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This is Volume 5 of the GEMSIP Final Report. It is devoted^» ihe development^ 

of special tools and techniques for pulsing the combustion and hydraulic systems. ^ 

Although this work -was carried out merely in support of the primary program, it 

represented a substantial effort in the program and deserves full documentation. 

These efforts have added to the understanding of combustion stabilityjseslcfe aiding 

in the development of a stable injector for GEMINI.^JlO'reoVer, these tools are now 

available for other development and--prÖd'uction programs as well as for future applied 

research, which alone represents a worthwhile contribution. 

4r 
Three significant developments pertain to the devices for perturbing the thrust 

chamber, or engine system, to determine its level of stability. One of these is the 

nondirected pulse charge which is mounted in the corabustor and reacts directly on 

the combustion process. The other two are the single and multiple pulse generators 

that produce acoustic shocks in the propellant feed system. Their use permits the 

observation of the possible interaction of feed system disturbances with the com- 

bustion in the chamber, j 

The 2-dimensional chamberr-4jst;uL>
rKHa,~"tll SirLiun ■!%, is another of the devices 

for observing combustion photographically--bnt.b^toderive a feeling for the manner 

in which the reaction occurs and to correlate visual däWwith the output of pressure 

transducers. The technique has been widely applied to subscSle work; its present 

significance is that this is the first occasion where the full scal^e Titan II profile 

was represe... 

Section V is of special interest to combustion theory. TT"UüBüi'lllüS"'the 

application^Df classical laboratory methods'to obtain the natural acoustic resonances 

of the chamber in several configurations, which were then correlated with the 

resonance« observed with these configurations when firing. ■■ Hotcworthy-ls the work 

with the half-scale wooden model, which is a st^p toward understandingtl^effects 

of scaling on combustion. ^....——  
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FOREWORD (cont.) 

The servo control system, diöe*ws«ü lll'ysütlun-VI, is a means to reproduce 

engine transients, insofar as they are r&flected in the thrust chamber, vith a 

simple, low cost, pneumatically pressurized system. Extreme conditions or those 

of rare occurrence, -which cannot be readily produced during engine firing, can be 

simulated realistically. In addition, multiple data points may be obtained from 

a single firing, thereby reducing test costs by an order of magnitude. 

Space in this volume permits treating only the new tools developed fo 

studying instabilities. For this reason the heat transfer baffle experiment is 

covered in Volume k  in connection with the heat transfer analyses and the gener 

ation of cooled baffle design data. 

The application of new techniques to data gathering is treated in Volume 6, 

Instrumentation. The extension of already developed techniques, such as the measure- 

ment of injector flow distribution are discussed in context in Volume 2 in the test 

program. 

Special appreciation is accorded Dr. S. Rubin of Aerospace,who prepared a 

Fourier Analysis of an engine pulse test where the single pulse generator was 

employed, besides lending his assistance in many other ways. 

Acknowledgement is due to Dr. R. J. Hefner, Managei-, Combustion Dynamics 

Department, who contributed many original ideas to theoretical development work 

on these devices. Mr. D. A. Fairchild of the Combustion Dynamics Department guided 

the development of the pulsing devices and the 2-dimensional motor during the 

course of which he contributed valuable suggestions. He was assisted in the 

design by Mr. W. C. Cain and Mr. T. J. Koprowski. Mr. S. E. Veglia followed the 

actual development of the pulsing devices and wrote the reports on which the 

text is based. Mr. E. W. Higgins supplied the design section and Mr. J. Robertson 

the section on photography for the'2-dimensional motor. The section on 

acoustics was prepared by Mr. J. M. McBride in conjunction with Mr. E. E. Johnson 
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FOREWORD (cont.) 

and Mr. R. A. Hewitt, all of the Combustion Dynamics Department. The servo control 

system vas developed by Test Division personnel under the guidance of 

Mr. R. D. Wesley anä Mr. D. C. Young. 
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I. NOMDIRECTED PULSE CHARGE DEVELOPMENT 

0 
0 

I 

For many years the understanding of combustion stability was restricted by 

the random incidence of instabilities -which occurred unexpectedly without allowing 

preparation for gathering the necessary data.    It was observed, however, that 

nearly all instabilities were preceded by a disturbance of the combustion.    This 

led to the idea of a device to produce such a disturbance on signal during tests 

specifically arranged to evaluate instability.    The sensitivity of the system 

could be rated by the energy required to render it unstable,  the test conditions 

could be controlled, and for the limited number of tests required,  it would be 

economically feasible to provide extensive instrumentation. 

i; 

D 
D 

1, 

The first such device used to any extent was the tangential pulse gun 

developed at Aerojet-General in 1958« Some question of this technique was raised, 

however, that it might preferentially excite only certain modes of instability. 

Theoretically, the naturally occurring disturbances were nondirectionally oriented 

and therefore the induced pulse should be also. This was reflected in Paragraph B.5 

Exhibit "A," Statement of Work for the GEMSIP contract states: 

"Pulsing tests of the YLR 91-AJ-T combustion chamber with a nondirected 

high explosive pulse during both component and engine testing shall be 

conducted to demonstrate achieved improvements in stability. Based on 

a consideration of comparable rocket engine pulsing, the charge size 

is specified as 220 grains for the uncooled (boiler plate) testing. 

For tubular chamber testing, a mutually acceptable charge which will 

be below the threshold of tubular chamber damage shall be used to 

verify dynamic stability. These charges are to be located approxi- 

mately one inch downstream of the baffle tips and midway between the 

axis of the chamber and the inner wall of the chamber. It is intended 

that the charge sizes specified herein be smaller than those which 

would cause chamber damage, and that the size will be verified experi- 

mentally. " 

T 
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I, Nondirected Pulse Charge Development (cont.) 

Paragraph 6 states: 

"Conduct a program of pulse charge technique development to include 

installation and charge location verification,  installation and 

checkout of the test equipment, and instrumentation system validation." 

