1.4 to 2.2. The nominal thrust levels corresponding to the two chamber pressures were 6700 and 20 000 pounds. The range of variables investigated are presented in Table I. 
	-

	As a means of remedying combustion instability, several heat-sink acoustic liner configurations were also tested in the program at a chamber'_ pressure of 100 psia and mixture ratios of 2.0 and 1.6. The acoustic liners were tested with a spontaneously unstable and a marginally stable combustor to prove the relative effectiveness of the designs in improving an acoustic liner design computer program, obtaining design criteria, and developing flight-type liners. 
	-2
	-

	Stability rating the various'injector and liner configurations was accom
	-

	plished by subjecting the combustor to tangential pressure pulses generated by 
	, -.-'.
	-

	various size KDX explosive charges. .The KDX charges, or bombs, were detonated in tangential ports in the heat-sink combustion chamber wall during the steady-state portion of the test firings. Reproducibility of the KDX bomb pressure 
	\ . • ' . ' 
	disturbance was good and the KDX bombs proved to be satisfactory as a .stabil
	-

	ity rating technique. .' . 
	APPARATUS .'..'. 
	Combustor 
	The heat-sink rocket combustor (Fig. l) used in the injection variables studies was comprised of an injector, a bomb ring, a cylindrical spool piece, and a convergent-divergent exhaust nozzle with a contraception ratio of 1.89 and a nominal throat area of 48 square inches. The chamber had an inside diameter of 10.77 inches, and the distance from the injector to nozzle throat was kept constant at 23.5 inches, which resulted in a constant characteristic length L* of 42 inches. The inside surfaces of the mild 
	-

	All liners were tested with two combustor configurations utilizing the same injector, which had 487 triplet elements. The configurations were ' 
	(a) the 487 element triplet with an L* of 42-inch chamber, which was stable but could be driven unstable by a KDX bomb, and (b) the same injector with an L* of 56-inch chamber, which was spontaneously unstable from ignition. 
	The exhaust nozzle had an expansion ratio of 1.3 since test objectives did not require a large area ratio, and the nozzle losses were more accurately p'redicatable for performance calculations. . 
	Injector ' All injectors were tested as fuel-oxidant-fuel triplets at a chamber 
	-3- ' .' ... ''.. 
	pressure of 300 psia and also 100 psia, if the injection differential pressures were sufficiently large to ensure no "chugging-type" instability. Several of the-configurations were also tested as oxidant-fuel-oxidant triplets. Injectors.were flat-faced .and the orifice length-to-diameter ratios varied from a maximum of 12.5 to a minimum of 6'.0. . . 
	-
	-

	In addition to the injection variables listed in Table I, two types of injection patterns j(Fig. 2) were tested to determine the effect of pattern layout. In one case, the triplet elements were arranged in concentric rings (Figs. 2(a) and (b)), and the resultant impingement fans were all parallel to the chamber wall, whereas the second pattern was an alternating-grid (Fig. 2 (.c)) that had adjacent impingement fans normal to each other. 
	• ' . i .-.-'. Acoustic Liners ' • 
	The heat-sink,: .perforated acoustic liners tested (Fig. 3) were 0.1875 
	inch thick, made of mild, steel, and flame-sprayed with zirconium oxide.. Ap-. 
	• .-•••.'.' erture diameters were either 0.125 or 0.25 inch, and the open area ranged, from 2.5 to 20.0 .percent. Open area was calculated by summing the area of 
	the apertures in 1 square inch of the liner surface area. The resonator cavity behind the liners was 0.97 inch deep, and the axial length varied from 
	-

	10.0 to 2.5 inches.. Two slotted liners and one cross liner 0.1875 inch -thick were also tested to study the effect of the aperture shape (Fig. 4)-. The slots were either G.,.,0625 or 0.125 inch wide and ran the length of the 10.0ihch liner resulting in open areas of 5 and 10 percent. The cross liner had arms 0.125 inch wide and a 10-percent open area. All liners had three circumferential partitions similar to those shown in Figs. 3 and 4, which separated the resonator cavity into four compartments. 
	-
	-
	-

	RDX Explosive Bombs 
	The heat-sink bomb ring shown in Fig. 1 constituted a segment of the chamber and permitted detonating RDX explosive (MIL-R-398) bombs, which ranged in size from 1.6 to 45.2 grains, in the four tangential ports during the 
	steady-state portion of a test firing. In order to .eliminate the variables . 
	of bomb location and direction, the bomb ring was adjacent to the injector, for all injection variables tests, and the direction of the bomb ports was always counterclockwise as viewed upstream. The centerline of the ports was tangent to .a .circle 2 inches less in diameter than the combustion chamber inside diameter. .-.'..-' : 
	-

