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by William K. Tabata, Robert J,'Antl,i'
" and David W. Vincent |

Lewis Research Center -
~-National Aeronautics and Space Admlnlstratlon
.Cleveland, Ohio -

ABSTRACT

An experimental program at Lewis Research Center investigates -
acoustlcal—mode.combustion instebility in liquid propellant rocketsf'ﬂOne,a

phase of this program is concerned with nltrogen tetrox1de and a 50- 50 fuel~
s;-‘. AN

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

variations in injection ve1001t1es, 1mp1ngement angle and dlstance, and

thrust per element of triplet injectors were studied in a 10 77 1nch-

diameter cyllndrlcal combustor at chamber pressures of 100 and 300 ps1a.

Nominal thrust levels were 6700 and 20 000 pounds. . Stablllty ratlng was

accomplished by the use of variocus size RDX explosive charges to generate
tangential pressure disturbances. The injection velocity effect correlated
Stability correlation with VO/Vf resulted in-a

. Performance -

by using a ratio Vo/Vf,
sharply humped curme with maximum stability at a ratio of 1.2

decreased with increase in VO/Vf after a maximum at 0.7, which agreed
fairly well with the "uniform mixture ratio.distributlon":criteria of the .

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

indicated that performance correlated w1th the absolute ve1001ty ratlo

O/Vf, but stability correlatlon appeared -to be best w1th a Veloc1ty ratlo Eg
Imp 1nge- é?

- E

)

)”'

using the radial component of the fuel 1nJect10n ve1001ty Vo/Vfr

: =
ment distances from 0.5 to l O 1nch appeared to have only sllght effect on é§
‘<t
4 )
= g
3
20

stablllty and performance. Investigation of 1nJector thrust.per element
for V,/Vp, ranging from 0.8 to 2.8 yielded convex maxima curves. Acous-

e,

-~
tic liners were also tested to improve a liner design computer program, to. ;[ @
. _ ‘ : 3 g8

' L -

obtain design criteria, and to develdp flight-type liners. A marginally :
. A . X-52198



stable and a spontaneously unstable combustor were used«to evaluate. liner
configurations. All liners were effeetive'inithe‘marginaliyiStable ebhfigfﬁ"‘
uration, and only liners with large theoretical absprptiVit&lwere]suCCees;‘ o

ful in the spontaneously unstable combustor.

INTRODUCTION

An experimental study of storable-propellant acqusticaiqmede eombﬁsfj
tion instability was conducted in the Propulsion Scienées Laboratory as
part of an extensive program at Lewis Researcﬁ'centef‘in?estigeting'syétem;
atically the effects of injection varisbles on combuetionfinstability in |
liquid propellant rockets. A propellant combination.of nitrogen tetrdxidee>_e
and 50-50 fuel blend of hydrazine-UDMH was used in this phase of the pro-k'
gram. The type of 1nJector element tested was the. coplanar-unllke trlplet
which has demonstrated hlgh performance capabllltles.w1th thls~propellant-.fff~
combination.t -' |

Effects of the injection variableé, whieh;are iﬁjeeinn'Veloeiﬁies;::fe
impingement angle, impingement distance, and thruet per'eiemeﬁt, on recket3
motor'sﬁability and performance were studied in a 10.77-iﬁch-diameter Cylie;-"
drical combustor at chamber pressures of lOOvand Soo‘peia 0vef a mixtufeix
ratio range of 1.4 to 2.2. .The nominal thrust.levels eojresponding-£Q thef
two chamber pressures were 6700 and 20 000 pounds. The.renée of variables
inVestigated are presented in Table I.

As a means of remedying combustion instability,:seveféiiheaf-Sihk.'
acoustic linef configuratiohs were~also-teeted in the‘program at a'chembefi"
pressure of 100 psia and mixture ratios of 2.0 and 1.6. The acoﬁstic:~
liners were tested with a spontaneously unstable and.a marginally'sﬁable'
combustor to prove the relative effecfiveness of the designsliﬁ imprbving.
an acoustic liner design computer progrem, obtaining'desigﬂ eriﬁefia;vand

developing flight-type liqers.



Stability rating the various\injector.and liner configurations.wasAaccom- '
plished by subjecting the combustor to tangential'pressure~pulses:generated-by
various size RDX explosive charges. The RDX charges, or bombs, were detonated
in tangential ports in the heat sink combustion chamber‘wall during the steady:
state portion of the test firings. Reproduc1b111ty of the RDX bomb pressure
disturbance was good and the RDX\bombs proved to be satisfactorvxas a:stabilQVd
ity rating technique. | | |

| APPARATUS
Combustor

The heat-sink rocket combustor (Fig. 1) used in the injection variables

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

and a convergent-divergent exhaust nozzle with a cOntra@tin1ratio of‘lg89'and’ o

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 wasdkept‘p-
constant at 23.5 inches, which resulted in a constant characterlstic lenéth :-
IU* of 42 1nches. The inside surfaces of the;mild steel chamber and erhaust;
nozzle were coated with 0.0lé inch of nichrome and then with_0.0l8 inch.df
flame-sprayed zirconium oxide, which permitted firings of 3i8'seconds dura+_
tion at chamber pressures of 100 and 300 psia without excessive erosion.‘