To fulfill these contractual requirements, the GENSIP nondirected pulse charge 

was developed and verification tests were conducted with cooled and uncooled hardware. 

A.      BACKGROUND 

Prior to the inception of the GEMINI Stability Improvement Program,  the 

most common stability rating tool employed was the tangential pulse generator, which 

has been used extensively at Aerojet-General in research and development programs. 

The generator consists of a powder charge behind a precision burst diaphragm at the 

end of a short barrel, as shown in Figure 1.    Following ignition of the powder 

charge, pressure builds up rapidly behind the diaphragm causing it to burst,  sending 

a shock wave down the barrel, and introducing a tangentially directed pulse into the 

combustion chamber. 

A rating, termed the "stability index," is awarded based on the chamber 

pressure and the maximum magnitude pressure perturbation that the system can with- 

stand before combustion becomes unstable.    (Larger stability indices indicate 

systems which were more stable.)    The tangential pulse generator has the inherent 

disadvantage of producing a wave pattern which simulates that of a spinning 

tangential mode, anö, hence, has a higher probability of triggering transverse 

modes in the combustor. 

The basis for the nondirected bomb is the simulation of naturally 

occurring perturbations, which may be caused^ for example, by delayed combustion 

of pockets of mixed propellants.    In practice, the bomb consists of a charge of 
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DETAIL A 

Baffle Hub 

Töflon Casing 

Apollo Iron Horse Chamber 

To Voltage Source 

Wires Twisted Together 
(2 Places) 

-^^• 

■E-83 Blasting Cap 

DETAIL A 

Figure 2 — Installation of Apollo Kondirected  Pulse Charge 
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I, A, Background (cont.) 

high explosive surrounded by a thermal shield and mounted within the combustion 

chamber cavity. The main charge is detonated by a squib -which is initiated either 

electrically or thermally. The initial shock wave propagating from the bomb is 

spherical j the nature of the perturbation finally produced depends upon the loca- 

tion of the pulse charge as veil as on the combustion chamber geometry, in general, 

a bomb placed near the axis of the chamber will produce a radial modej whereas, one 

located near the wall will tend to favor the tangential modes. 

A literature search showed that Rocketdyne had h^ experience with non- 

directed pulse charges during the development phases of the Atlas, H-l and F-l pro- 

grams. Their nondirected pulse charge was a high explosive (Composition C-3) con- 

tained in a Teflon casing and supported in the combustion chamber with a copper 

holding fixture. The lead wires from the initiator (or squib) are brought out 

through the combustion chamber wall for the charges used on "iron horse" hardware 

and through the injector face for the tubular chamber version. Three different 

case materials were tested—Teflon, Nylon, and micarta. Teflon proved to be the 

most satisfactory. 

Prior to the GMINI Stability Improvement Program, some experience 

with nondirected pulse charges had been gained from the Apollo Program. The 

Apollo bomb (throughout this report the terms "bomb" and "nondirected pulse charge" 

will be used interchangeably) consisted of a Teflon outer casing which contained 

a high explosive (Composition C-k)  and an electrically initiated squib. The 

pulse charge was hung from the injector face as shown in Figure 2. 

Two types of nondirected pulse charges were developed for the Gemini 

Stability Improvement Program: one charge for use in "iron horse" combustion 

chambers, and another for tubular chamber testing. The development of these 

two types of pulse charges will be discussed separately. 
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I, Wbndirected Pulse Clharge Development (cont.) 

B.      UKCOOLED CCMBUSTION CHAMBER PULSE CHARGE 

1.      Design 

n 
m 

i 

The design of the GIMSIP pulse charge vas a modification of the 

Rocketdyne bomb.    The charge itself remained basically the same (a Teflon case con- 

taining high explosive and an initiating squib); but tbe support arm was redesigned 

to simplify sealing problems. 

Figure 3 shovs the GEMSIP nondirected pulse charge assembly with a 

220-grain Teflon casing installed.    The E-83 blasting cap is imbedded 0.050 in.  to 

0.100 in. into the Composition C-h, which ensures detonation of the maximum amount 

of the main charge.    Composition C-^ was used because of its ready availability at 

Aerojet-General.    Appendix A lists the specifications of Compositions C-3 and C-k. 

The charge holder (Figure 3) is composed of an AN union, an 

AW elbow, tubing, a positioning nut, an adapter and a holding nut.    A butyl rubber 

0-ring is used as a hot gas seal between the charge and the holding fixture, while 

a commercial Conax MH-1»--4-2 seal is used to seal the squib lead wires as they pass 

through the combustion chamber wall.    The squib is sequenced to detonate when the 

TCA has achieved 90^ of steady state chamber (approximately 1.6 sec after FS-l). 

2.      Chino Hills Tests 

A series of tests was conducted at the Aerojet-General Chino Hills 

facilities to determine whether the shock wave generated by the GMSCF bomb is 

truely spherical.    The pulse charge was secured in a 5-ga-llon fish tank and enough 

water was added to cover the charge adequately.    The fish tank was placed against 

and in front of a Fresnel lens with a 19~in. focal length.    Optical alignment of 

the lens and the camera optics   was  accomplished by moving a simulated point light 

source about a point at the focal length of the Fresnel lens until the collimated 
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I, B, Uncpoled Combustion Chamber Pulse Charge (cont.) 

light appeared through the optical center of the camera lens system. When this 

alignment was reached, an exploding bridge wire, which is an effective point light 

source, was secured to the holders at this position and the explosive device was 

primed. 

Figure k  shows the results of one of these tests. The framing 

rate was 980,000 frames/sec. It is apparent that the shock wave produced by the 

nondirected pulse charge is indeed spherical. 