	The KDX bomb (Fig. 5) had an initiator consisting of an exploding bridge-wire (EBW) and 1.6 grains of PETN (pentaerythrite tetranitrate, MIL-P-387A) explosive to which were added various amounts of KDX explosive. A voltage greater than 2000 volts was required to initiate the bombsj therefore, stray KF •signals or static electric charges could not accidentally cause a detonation.' PE.TN has brisance characteristic very similar to KDX, but it is easier to detonate, electrically and, for this reason, was emplo
	-
	-
	-
	-
	-

	oflo w voltage. . ... Test Facility 
	 Test objectives did not require an altitude capability, but a Leyis altitude facility was used in order to handle the toxic exhaust gases, and any propellant spills that might occur. The propellant temperature was 65+11 °F 
	;
	-

	: throughout the test program. Wo attempt was made to reduce further this tem-perature variation. Instrumentation . , 
	The combustor and the facility were instrumented to record and monitor the normal operating parameters. Included were propellant tank pressures and 
	,'.'•• -5
	-

	temperatures, propellent .flow rates/:injection-pressures and temperatures, com
	-

	\ bust-ion chamber pressure, combustor thrust, and ambient conditions. Pressure measurements were obtained by strain-gage-type transducers, and temperatures were measured by iron-constantan thermocouples. Flov rates were indicated by turbine flowmeters. _ 
	• High-frequency piezoelectric pressure transducers"in water-cooled jackets, having a response flat to-6000 cps as installed, were mounted flush to the combustion chamber wall as shown in Fig. 1. The three locations on the combustion chamber provided a means to determine the frequency and .phase relation of pressure oscillations that facilitated identification of the modes of instability. 
	-
	-

	- Combustor and facility operating parameters were recorded on an oscillograph located .in the facility control room and on a digital data recorder for computer processing.- The data from the high-frequency pressure transducers and a signal to -indicate the initiation of the RDX bombs were recorded on magnetic tape. - . 
	-
	-

	PROCEDURE .''•'••'•'••Each injector or liner configuration was mounted in the test stand' and four RDX bombs of increasing grain size were placed in the four tangential' bomb ports. Program timers were used to sequence operation of the fuel and. oxidizer control valves for a 2.8- to 3.-8-second firing and'-to" sequence .-the firing of the four RDX bombs in a given order during the steady-state portion i •. • 
	 : 

	of the test at intervals of 100 milliseconds. An electronic controller regulated fuel and oxidizer mass flow rates, and in this manner the chamber- pressure and the mixture ratio were maintained constant throughout the firing-. 
	-
	-

	Analysis of the data from the high-frequency pressure transducers, transferred from the magnetic tape ontb an oscillograph at a slower, tape speed, determined which RDX bombs detonated and were damped, which RDX bomb drove the combustor into a sustained instability, and a first the modes and amplitudes of the resulting instability. These data were later processed- on a. spectrum analy-zer to obtain more exact • frequency and amplitude analysis.
	-
	-
	 estimate.of
	-

	-6
	-

	RESULTS AWP DISCUSSION. 
	The results of the various phases of this investigation are presented in 
	forms of. cross-plots in Figs. 8 to 11; that is,;.,stabili1by and performance data 
	for each .configuration tested were first plotted as a function of mixture ratio, 
	and then values at nominal mixture ratios of 1.6 and 2.0 and chamber pressures 
	of 100 and 300 psia were plotted as a function of the variables under investi
	-

	gation. 
	A brief description of the stability rating technique utilizing.the ^BDX 
	explosive bombs is presented herein followed by the discussion of the injection 
	velocity, impingement angle and distance, and thrust per element
	 effects..on. 

	combustor stability and performance. This section is concluded with an explan
	-

	ation of the; attempts to obtain an empirical relation between the injection 
	variables-;and stability and finally a discussion of the acoustic liner test re
	-

	sults ^ . . . . . . '• . .-.•••..• 
	,. .• -. . ,. Stability Rating Technique 
	As discussed earlier, the method employed to initiate high-frequency combustion instability was the detonation of various size.. RDX. explo.sive .bombs; in :-;ini,tial or .-maximum pressure spikes (which were usually not one and the same) produced . ;le. A, chemical augmentation by the combustion process, similar to the augmentation of pressure waves discussed in Ref. 2, masked the actual .pressure disturbances created by the -bombs resulting in large data scatter. This effect is illustrated graphically by 
	-
	tangential ports in the combustion chamber wall.... Attempts to. use .the
	by..the bombs proved to be an unsatisfactory stability rating sca
	-
	-
	-
	-