All liners were tested with two combustor configurationSfutilizing the
same injector, which had 487 triplet elements. The configurations were .
(a> the 487 element triplet with an L* of 42-inch chamber,'whichfwas'stable
but could be driven unstable by a RDX bomb, and. (b) the same 1nJector w1th an
L% of 56-inch chamber, which was spontaneously unstable from 1gn1t10n. |

The exhaust nozzle had an expansion ratio of 1. 3 since test obJectlves
did not require a large area ratio, and the nozzle losses were more accurately
predicatable for performance calculations.t |
| Injector

All injectors were tested as fuel-oxidant-fuel triplets at a chamber
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’ ’ . o o
pressure of 300 psia and also 100 psia,; if the injection-differential pres-

sures. were sufficiently large to ensure no "chugging-hyﬁe““iﬁstébility.-VS¢v4
eral of the configurations were also tested as éxidént-fﬁelQOXidantﬂtripiets;
Injectors were -flat-faced .and the orifice length-toédiaﬁéter ratios véﬁied
from a maximﬁm of 12.5 to a minimum of 6.0. -

In addition to the injection. variables listed in Taﬁlé'I;-two tYpés~6f .
injection patterns (Fig. 2) were tested to aetermine the'effect of péptern ,’
layout. 1In one case, the triplet elements were arréngéd iﬁ_édnceﬁt}ic rinéé
(Figs. 2(a) and (b)), and the resultant impingement fans were all parallel to -
the chamber wall, whereas the second pattern was an altérnating-gfid (Fig} 2 :ﬂv'
(c)) that had adjacent impingement fans normal to each other. | | |

S cee Acoustic Liners

The heat-sink, perforated acoustic liners tested (Fig. 3)‘wefe 0.1875
inch thick, made of mild steel, and flame-sprayed with zircqniuﬁ oxidemj.Ap-.
erture diameters were either 0.125 or 0.25 inch, and théAbpen'aréa rahééa; |
from 2.5 to 20,0.§ercent. Open area was calculated'b&:SQmming_theaareé of'.
the:apertures in 1 square inch of the liner surféce afea; fThevresonatOr cav-
| ity behind the liners was 0.97 inch deép, and the axial ieﬁgtﬁ'varied fnoﬁ'
10.0 to 2.5 inches.. Two.slotted liners and one cross. liner 00,1875 inch thick
were also tested to study the effect of the aperture shape (Fig. 4),V:Thé' |
slots were either 0.0625 or 0.125 inch wide and ran.thé-length of the,l@.é-‘
ihch :liner resulting in open areas of S‘and 10 -percent. ;Thelcross linér had
arms 0.125 inch wide and a 1O-percent open area. All iiners had thr¢evcirs
cumferential partitions similar to those shown in Figs{‘S éﬁdiég‘WhiCh sepa-f
rated the resonator cavity‘iﬁtb four compartments. o |

| RDX Explosive Bombs

The heat-sink.bomb ring shown in Fig. 1 constituted'agségﬁént of thé'
chamber and permitted detonating RDX éxplosive ‘.(MIL-R-'398) bombs, which réngeci
in sizé from 1.6 to 45.2 grains, in the four tanéenfial porté'during.the
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steady-state portion of a test firing, In order-terliminété.thé Variables:
of bomb location and direction, the bomb ring was adjaéenf fo»ﬁhe'iﬁjecfo;-
for ali injection variables tests, and the direction of the bbﬁb pdrté*waﬁ
-always counterclockwise as viewed ﬁpstream.' The centerline bf'thé:porfs was:

" tangent to_a:circle’z inches. less in diemeter thanlthe CCmbﬁstion_éhamber-iﬁ-'
" side diameter.

The RDX bomb (Fig. 5) had an initiator consisting of an explpding,bridge— g
wire (EBW) and 1.6 érains of PETN (pentaerythrite tetfanitrafé, MILeP-SSfAj
explosive to which.were>addéd various amounts of RDX explosive. A voltage
gfeaﬁérhthan 2000 volts was reguired to initiate the bombs; théxefore, straj
RF-signals or static electric charges could not.accidentally éause~a détgnaQ.
tion.* PETN has brisance characteristic very,similar toARDx;_but it is ea-
sier to detonate. electrically and, for this reason, was eméloyed.in tﬁeuini- .
tiator. The RDX was 98-percent RDX and 2-percent steric acid, moldeg_iﬁ
tablets 0.10 inch thick, 0.368 inch in diameter, and c’ontairiipg,_z;.zx grains.
Bomb sizé could be changed simply by Varying the numﬁeilgf-RDX‘tabletg_ésséﬁ-
bled -with the initiatof. The bomb was insulted from the'hotfcombustion géSéé
by a plastic cap, and the assembly was placed 1.0 inch from the chamﬁer.in— :
side surface iﬁ one of the bomb ports. Reliabiiity oflthese.ﬁombé was-gpod,ﬁ
although a small percentage of the bombs did-not detonatejas programed because
of.low voltage.- | | |