3.  Demonstration Pulse Tests 

■ 

a.  2SIN-22 Test Series 

Beginning in December 1963, a series of three tests 

(l,l-01-TU-001, -002, and -003) was conducted on Test Stand C-l to evaluate the 

GEMSIP nondirected pulse charge in hot firing conditions. Injector S/N 1377, 

which has a 2S3ZJ-22 pattern and eight radial baffles with a hub, was used for this 

te.rt series because, although it had a history of 30^ instabilities in what is 

thought to be the first longitudinal mode, pulsing with tangential pulse guns had 

failed to excite this mode. Therefore, if the GEMSIP nondirected pulse charge 

proved capable of exciting an instability with an injector U3ing the 2SIiS-22 

pattern, it would increase confidence that pilso testing with this device could 

locate incipient instabilities. 

The first test was not a pulse testj its purpose was to 

balance the propellant injection pressures and to test the durability of the bomb 

support arm. In an attempt to determine the ablation rate of the Teflon bomb 

casing, a special charge was installed in the chamber without the squib or the 

C-k  explosive. Two chromel-alumel thermocouples were attached to the. inside of 

a Teflon casing with a l/U-in. wall. 
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I, B, Uncooled Combustion Chamber Pulse Charge (cont.) 

During the test, both thermocouples failed at FS-1 * 1.^6 sec, 

recording a temperature cf approximately 700oF at the time of failure. Figure 5 

shows what remained of the pulse charge assembly after a 3-1-sec test. Note the 

erosion of the chamber wall downstream of the pulse charge holder—the result of an 

interruption of the fuel film cooling and an increase in turbulence downstream of 

the support arm. 

Because the thermocouples burned out at FS-1 +1.^ sec, the 

wall thickness of the Teflon casing was increased to l/2 in. for Test Wo. -002 and 

the squib was sequenced to fire at FS-1 + 1.3 sec. A 220-grain charge was mounted 

midway between the combustion chamber axis and the wall, and one in. below the baffle 

tips. The pulse charge support was coated with NRL 1795, an ablative material, to 

increase the "life" of the arm in the highly erosive atmosphere of the combustion 

chamber. 

The test was satisfactory: a pulse of 250 psi was recorded 

by all high frequency transducers and damped in 15 msec. The test duration was 

3.1 sec and was classified as stable. Five Dynisco high frequency chamber pressure 

transducers were damaged by Teflon shrapnel from the exploding bomb. 

For the third test, the pulse charge mounting was turned 

l80 deg. This positioned the 220-grain charge in the convergent, section of the 

throat which is a pressure antinode for the longitudinal acoustic modes and, 

therefore, a location sensitive to perturbations. The bomb detonated ut FS-1 + 1.825 

sec, triggering a ^300-Gps oscillation on all chamber parameters. Thiti ^300-cps 

oscillation was quite complex and could not be positively identified by phase and 

amplitude. 

Severe erosion occurred again below the pulse charge mounting 

I      boss, as shown in Figure 6. The injector suffered damage to the baffle tip strips, 

cracking those on the radial baffles, completely removing the hub tip strip, and 

(eroding the injector face plate inside the hub, as shown in Figure f- 
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Figiire 6 — Uncooled Combustion Chamber after 

Test No.  1.1-01~TLJ-003 
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I, B, Uncoo]ed Combustion Chamber Pulse Charge (cont.) 

AJthough these tests were unsuccessful in demonstrating the 

ability of the bomb to produce the predicted mode of instability, they did show 

that the bomb could excite instability with a marginally stable injector. Moreover, 

they showed the need to test in various locations to obtain a true measure of total 

stability. 

b.  Sensitive Location Test Series—2SXVIIM-2A. Injector 

The purpose of this test series was (l) to determine the 

position in the combustor most sensitive to a perturbation, and (2) to establish 

the threshold pulse charge size for the 2SXVIIM-2A injector. The most sensitive 

location was necessary for future GEMSIP pulse tests to make meaningful comparison 

between injector configurations. The establishment of a threshold pulse charge size 

for the 2SXVIIM-2A. injector was used as a base point to demonstrate the degree of 

improvement of the GEMSIP candidate injector. 

i 
Discussions with Rocketdyne personnel indicated, in their 

experience, that a position close to the chamber wall, near the injector face was 

the most sensitive to perturbation. Accordingly, the plan for the initial test 

was to fire 10, 20, ^O, 80, 100, and 220-grain charges in ascending order at 

Position "B" (l in. from the wall and 1 in. below the baffle tip. Figure 8) until 

an instability was induced. 

1 

E 
i 
i 
I 
I 
I 

For the next tost a charge one level less than that which 

produced the instability would then .>e fired at Position "D." If no instability 

was encountered, the charge would be raised one level. If still no instability 

occurred, it would be assumed that the system was more sensitive to being perturbed 

from Position "B" in the chamber than from Position "D." If an instability were 

encountered, further exploration would be conducted. Finally, a 220-grain charge 

was to be fired at Position "I" in the convergent section of the throat to check 

the sensitivity of the system to perturbations from this location. 
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I, B, Uncooled Combustion Chamber Pulse Charge (cont.) 

The design of the nondirected pulse charge was modified, as 

shown in Figure 9J to facilitate easier fabrication, assembly, and installation. 

The support elbow was fabricated from two pieces of l-l/8-in. tubing with 3/8-in. 

wall, cut at U5-degree angles and welded together. Three lengths were designed so 

that the charge could be positioned (l) at the chamber centerline, (2) midway 

between the chamber center line and wall, and (3) at the chamber wall. A positioning 

pin provided the capability of rotating the support arm 3^0 deg in ^5-deg increments. 

The combustion chamber bomb boss is shown in Figure 10. The spacers, shown in 

Figures 9 and 11, were fabricated in varying lengths, permitting further positioning 

capabilities. Figures 12a and 12b show all the possible mounting positions in an 

iron horse combustion chamber. A Teflon casing modification was necessary (see 

Figure 13) to contain explosive in 10-grain increments up to 100 grains; a different 

case was used for 200 grains. As before, the case thickness was maintained at 

0.500 in. 