	.psi-wide bands, which ranged from a mean value of 10 to 80 psi as grain size varied, from 1.6 to 41.0 grains. The hot-firing bomb data plotted for several runs .yielded one band of 50 to 75 psi for both chamber pressures with mean values ,of^ 58 psi for .1.6 grains and 190 psi for 32.2 grains. Chemical augmentation 
	-

	-7
	-

	was probably the first cycle of aninstability -that either damped or became 
	 :

	cyclic. - -.'•'-•• 
	.The size of the explosive bomb was•used>-therefore> as a stability rating 
	scale.. It was. noted that, for a given injector configuration, chamber pressure, 
	and mixture .ratio, instability was repeatedly initiated by a particular bomb 
	size.-: Relative stability will be described in terms of the minimum bomb size 
	(in grains) required to induce a sustained high-frequency.combustion instabil
	-

	ity in the combust or'. . 
	.. ...... Injection Velocity Effects . • 
	Results of the liquid oxygen - hydrogen portion of the acoustical-mode combustion instability program at Lewis and tests by others have indicated that injection velocity ratio has a strong influence on combustion instability. For;the- storable propellant study, therefore, wide ranges of injection velocities and velocity ratios were investigated at chamber pressures of 100 and 300 psia and mixture ratios of 1.4 to 2.2 (Fig. 7 and Table I). The range of injection'velocity, ratios, which was limited by the fac
	3
	-
	;
	velocity to fuel velocity •'••'V

	<• 
	liquid oxygen - hydrogen:'studies, was-'employed, in' this Investigation, since ''the fuel was'Cohsideredotb'belthe controlling propellant. 'CalculationsRef.- 4 indicated the fuel'to be the slower-to vaporize. ...v. .•.,, The-.characteristic exhaust velocity efficiency T]Q* for stable operation and the.-.minimum bomb size required to initiate instability for the injectors configurations tested are presented in Fig. 8 as a- function of injection velocity ratio. the figure are cross-plotted data for chamber p
	:
	;
	!
	 based.on 
	-
	 Shown.in
	-

	measured chamber pressure. 
	Stability, as -shown in Fig.. 8, was-,.found to be a function of chamber pres
	-

	sure and injection velocity ratio. Correlations using absolute or differential injection velocities were attempted, but the best correlation appeared to be with a velocity ratio; At a chamber pressure of 100 psia and velocity ratios less than 1.3, the combustor was marginally stable since only the bomb initiator (1.6 grains) was required to promote instability when it was.not already spontaneously unstable from ignition. The trend of the data at a larger velocity ratio was toward increased stability. A char
	-
	-

	At a chamber pressure of 300 psia, the effect of injection velocity ratio orr-stability was more pronounced. A narrow band of maximum stability was found between velocity ratios of 1.0 and 1.4 within which bombs as large as 23.4 to 32.2xgrains.were required to drive the combustor unstable. Bombs of 6.0 to 
	10.4 grains were sufficient for ratios less than 1.0 or greater than 1.4... An interesting'observation was that peak stability occurred at slightly higher, velocity ratio than that for peak performance, and the combustors were less .stable at maximum and lower .levels -of performance. . • , , 
	-

	As was the case with stability, performance was a function of chamber, pressure and velocity ratio. .At a chamber pressure of 100 psia, the performance optimized at approximately 93.5 percent, whereas the peak performance value for a chamber pressure of '300 psia was about 95.6 percent. Optimum performance was' obtained for both chamber pressures at an injection velocity ratio of approximately 0,7, which was slightly less than the ratio predicted by the Jet Propul- ' sion Laboratory's uniform mixture ratio 
	-
	-
	-
	-

	fi " 
	for liquid-phase reacting propellants. The velocity ratio study injectors were primarily tested as fuel-oxidant*fuel triplets. Some of the injectors were also tested as oxidant-fuel-oxidant, . -9
	-
	-

	and for identical injection velocity ratios all were found to "be less stable and 
	higher performing. Testing of the oxidant-fuel-oxidant triplets ceased early in the test program because they proved to be very .bomb rings, chambers, and nozzles. . ... 
	 erosive.to
	-