Tesf Facility

Test objectives did not réquire an altitudeAcaﬁébiiity, but a'Lewis al-

- titude fécility was used in Order‘to handlelthe td%}cbexhaust’gases,and;any

propellant spills that might occur. 'The propellaﬁt témpe;éture was Sstil Op

[throughout the test program. Novatteﬁpt was madelfo.reduce‘furthef this tém-

peraturévvariafion. | - .
iﬁstrumentatioh=

The cbmbpstor apg the'facility were iﬂétrﬁmen%éd t§ record and mohitor

the normal operétinngarameters. Included were propellant tank preésures and
. , ' s _ _



° temperatures, propellant .flow rates,:injection-:pressures and temperatures,fcomr'
' \ ) .

bustion chamber pressure, éombustor thrust, and ambient-éonditionsr'_Preséure
measurements were obtained by strain-gage-type trahéducérs,_and:temperatﬁres
were measuréd by iron-constantan thermocouples. Flow rates were.ihdicétédibyli
turbine flowmeters. : : -

High;frequency piezoelectric pressure transducers'in'Vafef-c061ed jackéts;
having a response flat to -6000 cps as installed, were mounted flush to the~eom->
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 identificatién of the modeé of insfability. 

-:Combustor and facility operating ?arameters were fécordéd on an‘OSéiliQe
graph.located.in the facility control room and on a digital data recorder for
computef processingw; The data frbm the high-freqﬁency‘preSsuré transducers
and a signal to -indicate the -initiation of the RDX bombs‘wéfe.recorded-on magf-
netic tape.- |

'PROCEDURE

Each injector or liner configuration was mounted in thé-teét.sﬁaﬁdfandA_
four RDX bombs of increasing grain size were placed in the four taﬁgénﬁialm
bomb. ports.. Program timers were used to sequence operation of the fuel and.
>oxidizer control valvés for a 2.8- tq 3.8-second firing éntho'sequence{the :
firing of the four RDX bombs in a given order during the steady;state-portibn
of the test at intervals of 100 milfiseconds. An electrbﬁic coﬁtroller 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 firihg;

.o

Analysis of the data from -the high-frequency pressure transducers,vtransQ
ferred from the magnetic-tape onfb-an oscillograph at a-slowe?.tape speed, ae-
terminéd which RDX bombs detonéted and were damped, which RDX bomb drove the
combustor into a sustained instability, and a.first estimate. of the.modes ahd
amplitudes of the resulting instability. These data were later processed-on‘a.

spectrum analyzer to obtain more exact frequency and amplitude énalysisw
-6-
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RESULTS AND DISCUSSION.

The results of the various phases of thiS‘investigatibh_afe'presentedfin
forms of: cross-plots in Figs. 8 to 1ll; that is, . .stability and berf@rménce‘data
for,each;gonfiguration‘tested'wére.firét-plotted as a fﬁnction:pf mixture ratiqA
and then.values_at nominal mixtﬁ;e ratios of 1.6 and 2.0 aﬁd chamber preséurés
of 100 and 300 psia were plotted as a function of;the'variables under investi-
gation. |

A Dbrief description of the stability rating techniqﬁe-utilizing,the;RDX
.explosive bombs is -presented herein followed by the diécussion.of thg injeéfion
velocity, impingement angle and distance, and thrusf per element effects on
combustor stabiiity and performance. This section,is.cohcludea witﬁ anvéﬁplanf
ation of the attempts to obtain an empirical relation between thé injec;ion
variables.and stability and finally a discussion of the aéousfié,liner fgst,réé
sults., |

‘Stability Rating Technigue

As discussed earlier, the method employed to initiate high;fréquénéy>com-,
bustion.instabiiify was. the detonation of various sizé"RDXzeXPiQsivegbombgéin
tangential ports in the combustion chamber wall. . Attemptg to.use‘the;iﬁi¢ial
or maximum pressure §pikes (which were usually notféne and'the same) préduced
by.-the bombs proved to>be an unsatisfactory stability ratiné scale. A;épemi-
cal augmentation by the combustion process, similaf to the augmentationﬁof»pres-
' sure: waves discussed infRef% 2, maséed the actuél,preséure disturbances‘éreated
by the ‘bombs resulting in large data scatter. This effect is iilustfated_graph—
ically by comparing the hot firing and cold (helium-pres;ﬁriéed‘chamber) méxi-
mum pressure spikes as a function of bomb size presented in Fig.‘G, The cold
bomb- data for chamber pressures. of 100 and 306 psia resulted in two 5- fo i5=
‘psi-wide bénds, which ranged from a mean value of 10 to 80 psi as gfain size.
varied from 1.6 to 41;O_grains. The hot-firing bomb data_piétted for several
runs .yielded one band of 50 to 75 psi for both chamber p#essurés with mean val-

ues of* 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‘ihéﬁabilitthhat either damped or became
cyclic.