A Titan II second-stage "iron horse" chamber was reworked to 

include provision for extensive high frequency instrumentation. Bosses for six 

Photocon transducers, one Kistler transducer, one Electro Optical Systems' (EOS) 

water dump transducer, and one Phototransducer were welded on the combustion chamber 

at the locations shown in Figures lUa and iVb.j An EOS transducer and a Microsystems 

high frequency transducer were inserted through thf. flange to monitor chamber 

pressure and the pressure of the fuel in Channel 17 of the injector, respectively. 

Numerous other close-coupled and flush-mounted high frequency transducers were 

installed at the locations shown in Figures l^a and ikh. 

This GEMSIP uncooled chamber also contained horizontal and 

vertical strip film windows as well as a general observation window located near 

the throat (Figure 15). Fastex streak film cameras were used at the horizontal and 

vertical windows and a 1000-frame/sec Fastex camera was u?ed at the observation 

window. 
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in "Iron Horse" Chpmber 
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Figure 15 — GEMSIP Uncooled Combustion Chamber with 

Observation Windows 
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I, B, Uncooled Combustion Chamber Pulse Charge (cont.) 

As a result of a meeting with the customer, the test objectives 

and number of tests to be conducted during this series were changed. It was decided 

tha'-., when the threshold pulse charge size was determined at Position "B," a change, 

one size less than the "threshold bomb," would be fired at Positions "D" and "I." 

If no instability resulted,then it could be concluded that these positions were-not 

grossly more sensitive than Position "B" at least within the gradations of bomb size. 

From the standpoint of economy as well as because the intended goal was a marked 

improvement over Titan, extensive mapping of the threshold sensitivity seemed 

unwarranted. 

A standard 2SX7IIM-2A quadlet Gemini prototype injector (s/N 035) 

was used in conjunction with GEMSIP uncooled combustion chamber s/N IO65 in Test No. 

1.1-02-TU-001. The total instrumentation is listed in Table 1. The combustion 

stability monitor (CSM) monitored Pf j-lB, a close-coupled Microsystems high frequency 

transducer, and was set to trip at a frequency equal or greater than 1000 cps with 

a minimum amplitude of 100 psi peak-to-peak for a duration of 30 msec. An unloaded 

bomb case, shown in Figure 13, was installed 1.0 in. below the baffle tip and 

1.0 in. from the chamber wall. The test objectives were to balance the system to 

check the procedures and instrumentation, and to observe the rate of ablation of 

the bomb case. Figure 16 shows the bomb installed in the chamber. 

The test was shut down after 0.8 sec by the CSM. Poätfire 

examination of the high frequency records showed that the CSM shutdown was invalid 

and was caused by a high amplitude oscillation of Pfj-1B only. During the test, 

the pulse charge positioning pin had sheared and the bomb arm rotated. The thermo- 

couple located in the Teflon casri recorded a maximum temperature of 1200oF. 

Test Wo. 1.1-02-TU-002 was conducted to attain the objectives 

that were missed by the previous test using the same hardware and test setup. The 

instrumentation was the same except for the addition of a helium-cooled Kistler 

transducer at Pc^E. Because a Microsystems transducer had caused an invalid shut- 

down during the previous test, a Taber transducer was used for the combustion 

stability monitor for Test Wo. -002. 

Page 25 

^-Vr   . 
jrikiu-■- taAauMMaa&fcLMaai^iatoM *t 



. 

v  . I" 

GEMSIP m-l.  Volume 5 

Function 

FS 

PWP 

PgOPR 

PgFPR 

PcU-F(P) 

PcUB-F(P) 

PCUC-F(P) 

PclH)-F(P) 

PcUE-F(K) 

PclvF-F(P) 

Pc3A-F(P) 

Pc2A-F(M) 

PcUO-F 

Pc5E(M) 

Pc5D 

Pc5C1-M(M) 

Ppj7F-F(M) 

PpjlB-M(M) 

PQJSF-FCM) 

TABIE 1 

INJECTOR EVALUATION IN8TRÜMEKTATI0N 

Range 

Switch Trace 

0-500 Taber 

0-1500 Taber 

0-1500 Taber 

0-1500 Rxotocon. 

0-1500 FAOtocon 

0-1500 Hiotocon 

0-1500 Fhotocon. 

Kistler 500 pk to pk 

0-1500 Photocon 

0-1500 Photocon 

0-1500 P(EOS) 

Fiber Optics 

0-1500 (EOS) 

0-1500 Taber 

0-1500 Micro 

0-1500 Taber 

0-1500 Micro 

0-1500 Micro 

0-1500 Micro 

On Line 
R-l  R-2  Brown  Mllli  Ampex  Miller 

X 

X 

X 

X 

X 

X 

X 

X 

X 

PS 

X HS 

BS 

Per Special Inatructions 

X     BS 

XXX 

RS 

X 
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TABLE 1 (cont.) 

On Line 

n 
u 

Function Range R-l R-2 Brown Milli     Ampex     Miller 

P0J2-F(M) 0-1500 Micro RS             X 

i P0J1-F(M) 0-1500 Micro X 

^J13 0-1500 Taber X X X 

1 

i 

P
OT 

PfT 

0-1500 Taber 

0-1500 Taber 

X 

X 

X 

X 

X 

X 

PoTCV 0-1500 Taber X 

* 

PcTCV 0-1500 Taber X 

Pci 0-1500 Taber X 
, 

^TCFV 
Potentiometer X X 

1 

Scov Potentiometer X X 

FMo 0-300 lbs/sec X X X RS 

FMf 

CSM^) 

0-175 lbs/sec 

Switch Trace 

X 

X 

X 

X 

X RS 

X             X 

F'        VM 1 KC Time 

Squibs 

Trace 

Switch Traces 

X 

X 

X X             X 

X             X 
M 

I     1 Special Note -   The following functions 
time correlation signal: 

should have a common coded, 1 KC 

1     | Strip film cameras 
Fastax camera for combustion photc )graph3 

i 
0 
0 
D 
D 

i •ü'm&B* 

•Miller 
Ampex 
R-l 
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I, B, Uncooled Combustion Chamber Pulse Charge (cont.) 