	Impingement Angle and Distance 
	The effects of .impingement angle> and distance were investigated by varying the included impingement angle from the 60° used in the velocity ratio study to 38° and 120° as the impingement distance of 0.5 inch and the injection pattern were kept constant. Then with the 30° and 60° included impingement angles, holding, injection pattern and velocity ratio constant, the impingement distance was extended from 0.5 to 1.0 inch from the injector face. The chamber pressure and mixture ratio ranges were again 100 a
	. ..Effect of impingement angle variation with the 0.5-inch impingement distance ^is shown ...in Fig. 9 as a function of V/V.p for cross-plotted data .at. a chamber pressure of 300 psia and mixture ratio of 2.0. Performance continues to indicate a good correlation with absolute injection velocity ratio. The data for the two other angles lie very close to the curve for 60°. Stability data did not corroborate the trend found for 60°., therefore, in order to obtain a stability correlation, the. axial and radia
	-
	0
	velocity V
	-

	Shown also in Fig. 10 is the effect of varying the impingement distance as the impingement angle was kept constant at 30° and 60°. There appears to be only a minor effect for the configurations tested. Performance, which is not presented in the figure, also indicated only a minor effect of impingement distance.. 
	-
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	-

	• • 'Thrust -Per Element 
	The thrust, or fuel mass flow, per element investigation utilized the 60° impingement angle and nominal 0.5-inch impingement distance. Injectors with 50, 101, 201, and 401 elements arranged in a circular pattern and injectors with 52, 104, and 208 elements arranged in an alternating-grid pattern were tested at chamber pressures of 100 and 300 psia and various injection velocity ratios (Table I and Fig. 2). Cross-plotted data at a mixture ratio of 2.0 are presented in Figs. ll(a) and (b) for chamber pressure
	For circular patterns, at a nominal velocity ratio of. 1.8, and chamber pressures of 100 and 300 psia, the data resulted in convex maxima curves; that is, stability and performance increased to a maximum and then decreased as fuel mass flow per "element increased. Performance trends were similar at a velocity ratio of 2.8 and chamber pressure of 300 psia, but stability was different. Stability continued to increase with increase in W^/E with a possible maximum at a larger value of Wf/E than tested. An inter
	The alternating-grid injection pattern resulted in a decrease in maximumstability and a 1 to 2 percent increase in performance compared with that of the circular pattern, as seen in Fig. 11. It is believed that the"blow-apart" phenomenon and the alternating fans that would produce a second mixing zone are the' reasons for the improved performance and subsequent reduced "Stability. 
	:; 

	Attention should be brought to the fact that maximum stability for the thrust per element study was not as great as that encountered in the velocity ratio investigation. There are two possible explanations for this anomaly, namely (a) that the thrust per element configurations were not tested in the maximum stability band since the interrelation between Vo/Vfr a^ W~/E was unknown and (b) that the difference in circular injection patterns used in the two investigations had an effect. Comparison of the two pa
	Fig. 2. The 90-element circular pattern (Fig. 2(a)) used in the V
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	-

	had elements in a slightly nonuniforw areadistribution so that the angle and 
	;

	distance variations could be made without altering the location of the center 
	orifice .of the triplet element (normally oxidizer orifice). The injection pat
	-

	terns for the thrust per element, investigation (two of which are shown in Figs. 
	2(b) and .(o)-) were distributed uniformly over the injector face area. , The dis
	-

	tribution variations are not as drastic as those reported in Refs..7 and 8, but 
	the differences could still .have accounted for:the change in stability charac
	-

	teristics . . -= 
	Stability Correlation 
	• ., An analytical explanation of why stability should correlate with Vo/Vj>r or Wf/E will not be attempted herein, but it should be noted that the parameters could.'be modified to suggest physical processes such as liquid jet rigidity, vaporization, and so forth. -i...
	-
	-
	 : 

	Attempts,, as yet incomplete, are being made to correlate the injection .. velocity ratio and the thrust per element data and to determine the chamber 9 10 
	pressure effect with the aid of several combustion instability theories,*;-*, 
	It was noted in these investigations that the mode of the generated instability 
	shifted from the first radial or second tangential to the first tangential as 
	velocity ratio, and fuel mass flow per element were increased..- It appears that 
	'a correlation of Vo/Vfr, W~/E, and chamber pressure effects with Crocco's sen, sitive time lag.or Priem's burning rate parameter may be possible. - < • Acoustic Liners .••. ' 
	-

	A. Pratt & Whitney computer program based on Helmholtz resonator theory was used to design several acoustic liners that showed promise..of' damping the acoustical-mode instability encountered with the two particular combustor configurations tested in this phase of the program. Spectrum .analysis indicated the modes of instability exhibited by both configurations to be primarily the first radial (4950 cps) with lower amplitude first and second tangential (2400 and 3950 cps) and discrete high-order longitudin
	-