-The size of the explosive bomb'was‘ﬁSedyvtherefore, as}a,stability rating
scale.. It was noted. that, for a given injectqr configuration, chamber pressure,u
and mixture ratio, instability was repeatedly initiated by a pérticular bomb
‘sizes  Relative stability will be described'in termé of the minimum ‘bomb size
(in grains) required to induce a sustained hiéh-frequency,combustion instabil-
ity in fhe combustor. . | |

Injection Velocity Effects

Results . of fheiliQuid oxygen - hydrogen portien of thé acdﬁsticalhque
combustion instability program at Lewls and tests by othéi-s3 have indicated -
that injection veloecity ratio has a strong -influence on'cqmbustion instability.
For;the~storable~pnopeilant study, therefore, wide-fanges of injection Veloci¥ 
ties and velocity ratios were investigated at chamber preésures_éf 100 and
300 psia and mixture ratios of 1.4 to 2.2 (Fig. 7 and Table I). The range of
injectionfvelocityaratios, which was limited by the facility propellant“éysteﬁé,
was approximately 0.5 to 2.5. It<éhould be ﬁbted that the ratio thoXidizef
velocity to fuel velocity “Vy/V, which is the inverse of the ratic used”ih the
ligquid oxygen < hydrogen:studies, VasﬁemployédJihithisfinvestigation,”Sinée5the
fuel wasiconsidered:to.be’ the controlling p&f'op4elll‘a;‘r'1t‘. --»iC'alc'uiat'io'ﬁs basé&'bh- |
Ref. 4 . indicated the fuel to.be the slower-to-vaporize. - T
-0 The .characteristic exhaust velocity efficieﬁcy nC* for stable opératipn
and the minimum bomb size required to initiate instability for the injectors
configurations tested are presented in Fig. 8 as‘a'fuhétion of injeétion véloc-
ity ratio. -‘Shown-in the figure are cross-plotted dafa'for chamber pressures of
100 andHSOO.psia at propellant mixture ratios of 1.6 and 2.0; Combustorvper-

i
i

formance values nc* were based on vacuum specific impulse efficiency, as was

done.in.Ref. 1, since this method resulfed in better accurac&,than the use of
measured chamber pressure.

-8=
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Stability, -as shown in Fig. 8, was.found to be a functioﬁ of chaﬁbér prés-
sure and injection Velocify ratio. Correlations using>absolu£e or differential
injection Velocities were attempted, but the best cqrreiatioﬁ appeared to_be
with a velocity ratio. At a chamber pressure of 100 psié aﬁd Qelocity ratios
less than 1.3, the combustor was marginally stable since only the bbmb initia-
tor (1.6 grains) was required to promote instability.when if vas not already |
spontaneously unstable from ignition. The trend éf the data at a larger veloc-
ity ratio was toward increased stability. A charge of 6.0 grains ﬁas required
to induce instability at a velocity ratio of 1.7.

At a chamber pressure of 300 psia, the effect of injéétion velocity ratio
on.stability was more pronounced. A nérrow band'bf maximuﬁ éfability was found
between Velocit& ratios of 1.0 and 1.4 within which bombs as‘large as 23.4 to
32.2: grains-were required to drive the combustor unstable.. Bombs of 6.0 to
10.4 grains were sufficient for ratios less than 1.0 or greafer than 1.4.. An‘
interesting observation was that peak'stabilify occurred at slightly Highgr‘ve-'
locity ratio than that for peak performance, and thé éombustofs were ieSSystablé '
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 pefformance
optimized at approxiﬁately 93.5'percent, whereas‘tﬁe peak‘pérférmance vélue for
a chamber pressure of 300 psia was about 95.6 percent.‘ Optimum performance was -
obtained for both chamber pfessures at an injecfion velocitjifatio of approXi-
mately 0.7, which was slightly less than the ratio predicted by the Jet Propul- -
sion Laboratory’s'hniform mixture ratio distribution”criteria.® The optimum
velocity ratio for the configurations tested, based on the aforementioned cri-
teria, wés épproximately 0.95. The discrepancy be£ween the predicted and ex-
perimental values Wasvpossibly due to the "blow-apart™ phenoﬁenbn postulated
for liquid-phase reacting propellants.6 | |

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

fuel triplets. Some of the injectors were also tested as oxidant-fuel-oxidant,
S Z9-