The thrust chamber assembly operated U.I89 sec at nominal 

chamber pressure and mixture ratio. Postfire examination of the hardware revealed 

that the injector sustained severe, unexplainable erosion on the hub as shown in 

Figure 17. Again, the thermocouple located in the dummy Teflon case recorded a 

maximum temperature of 1200oF. The hydraulic balance was obtained for the system 

and the instrumentation verified. 

Test No. 1.1-02-TLJ-003 was the first test scheduled for 

threshold sensitivity rating. Because of the severe baffle damage incuired on 

the previous test, injector S/N IO85 (another 2BXVIIM-2A) was used for Test No. .-OO3. 

A 13.5-grain (blasting cap only) pulse charge was installed in the chamber at 

Position "B." For this test, the CSM uuit was monitored from Poj-IF(M) using a 

flush-mounted Microsystems transducer. It was throught that Poj would be less 

likely to cause shutdown from a spurious signal than Pfj. 

1 

ii 

The combustion stability monitor terminated the test after 

O.919 sec because the transducer at Poj-IF was defective and produced a noisy high 

amplitude signal which triggered the CSM unit. No hardware damage occurred during 

this test. 

Because the previous test terminated before detonation of 

pulse charge, the next tests had the same objectives as Test No. -COS. On Test 

No. -00^, a 13.5-graln charge was located in Position "B" and sequenced to fire 

at FS-1 + 1.300 sec. The test was satisfactory: a 252-psi peak-to-peak pulse 

was recorded at a Tck plane transducer which damped in 12 msec. The test was 

classified as stable and there was no hardware damage. 

For Test No. 1.1-02-TLJ-005, the pulse charge was still 

located at Position "B" but was increased to 20 grains. The test had a duration 

of 3.U76 sec. A 268-psi peak-to-peak pulse occurred at FS-1 + 1.312 sec, damping 

in 10 msec. The test was therefore stable and the hardware remained undamaged. 

I 
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I, B, Uncooled Combustion Chamber Pulse Charge (cont.) 

i 
I 
i 
0 
0 
0 
0 
0 
i 
0 
1 
1 
I 
I 
1 
1 

A UO-grain nondirected pulse charge was located in Position "B" 

for Test No.  3..1-02-TLJ-006,    For this test, a dual GSM unit was utilized to provide 

against premature shutdown from a single invalid signal.    The dual CSK requires that 

two transducers concurrently monitor oscillations, which meet the CSM "trip" 

criteria, for a duration of 30 msec. 

The test was conducted on 7 May 1S&\ and was terminated at 

FS-1 + 1.35^ sec by the combustion stability monitor.    Figure 18 shows the damage 

to injector S/N 0035.   An analysis of the high frequency playback led to the con- 

clusion that the instability was initially a standing fourth tangential mode 

(5^00 cps) which later shifted to a standing third tangential mode (i+200 cps).    This 

fixed the threshold at Position "B" between 20 grains and hQ grains for the Titan/ 

Gemini injector. 

On Test No.  1.1-02-TLJ-OO7, the nondirected pulse charge was 

moved to Position "D"  (Figure 8) and the size was decreased to 20 grains.    Injector 

S/N 0035, which had been damaged on Test No. -002 and was subsequently weld repaired, 

was installed on the thrust chamber assembly for Test No.  -007.    The test was con- 

ducted for a total duration of 2.i+20 sec with the pulse charge exploding at 

FS-1 + I.307 sec.    A 156-psi pulse resulted and was damped in k msec.    The test 

was classified as stable and no hardware was damaged.    It was concluded that 

Position "D" was not more sensitive than Position "B." 

On Test No. 1.1-02-TLJ-008, a 20-grain bomb was located at 

Position "I," near the throat on the chamber centerline.    The test duration was 

2.209 sec and the charge detonated at FS-1 + 1.307 sec. 

The amplitude of the pulse was 136-psi peak-to-peak and 

damped in h msec, marking a stable test.    No hardware damage resulted. 
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I, B, Uncooled Combustion Chamber Pulse Charge (cont.) 

Test No. 1.1-02-TU-008 concluded this series; it had been 

demonstrated that none of the other positions were grossly more sensitive to pulsing 

I     than Position "B." 
i 

%      | Because the pulse charge positioning pin sheared during two 

of the tests, the design of the support arm was modified to incorporate a hexagonal 

.V  *     shank as shown in Figure 19. The assembly procedure was changed also to include 

the placement of a Teflon spacer around the blasting cap to ensure axial alignment 

of the squib in the Teflon case. Experience indicated that the nonreproducibility 

of the magnitude of the perturbation may have been caused by a misalignment of the 

squib, which resulted in a primary detonation of only a portion of the main charge 

of C-k  explosive. 

With these final modifications, the GEMSIP nondirected pulse 

charge was considered to be fully operable. During the baffle and injector pattern 

evaluation phases of the Gemini Stability Improvement Program, approximately sixty 

100-grain and 220-grain nondirected pulse charges were used successfully. Figure l6 

shows a 220-grain bomb installed in an uncooled chamber. It was noted that when 

220-grain charges were used with the candidate injector with seven regeneratively 

cooled baffles, the detonation shock wave caused bending of the baffle nearest the 

charge. Figure 20 shows the postfire condition of such an injector. For this 

reason, only 100-grain charges were subsequently used to demonstrate the dynamic 

stability of the candidate injector. 

C.  TUBUIAR C0MBUSTI0M CHAMBER PÜIßE CHARGE 

1.  Design 

The design of the nondirected pulse charge to be used for the 

tubular chamber tests differed from the uncooled version only in the method of 

mounting. Because there is no way to attach the pulse mounting assembly to the 
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I, C, Tubular Combustion Chamber Pulse Charge (cont.) 

chamber wall, three alternative methods of mounting the charge were considered: 

(1) use of a long wand, inserted through the throat to position the pulse charge; 

(2) attachment of the pulse charge holder to a baffle; and (3) suspension of the 

charge holder from the injector face. 