	-12
	-

	All perforated liner configurations', tested (Table II). in the marginally  — 42 in.) were successful ..in damping the largest RDX bombs  ,test (45.2 grains), which produced^pressure disturbances as large • as 100 to 180 psi. (p.eak-to-peak). Without a liner, 10.4 grains or pressure disturbances of 35 to 65 psi (peak-to-peak) would drive the combustor unstable. For the spontaneously unstable combustor that utilized the same injector with a chamber having an L* of .56 inches,- only four liner configurations 
	stable combustor ,_.(L
	^j
	possible.to
	-
	-
	-

	An input to the computer program for liner design is the .backing tempera- •' ture, or the. temperature of the gases behind .the liner. For a given combustor, this temperature varied with the size of the liner holes, and .the percent open •, area. By using-,the measured temperatures, the operating band on the theoretical absorption curves for the liners tested could be determined as shown in Fig. 12. 
	The theoretical absorptivity (calculated for the first radial mode) of theliners tested varied from 0..05 to 0.70. All liners damped the-marginally, stable combustor. With the spontaneously unstable combustor, only liner configurations with a theoretical absorptivity of. 0.30 or greater were successful. It can-be concluded that, for a marginally stable combustor, practically any liner design-will damp the instability, but with a spontaneously unstable combustor,. only liners with.large.values of theoretical
	: 
	-

	Liner position and length were found to be important factors. For the tangential-modes,, the liner should be placed adjacent to the injector. Minimum -13
	-

	liner length was also indicated, but data gathered do not define exactly the minimum effective.length and what function it is of injection variables or in
	-

	stability modes-. -, . - • 
	The slotted and cross liners tested to determine the effect of hole shape' on absorption characteristics demonstrated results similar to the round-hole, perforated liners. It appears initially that hole shape does not have a first-order effect on liner effectiveness. 
	Several flight-type liners for use with engines employing ablative cooling are being designed from the heat-sink liner test results for experimental evaluation. ".They include a ceramic liner made of zirconium oxide, a refractory metal liner., and an ablative liner. In addition, a regeneratively cooled liner Is in the design stage. 
	-

	SUMMARY •'•''•• '-
	 :

	Combustors, injectors, and liners were tested at chamber pressures of 100 and 300 psia, at mixture ratios of 1.4 to 2.2, and in a 10^77-inch-diameter cylindrical combustor with a contraction ratio of 1.89. The following results were obtained: . . - • •-••''.'• 
	-

	1.
	1.
	1.
	 Performance was found to be a function of injection velocity ratio" ••'" V/Vf and maximized at a ratio slightly less than that predicted by the Jet Propulsion'Laboratory's'uniform mixture ratio distribution" criteria-. 

	2.
	2.
	 Acoustical-mode combustion instability was affected by injection velocity ratio .and appeared ..to correlate with., a .ratio employing ,the.:,radial component 


	.of ;the fuel injection velocity Vo/Vfr wjith .-a inar-jrow iband -of .maximum stability that .o.c.curs near maximum performance,. ' 
	3. Impingement distance appeared to have only a slight effect on-stability and performance for the few configurations tested. . 
	-

	4., Thrust, or fuel mass flow, per element variation at various velocity ratios indicated an interrelation between Wf/E and V5/Vfr and, in order to obtain maximum stability and performance, a proper selection of both is neces
	-

	sary. ' . 
	5... A fuel-oxidant-fuel coplanar triplet was more stable but less efficient -14
	5... A fuel-oxidant-fuel coplanar triplet was more stable but less efficient -14
	-

	than the oxidant-fuel-oxidant triplet. 
	6.
	6.
	6.
	 An alternating-grid injection pattern was more efficient but less stable than a circular injection pattern. . . 

	7.
	7.
	 Acoustic liners tested were very effective for damping acoustical- . mode combustion instability in that practically any liner design stabilized a marginally stable combustor and a good liner design (theoretical absorptivity greater than 0.30) stabilized a spontaneously unstable combustor. 
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	C-74648 
	C-74648 
	C-74648 
	C-74648 
	(b) Illustration. 
	Figures. - Perforated liner. Aperture diameter, 0.125-inch; thickness, 0.1875-inch; open area, 10 percent. 
	C-65-2887 
	(a) Slot liner. 
	(b) Cross liner. Figure 4. - Acoustic liners tested. 
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