- and_for.identical iojection velocity ratios all were.found to be less staole 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, and- 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 6007includedvimpingement angles,
holding injection pattern and velocity ratio constant, the'impingement distance
was extended from 0.5 to l;O inch from the injector face. The chamber pressure
and mixture ratio renges were again 100 and 300 psia ana 1.4 to.2.2.-
" .. .Effect of impingement angie variation with the'0.5-inoh'impingement dis-
tance is shown . in FPig. 9 as a function of Vo/Vf - for crosepplotted data at . a
chamber pressure of 300 psia and mixture ratio of 2.0. " Performance continues
to indicate a good correlation with absolute injection relocity=ratio. The -
‘data for the two other'angles lie very close to the curve for 606. Stability
data did not corroborate the trend found forlsoo, therefore,-in order to -obtain
a stability correlation, the. axial and radial components of fhe fuel injection
velocity' Veg and Ve 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/Vfr: but neither correlation is strong since no configurationS;employing the
350 and lZOd impingement angle were tested with velocity ratios in the'band,of
ﬁaximum 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 oonfigurations tested. Performance, which is not
presented in the figure, also indicated only a minor effeot.of impingement dis-

tance..
-10-
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“Thrust Per Element

The thrust, or fuel mass flow, per element investigation ufilized the 60°
impingement angle and nominal 0.5-inch impingement distance;’ilnjectors with
50, 101, 201; and 401 elements arranged in a circular.pattérn 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 vafious injection velocity
ratios (Table I énd Fig. 2). Cross-plotted data at a mixture ratio of 2.0 are
presented in Figs. 11(a) and (b) for chamber pressures of 100 énd 300 psia.

For circular patterns, at a nominal velocity ratio of'l;8, and chamber
pressures of lOQ and 300 psia, the data resulted in coﬁvex maxima curves; that
is, stability and performance increased to a maximum andﬂtheﬁ decreaéed as fuel
mass flow per element increased. Performance trends were similar at a Velocity
ratio of 2.8 and chamber pressure of SOO.psia, but stability was different:
Stability continued to increase with increase in WffE ‘with a possible maximum
at a larger value of Wg/E than tested. An interrelaﬁion~bétﬁeen VO/Vfr and
Wf/E -1s apparent and in order to obtain maximuﬁ stabiliﬁy-ahd performancé; it
may be necessary to select proper combinations of Vo/vfr ahd wf/E. 3

The alternating-grid injection pattern resulted in é deCfease in maximum®
stability and a 1 to 2 pércent increase in performance cbmpared with that of -
the circular pattern, as seen in Fig. il. It is félieved that the"blow-apaftﬁ
phenomenon and the  alternating fans that would produce a second mixing Zone are
the reasons for the improved performanqe and subsequent reducea'stability.

Attention should be brought to the fact that maximum stability for the
thrust per element study was notAaé great as that eﬁcounteréd in the ‘velocity
ratio investigation. There are two possible explanations fof this anomaly,
namely (a) that the thrust per element configurations were hot tested in fhe
maximum stability band since the interrelation between VO/Vf; and wf/E was
unknown and (b) that the difference in'circular injection fatterns 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/Veyr study
-1%-



had elements in a slightly nonuniform#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 (c)) were distributed unifofmly 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 chanée in stability charac-
. teristics.
Stability Correlation

-An analytical explanation of why stability should correlate with VO/Vfr
or Wf/E will not be attempted herein, but it should be noted that the param-
" eters could:be modified to suggest physical processés such as liquid jet rigid-
ity, vaporizdtion, and so forth. |

Attempts, as yet incomplete, are being made to correlate the injection
velocity ratio and the thrust per element data and to determine the chambgr
pressure effect with the aid of several combustion instability theories.22 10
It~was'notéd 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, wf/E, and chémber pressure<effécts with Crocco's sen-
sitive time lag or Priem's burning rate parameter may be possible.

| Acoustic Liﬁers
A,Pratt.&QWhitney computer program based on Helmholtz resonator theory

was used to design several acoustic liners that éhowed promise. of damping the
acouétical-mode instability encountered with the two pérticular COmbustor_conT
figurations tested in this phase of the program. Spectrum analysis indicated
the modes ofain§tability exhibited by both configurations éo be primarily the
first radial (4550 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-



A1l perforated liner configurations. tested (Table II)\in the marginally
stable,combustor;(L*7= 42 in.) were sucéessful,in dampingithétlérgeét RDX bombs
possible-to.test (45.2 grains), which produced pressure diétqrbances as large
" as lOO,to-iBO psi. (peak-to-peak). Without a linér,310.4 grains or preséure dis-
_tufbancesvof_SS to 65 psi (peak-to-peak) would drive the combustor unstéble.