Method (l) was not feasible because'a long unsupported wand would 

vibrate severely, causing possible tube denting in the chamber throat. Also, the 

wand might fail before the charge was fired and certainly would require replace- 

ment after each test. Methods (2) and (3) had approximately the same advantages 

and disadvantages, except that Method (2) required the welding of a new holding 

fixture to the baffle each time the configuration was changed. Therefore, suspen- 

sion from the injector face was chosen as the best method for supporting the 

nondirected pulse charge in a tubular chamber. 

2.  Damage Threshold Testing 

I 
i 

i 
I 
I 
I 
I 

Before hot firings in tubular chambers, a series of pulse tests 

•*' at ambient nonfiring conditions was conducted to determine the pulse charge size 

■1     that would be just below the threshold of tubular chamber damage. These tests 

^ were conducted using combustion chamber SN 1^91 (which was no longer suitable for 

j,     hot firing) and injector SN 1377- For all these tests, the^eflon case thickness 

was reduced to l/k  in. to allow for the ablation of the Teflon prior to detonation 

of the charge in the combustor. 
MUM 

For the first test (1.1-01 TLC-OOl) a 13.5-grain bomb (actually 

only the blasting cap detonator)was mounted on the chamber centerline immediately 

**■     downstream of the tip of the hub. The charge fragmented into rather large pieces 

,1     and the fragmentation seemed to be distributed equally around the chamber. The 

dents were small and were limited to a 2 in. circumferential band. 

For Test No. -002, a 20-grain chrge was positioned as in the 

previous test and the damage was similar, but the dents were smaller and more 

numerous. This indicated that the larger grain size caused more extensive frag- 

mentation of the case and that the smaller pieces had less momentum. 
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I, C, Tubular Combustion Chamber Pulse Charge (cont.) 

i 
E 
I 

I 
T i 

For Test No. -003, a ^O-grain charge was located as in the previous 

tests and the damage was again limited to a 2-in. band. On this test, it was noted 

that Teflon fragments striking between two tubes caused deeper dents than a fragment 

hitting directly in the center of a .tube, as shown in Figure 21. No tube fractures 

were observed after this test. 

For the next test (1.1-01-TLC-OO^) and 80-grain charge was located 

approximately 5 in. closer to the throat than in the previous tests so that the 

Teflon fragments would strike "virgin territory" and the tube dents would be 

identified separately from those previously incurred. Postfire examination showed 

the field of damage to be limited to a heavily dented 1-in. band of 3^0 degrees. 

Again, no tube ruptures were observed. 

The bomb size was reduced to iiC-grains for Test No. -005 and was 

located near the baffle tip midway between the chamber centerline and wall. The 

damage was similar to that encountered in Test. No. -003, but was localized to an 

80-deg.ree arc immediately adjacent to the charge. No tube ruptures were detected. 

The last test of the series (-006) utilized a 220-grain bomb 

located at the geometric center of the plenum and the extent of damage was not 

measurable. Numerous tubes were split wide open and Teflon fragments of all 

sizes and description were found imbedded in the wall of the combustion chamber. 

1 
1 
I 
I 

Based on the results of these tests, it was concluded that an 

80-grain nondirected pulse charge is the largest that can be exploded in a 

YLR91-AJ-5 tubular chamber without probability of tube fractures. Although an 

80-grain charge caused heavy denting during these cold tests, it was thought 

that a hot. firing would produce less tube damage because the tubes would be pres- 

surized with propellant and the Teflon fragments would be subjected to ablation 

while directed at an angle to this wall by the momentum of the chamber gases. 

To confirm this reasoning, a thrust chamber assembly pulse test 

was conducted during August 196^, with an 80-grain nondirected pulse charge in a 
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I, C, Tubular Combustion Chamber Pulse Charge (cont.) 

tubular chamber. The pulse mount was welded to the baffle, halfway between the 

chamber centerline and wall. A time delay blasting cap (Figure 22), actuated at 

FS-1, with a 1.600-sec delay was used to detonate the main charge of C-^. 

(Appendix B describes the circuitry used to initiate the squib.) The insulated 

detonator lead wires were brought out through the throat and burned off at. thrust 

chamber ignition. 

The damage caused by this 80-grain charge, shown in Figure 23» 

was heavier than anticipated, possibly because the strength of the stainless steel 

coolant tubes was decreased at the high combustion temperature and, therefore, the 

tubes were more susceptible to damage. Based on these test results, kO  grains was 

established as the maximum pulse to be detonated in a tubular chamber. 

3.  Early Engine Test Series 

During the months of August through November 196^> a series of 

91-5 engine pulse tests was conducted in conjunction with the Feed Sys+em Improvement 

Phase of the GEMSIP. One of the purposes of these tests was to further develop 

techniques of mounting nondirected pulse charges in tubular combustion chambers for 

later application during engine demonstration. One balance test and six pulse 

tests were conducted during this test series. These tests are described in detail 

in Volume 2, Section III,A. 

For the first pulse test, Lhe nondirected charge support arm was 

attached to the injector face as shown in Figure 2k.    The support arm is coated 

with URL 1795> an ablative material, to shield the steel support from the severe 

thermal environment. A time delay blasting cap with a 1.600-sec delay time was 

used to detonate the charge. 

Post fire exami vbion after Test No. 1.1-01-TLA-002 revealed a 

heavy concentration of dents opposite the end of the bomb (Figure 25). The same 
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Figure 23 — Hardware after Test No. 1.2-0i+-TIiJ-1^0 
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Figure 2k —  Installation of Nondirected Pulse Charge 

in Tabular Chamber Cavity 
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I, C, Tubular Combustion Chamber Pulse Charge (cont.) 
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damage occurred during Test No. -003. For the remaining four tests, therefore, the 

charge was positioned on the chamber centerlinej pointed straight down towai'd the 

throat. Tests No. -OOh  and -005 were satisfactory bomb tests; but during Tests No. 