For the spontaneously unstable combustor that utilized the Same'injectoj with a

chamber having'an L¥* ofA5§—inches, only four liner'coﬁfigﬁraﬁioﬁs were success
ful. To ensure that the larger .L*. of the spontaneously unstable'combﬁstor
(smaller ratio of liner surface area to total chémber surface- area for cdnstant*
lengfh‘liners) was not the reason why half of the liner gonfigurations did not
damp the instability, several unsHCEessful linérs were tested with spontaneéuély
unstable injeétor/chamber configurations from the injectioﬁ variables investiga="
tion. These configurations all had an L¥* of'42 inches, similar to the margin-
ally stable combustor for the liner study. Test resultslwere identical to that”
of the L¥* configuration: of 56 inches;. that is, instabilit&.was,not;completely v
suppressed. . . ‘ j I 1@_ . |
An‘input to the computer program for liner design is fhé.backing,temperé—.ﬁm
ture, or the;temperaturé of the gases BehindAthe.liner; For a given combustor, -
this temperature varied with the size of the liner holes. and .the percént openr::
area. By ugingzthe_méasured tempefatures, the‘operating-band”bn the theoretical
absorption curves for the liners tested could be determihed"as s.’hown in Fig, 12':'
.The theoretical absorptivity (calculated for the'fifsf radial mode) of the;u
liners tested varied from 0.05 to 0.70. All liners damped thenmarginally»stable
combustor. With the spontaneously unstable combustor, only liner COnfigurétiong
with a theoretical absorptivity of 0.30 or greater were successful. it can'be'
concluded fhat, for a marginally stable combustor, practica11§ any liner designf
will damp the instability, but with a spontaneously”unstabie combustof,.pnly“
liners with large values of theoretical absorﬁtivity wili be_suédgssful. |
Liner position and length were found to be impbrtant factors. For the

tangential: modes,. the liner should be placed adjacent to the injector. Minimum{
-13-


https://possible.to

liner length was' also indicated, but data gathered do nof‘define exactly the
minimum effective.length and what function it is of injection Variables'ornin-'
stability modes.

The slotted and cross liners tested to determine the effect of hole.Shape”
on absorppion characteristics demonstrated results similar to the round-hole,
perforated liners. It appears initially phat hole shape does.not'have a first-'
order effect on liner effectiveness. | |

Several flight-type liners for use mith‘engines employingnablafive 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. ln addipion, a regeneratively cooled liner
is in'the:design stage.

SUMMARY

Combustors, injectors, and liners were teésted at chamber pressures'of lOO; o
and 300 psia, at mixture ratios of 1.4 to 2.2, and in a 10. 77 inch- dlameter cy-v
lindrical combustor with a-contractlon ratio of l.89. The follow1ng results
were obtained: |

1y Performance was found to be a function of injection velocity ratio” -
VO/Vf -and maximized at a ratio sllghtly less than that- predlcted by the Jet
Propulsion Laboratory's iniform mixture ratio dlstrlbutlon criterias .

2. Acoustical-mode combustion instability was affected‘by injection veloc-
ity ratiovand appeared to correlate with.a ratio employing the'radial component

.of the fuel injection velocity VO/Vfr with a narrow iband .of max1mum stabllity

that occurs near maximum performance : ) :
3. Impingement distance appeared to have only a sllght effect on stab111ty

and performance for the few conflguratlons tested.

4.. Thrust, or fuel mass flow, per element variatlon at various wvelocity
ratios indicated an interrelation between We/E- and Vb/Vfix and, in order po
obtain manimum 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- '



than the oxidant-fuel-oxidant triplet.

6. An alternating-grid injection pattern was more~efficiéht but 1ess;
stable than a circular injection pattern.

7. Acoustic liners tested were very effective for dampiﬁgjacoustical;J:
mode combqstion instability in that practically any 1iher deSign’sfabiliied

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

greater than 0.30) stabilized a spontaneously unstable éombustor.'h |
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(a) Photograph.

RDX explosive bomb -
Y

X
i \
YR FA“ ~ Nozzle
- S SN SRR

Injector A __‘JJ—

L Bomb ring

(b) Iustration.

Figure 3. - Perforated liner. Aperture diameter, 0.125-inch;
thickness, 0.1875-inch; open area, 10 percent.
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(b) Cross liner.

Figure 4. - Acoustic liners tested.
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r Exploding

Plastic sleeve
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CD-8198

Figure 5. - RDX explosive bomb.
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Figure 6. - RDX bomb data.
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Fuel injection, A?, psi
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90-Element coplanar triplet
Pressure,
psia
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Lo [

W
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Oxidizer injection, AP, psi

Figure 7. - Range of Vo /Vy tested.

Optimum mixture ratio distribution

criteria of Jet Propulsion

Laboratory Pe, OfF
96! . psia

C efficiency, percent

Minimum bomb size, grains

.4 .8 1.2 1.6 2.0 2.4 2.8
Injection velocity ratio, Vo[V

Figure 8. - Injection velocity ratio effect. Fuel-oxidant-
fuel triplet; 90 elements; impingement, 60°, 0.5 inch.
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Minimum bomb size, grains

impingement

98— angle
A3
- a o 120°
§ - 94— —— 60° (from fig. 8
g
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82 | | ! | | |
w 3 (a) Impingement angle effect on performance.
>
S
a
§ .
E 10— O
E o0 o
£ oo 18 | o | I | |
.4 .8 12 16 2.0 2.4 2.8
Injection velocity ratio, V,, Vg
_ (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, 300 psia; oxidant-
fuel ratio, 2.0. :
Impingement,
o angle inch
A T3°
O ° 0.5
0 120°
& X°
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| | | | ]
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¢ N | |
10 L5 20 2.5 3.0 3.5 40 45 5.0 5.5

Figure 10. - Correlation of impingement angle and distance. Fuel-oxidant-fuel triplet; 90 elements;
Pc. 300 psia; oxidant-fuel ratio, 2.0.
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	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

	-11
	-

	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
	-
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	-

	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. 