-006 and -007, the Teflon containing the main charge of C-k  ejected from the chamber 

prior to detonation of the squib. When the unprotected brass squib detonated, the 

chamber tubes were punctured as shown in Figure 26. 

Because of the heavy concentration of dents opposite the end of 

the bomb observed on Tests No. -002 and -003, an attempt was made to minimize the 

momentum of the fragments traveling toward the wall.. This could be done by 

decreasing the size of the fragments or their velocity. Decreasing the size was 

chosen because it could be done easi?:r by shaping the C-k  explosive slightly at the 

end (Figure 27) to cause greater fragmentation of the end of the Teflon case, and 

hence, less damage to the chamber coolant tubes. 

A series of tests conducted in the Solid Rocket Operations high 

explosives test area verified the advantages of this proposed modification. 

Ftgttre' 28 shows the damage done by an unshaped charge, and Figure 29 illustrates 

the lesser destruction resulting from the shaped charge. 

Shaping of the end of the charge causes a slight distortion of the 

spherical shock wave, which somewhat alters the "nondirectional" effect of the bomb, 

but this distortion was not considered to be critical because the dynamic stability 

of the GEMSIP candidate injector had previously been demonstrated with an uncooled 

thrust chamber assembly using a truly nondirectional bomb. 

k.      Engine Demonstration Pulse Tests 

The Engine Demonstration Phase of the Gemini Stability Improvement 

Program was conducted during the months of March, April, and May 1965. A part of 

this phase of the program was a series of pulse tests conducted on Engines GR1-91 

and GR3-91. 
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/ 

Unshaped Charge 

Shnpod i. largf, 

Figure 27 — "Shaplnp" of the GEMilF Nondirected Pulse Charge 
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I, C, Tubular Combustiuii Chamber- Pulse Charge (cont.) 

The GR1-91 tests used nondirected pulse charges, which -wer0 mounted 

as showr, in Figure 30' Five tests were conducted, three successfully. During Tests 

No. -00'd  and -00k,  the Teflon case of the bomb broke loose from the charge holder and 

ejected from the chamber prior to detonation of the squib. As happened during the 

Early Engine Test Series, the chamber tubes were punctured at numerous locations when 

the unshielded squib detonated. I i 
)   i 

To reduce the possibility of further failures of this type, the 

design of the Teflon case was modified slightly to incorporate a larger radius on 

an internal corner (shown in Figure 31)5 thereby reducing a high local stress con- 

centration factor. Also, the test procedure was changed so that the time delay 

squib would be initiated 0.250 sec prior to FS-1 (instead of at FS-l) and detonate 

at FS-1 + 1.35 sec. This was done because experience had shown that the reliability 

of the nondirected pulse charge is marginal after 0.80 sec of exposure to combustion 

in the chamber, which begins at approximately FS-1 +0.55 sec. 

During the Engine GR3-91 test series, five successful pulse tests 

were conducted. There was a sixth test in which the Teflon case failed in the 

manner described previously, but this test took place prior to this latest charge. 

I. 

Based on the experience of all the GEMSIP testing, the tubular 

chamber nondirected pulse charge was considered a useful and reliable stability 

rating tool. The only problem area remaining.is the tolerance of the time delay 

blasting cap. Figure 32 presents a summary of the firing times of all the delay 

caps used during the Gemini Stability Improvement Program. Although the caps were 

manufactured by Hercules Powder Company with a 1.600-sec + lOfo delay, the firing 

times ranged from 1.35 to 2.00 sec. This variance may be attributed to a distortion 

of the initial fabrication tolerances caused by the elevated temperatures in the 

combustion chamber. 
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I, riondlrected Pulse Charge Development (cont.) 

D.  CONCLUSIONS AND RECOMMENDATIONS 

Based on the experience from the development testing of the nondirected 

pulse charge, the following conclusions were drawn: 

The GEMSIP nondirected pulse charge generates a truly spherical shock 

wave. 

2. A l+O-grain nondirected pulse charge will drive the 2SXVIIM-2A 

injector unstable. 

3. A position close to the chamber wall and near the injector face is 

satisfactory for preliminary pulse test evaluation. Other locations should be probed, 

however, before final conclusions are drawn respecting -he total stability of a 

particular injector. 

k.      The nondirected pulse charge can be successfully initiated in tubular 

combustion chambers using a time delay squib. 

5.  A ^0-grain GEMSIP bomb is the largest charge which can be detonated 

in regeneratively cooled combustion chambers without causing significant damage. 

1 

It is recommended that: 

1.  Extreme care shor.ld be used in assembling the nondirected pulse 

charge to ensure high reliability. Experience has shown that slight deviations from 

the established procedure can cause the bomb to malfunction. 
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I, D, Conclusions and Recommendations  (cent.) 

2. Further tests should be conducted to determine the ablation and 

deformation rate of the Teflon bomb casing.    Optimization of the wall thickness of 

this casing would minimize chamber and transducer damage. 

3. The tolerance of the timing fuse in the Hercules time delay blasting 

cap should be decreased from + 10% to +5fo and made less sensitive to thermal  stress 

if at all possibl?. 
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APPENDIX A,  SECTION I 

EXPLOSIVES USED FOR NONDIRECTED PULSE CHARGES 
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GEMSIP FR-1, Volume 5, Appendix A, Section I 

I.    COMPOSITION C-^ 

A. ALTERNATE NOMENCLATURE 

Harrisite 

Plastic Explosive (along with other Composition C-series explosives) 

B. COMPOSITION 

Cyclonite   91.0^ 

Polyisobutylene   2.1$ 

Motor Oil  1.6$ 

Di-(2-ethylhexyl) sebacate — 5-3$ 

C. CHARACTERISTICS 

Composition C-k  is a dirty white to light brown, puttylike, hand-tamped 

explosive. It will explode when subjected to a temperature of 290oC for five sec. 

Composition C-4 has a higher stability than Composition C-3. It is essentially 

nonhygroscopic. It will not harden at -570C and will not undergo exudation at 7T0C. 