	REFERENCES 1..Aukerman, Carl A. and Trout, Arthur M.: Experimental Rocket Performance of . the Apollo Storable Propellants in Engines with Large Area Ratio Nozzles. Proposed NASA TN. " 
	2.
	2.
	2.
	 Nicholls, J.A., Dabora, E.K., and Ragland, K.W., "A Study of Two Phase Detonation as It Relates to Rocket Motor Combustion Instability," NASA CR-272 (August 1965). 

	3.
	3.
	 Wanhainen, John P., Parish, Harold C., and Conrad, E. William:- Effects of Injection Velocities on Screech in 20 000-Pound Hydrogen-Oxygen Rocket. Proposed NASA TN. 

	4.
	4.
	 Priem, R.J. and Heidmann, M.F., "Propellant a Design Criterion for Rocket-Engine "Combustion Chambers," NASA TR R-67 (i960). 
	 Vaporization.as


	5.
	5.
	 Elverum, G.W. Jr., and Morey, T.F., "Criteria for Optimum Mixture-Ratio Distribution Using Several Types of Impinging-Stream Injector Elements," N-73207X Calif. Inst. Tech., Jet Prop. Lab., Memo. 30-5 (February 1959). 

	6.
	6.
	 Rupe, J.H. and Evans, D.D., "Designing for Compatability in High-Performance LP Engines," Astronautics and Aeronautics 3, 68-74 (June 1965). 

	7.
	7.
	 Osborn, J.-R. and Davis, L.R., "Effects of Injection Location in Combustion Instability in Premixed Gaseous Bipropellant Rocket Motors," N-94833 Purdue University, Report No. 1-61-1 (January 1961). 


	-15
	-

	8.
	8.
	8.
	 Reardon, F.fi., McBride, J.M., and"Smith, A.J., Jr., ."Effect of Injection Distribution on Combustion Stability, " AIAA J. 4, 506-512 (1966). 

	9.
	9.
	 Crocco, L. and Cheng, S.I., Theory of Combustion Instability in.Liquid Propellant Rocket Motors, AGARDograph No. 8 (Butterworth Scientific Publications, Ltd., London, 1956). . 



	10.' Priem, R;J., "Combustion Process Influence on Stability," presented at the 55th'National Meeting, A.I.Ch.E., San Francisco, May 16-19, 1965. 
	10.' Priem, R;J., "Combustion Process Influence on Stability," presented at the 55th'National Meeting, A.I.Ch.E., San Francisco, May 16-19, 1965. 

	-P•H CD a , Nl •H •H 
	-P•H CD a , Nl •H •H 
	-P•H CD a , Nl •H •H 
	-P•H CD a , Nl •H •H 
	0) -p s P* ; • W .••s ^ -V O rH <U O W 0> (U S H --^ tfl d <L) +j <t-t\ £ H <u ?HS ^ 3 (H ^^ 
	"
	 ^!H •H O COOH.O 
	 O3  iH  *.tO .
	 V ^_  — 
	=*•H ^ 0cooocococr)OOOOH0 ;
	 cooDcocr>  OOOH Y  ;
	 >  .-••••'••' 

	O * 
	O * 
	•s ^ M 

	to -P 
	to -P 
	«1 CD 0 W\ ? S H\.,Q M 0) P EH r-l XI H «3 EH d) >H 
	•^
	 OJ' 00
	 ^ 
	 ^\^ 
	•* -* ^ -^ OJOJ
	 ^ •>* -^ OJ OJ
	 . " " ' ^ 
	 '.' 

	TR
	>s 

	TR
	-P -x 

	CD in -p •H/ CO' 
	CD in -p •H/ CO' 
	•rl 0 CH .0 -H> O -P -H cS O (U ^> ^* ^H <D 
	tD(£>rHCV]<J)t^-rH^O-*OOtOHHCn i£>oJO)t£>oooacncQa500r--coiococD •H H H HrHHOJrH 
	CDCDHOJrX^H05CDr>-tOHOt-r-lrHrHcn ©"r-: CD OJ O5 CD CO 1/3 CD •* IO OJ CT5 •<* OJ CT) in CO <T) ^ tO H rH HHOJ rHHrrl OJH OJH rH - - . .• / ••••*? / . . .-,: ~^ •/ "• , 

	0) i-H-cu 
	0) i-H-cu 
	rP P! - W S to 0-rl . Oi; W (IH 'CO ' £! o; ft 0 fH ft 
	© G> H ^ * [0 * 
	ooooo o©oo O O f^t O O ' *r^ O O O O" ' ' ^'' HrHrHHtO 'rHrHr^ltO , "T.. 

	TR
	O 

	-P fl 0) o 
	-P fl 0) o 
	0) C <H CQ 0 >5 >\ •H -p •P -H 
	LQLOLOLnmiMoJOJMt-otor-r-h-totDtocD-^aicDOTMajt^-tocnajaj H rH rH H H ' 
	mLriLomtor-r-inoinLnirjoooot~-r-t--ooo cDUDcD^^OTcniQr~-fX>ca,_t<cT)cT)cr>cncr> •cj);:c^--. H . rH rH • 'rH: ,"'? \ 

	rH . 
	rH . 
	<u o ^ O 

	0) ft in en 
	0) ft in en 
	•m H •Q) fl 0) O M H >^ >-& 
	COOJ,(J)OOtOlOOOOOtOKJL6uD ocDin^^H^i^-oaojoaoj^^r-cr) r4 . 00 H H VH rH r-l 00 OJ H 
	COOJCnOO(OK)C£»CD UD Ojf^ CO ^ in IO lO CD tO -CD Ocoinco-^-^iHaicriOT cO";m o-«i<t^-Tj<t--cncncr) rH OJ OJ ' rH 00 rH OO rH .-.-•.. 1 . " ' 

	TR
	--• -••->"• 

	o
	o
	<D O 

	aa> •H o •H 
	aa> •H o •H 
	«-fl) 1 > (-H a CO -H 0) •H &o •O 
	in ' , ' .-. , © ••, • . * \ 
	in. , . ..V o'.v. . . . -,V, 

	TR
	CJ 

	0) 
	0) 
	•H *\ 



	-pto 
	-pto 
	-pto 
	-pto 
	-pto 
	 .
	 -:•-•. 

	g$ 
	g$ 
	%
	 .
	 .
	 .
	 . 
	-
	-
	 • •. 
	-
	 . ..
	 .
	 '^T- • • 

	•si•n3 H
	•si•n3 H
	 '
	 . 
	 • .:.
	 ••'
	 :;» 

	^^
	^^
	 '
	 .
	 .
	 •<;'!:.& 

	f-{
	f-{
	 rH
	 '
	 '
	 •.•-2-i~.':-

	(U Q)-pH £
	(U Q)-pH £
	 . ft
	 . 
	 • 
	. . 
	-
	. . 
	-
	• • 
	• 
	• ; 
	• 
	 .;
	.
	 '
	 •'•.-".' :• • •..  ->----..--.• 
	-


	&
	&
	 :
	 '
	 --r^ 


	-18
	-18
	-




	'. ' 
	'. ' 
	'. ' 
	'. ' 
	'
	O rH
	 i
	 LO
	 OJ
	 O rH 
	qrH
	 o rH
	 LO
	 o  rH 
	a CU 

	:•: •
	:•: •
	 *'.  LO 
	oT CUrHco
	 +5  G  cu 
	o o •H -H -P -P CO CQ 

	• co [— | • O
	• co [— | • O
	aCUft0 
	o.  rH  0  ft 
	OrH' "^ 
	 O O LO O O H rH OJ rH
	 O LO  rH 0 0 -P -P O O 03 CO 

	£ cj •H CO 
	£ cj •H CO 
	or tsi •H CQ •
	LO OJ H' 
	LO OJ 
	rH H •^3 o u 

	3
	3
	CU -H rH 
	d
	d
	* *  • 

	0) 
	0) 
	O w 

	TR
	-19-



	C-74648 
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	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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	Figure 8. - Injection velocity ratio effect Fuel-oxidantfuel triplet; 90 elements; impingement, 60°, 0.5 inch. 
	-


	Impingement 
	Impingement 
	Impingement 

	98 
	98 
	angle 

	TR
	A
	 38° 

	D 120° 
	D 120° 

	94 
	94 
	60° (from fig. 

	90 
	90 

	86 
	86 

	in 
	in 
	82 
	j
	 r 

	to I 
	to I 
	2 30,— 
	(a) Impingement angle effect on performance. 

	TR
	I E 
	D 

	TR
	.4
	 .8
	 1.2""
	 1.6
	 2.0
	 2.4
	 2.8 

	TR
	Injection velocity ratio, VQ Vf 

	TR
	(b) Impingement angle effect on stability. 

	TR
	Figure 9.  Effect of impingement angle on stability and 
	-


	TR
	performance.
	 Fuel-oxidant-fuel triplet; 90 elements; 

	TR
	impingement, 0.5 inch; pressure, 300psia; oxidant-

	TR
	f uel ratio, 2.0. 

	TR
	40|— 

	TR
	Impingement, 

	TR
	angle
	 inch 

	TR
	A
	 38°1 

	TR
	0 60° 
	0.5 

	TR
	D 120° 

	TR
	1.0 

	TR
	2
	 10 
	OO 

	TR
	J
	 I 

	TR
	Vo/vfa 





	10
	10
	10
	10
	 — 

	.5
	.5
	 1.0 
	2.0
	 2.5
	 3.0
	 3.5
	 40
	 45
	 5.0
	 5.5
	 6.0 

	Figure 10. -
	Figure 10. -
	 Correlation of impingementangle and distance.
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