Composition C-k  is less sensitive to impact and slightly more brisant than Compo- 

sition C-3. The two compositions are about equal in sensitivity to initiation. 

D. MANUFACTURE 

The isobutylene plasticizer, previously made up in ether, is mixed with 

cyclonite (crystals of kh  microns or less) either by machine or by hand-kneading 

and rolling (machine-mixing uses a Schrader Bowl mixer). The mixture is then dried 

at 60oC. 

E. USES 

Composition C-k is used primarily for demolition blocks. It is well 

suited for underwater demolition if properly packaged. It is ideally suited for 

cutting through steel because of its plasticity and its high velocity of detonation. 
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I, Composition C-h  (cont.) L 
F.  COMMENTS 

Composition C-^ has been developed to improve the instability and 

hygroscopicity of Composition C-3 (see entry). It has not, however, entirely 

replaced Composition C-3- 

II.   COMPOSITION C-3 

i: 

A. ALTERNATE NOMENCLATURE 

Plastic Explosive (along with other Composition C-series explosives) 

B. COMPOSITION 

Cyclonite  77.1$ 

Tetryl  3.0$ 

Mononitrotoluene   5'0$ 

Dinitrotoluene   10.0$ 

TNTJ  1^0$ 

Wet Nitrocollulose —  0.9$ 

i 

1 

C.  CHARACTERISTICS 

Composition C-3 is a yellowish, puttylike, hand-tamped explosive. It 

will detonate when subjected to a temperature of 28o0C for five sec. Two classes 

of Composition C-3 (Class A and Class B) are manufactured, in accordance with 

military specifications. The two classes differ only with respect to acidity 

(see Uses below). Composition C-3 is pliable at normal temperatures and can be 

easily molded to suit requirements. It is hygroscopic, but its brijance is 

unchanged after total immersion in water. It is more brisant than TNT, but less 

brisant than tetryl. Its sensitivity to impact is similar to that of TNT, but 

[ 

L 
[ 
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GEMSIP FR-1, Volume 5, .\ppendix A,   Section I 

II, C, Characteristics (cont.) 

much less than that of cyclonite. Composition C-3 is somewhat unstable. When 

exposed to air at 250C for five days, it loses 1.2^ of its weight because of its 

volatility. Moreover, it becomes hard and brittle at -290C and undergoes consider- 

able exudation at 770C. 

D. MANUFACTURE 

Tetryl, nitrocollulose, and the nitrotoluenes are mixed together to 

form the plasticizing agent. This plasticizer is then heated to 100oC and wet 

cyclonite is added. The mixture is stirred and heated until the composition is 

uniform and all the water has been driven off. 

E.  USES 

Class A Composition C-3 is used for the manufacture of demolition 

blocks. Class B Composition C-3 is used both for the manufacture of demolition 

blocks and the loading of ammunition where a lower acidity is desired. 

F. COMMENTS 

Composition C-3 was developed to improve the instability of Compo- 

sition C-2. It has not been completely satisfactory in this respect, and is 

being replaced by Composition C-^. 

III. CYCLONITE 

ALTERNATE NOMENCLATURE 

Cyclotrimethylene-trinitramine 

Trimethylenetri nit rami ne 

NOTE:    The term "RDX," although British in origin,  is often used 

interchangeably with "cyclonite" in the U.S. 
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III, Cyclonite (cont.) 

B.      COMPOSITION 

(CH2)-N„(N0p)_ or C_H,-N/-0/-—chemical compound containing the following 

percentages by weight of the elements: 

;.' 

Carbon   l6.22^ 

Hydrogen  2.72^ 

Nitrogen  37-8^ 

Oxygen  l+3.22/o 

C.  CHARACTERISTICS 

Cyclonite is a colorless or white press-loaded high explosive melting 

at 20i|oC. It will detonate when subjected to a temperature of 26o0C for five sec. 

Cyclonite is classified into two types, in accordance with military specifications. 

Type A must have a minimum melting point of 200oC (the melting point given above 

is for pure cyclonite) and a maximum acidity of 0.05^ (as nitric acid). Type B 

must have a minimum melting point of 190oC and a maximum acidity of 0.02^ (as 

acetic acid). There is also a slight difference in granulation between the two 

grades. Type B is the less pure of the two types, the impurity consisting mainly 

of HMX. Cyclonite has no reaction with aluminum or stainless steel. It reacts 

slightly with copper, brass, mild steel, and cadmium, and when damp it also reacts 

slightly with nickel and zinc. Cyclonite is nonhygroscopic at 30oC and 90^ rela- 

tive humidity. It is as stable as TNT at temperatures under 100° to 150oC. It 

has been stored for ten months at 850C without any change in stability. Cyclonite 

has the same sensitivity to impact as tetryl, but is more sensitive to friction 

than tetryl. Both types of cyclonite are equally sensitive to impact, friction, 

heat, and initiation. Cyclonite is more powerful than tetryl and is considered 

the second most powerful standard military explosive (nitroglycerin being the 

first). 
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III,  Cyclonite (cont.) 

D.  MANUFACTURE 

Formaldehyde is reacted with ammonia to yield hexamethylene-tetramine, 

which in turn is nitrated to yield crude cyclonite. The cyclonite is collected 

by filtration and is washed and ground. 

E.      USES 

I 

L 

Cyclonite is used mainly in mixtures  (Composition A,   Compositions B 

and B-2,  Compositions C,  C-2,  C-3,  and C-k,  Torpax,  PTX-1,  and PTX-2),  but can be 

used alone as a subbooster,  booster,  and bursting charge. 

F.       COMMENTS 

The chief impurity occurring in the manufacture of cyclonite is HMX. 

Its presence in cyclonite is not considered harmful. 

. 

.:' 

I 

Comparative test values of these explosives are shown in Table 2. 

Reference for all explosive specifications: Encyclopedia of Explosives, Ordnance 
Technical Intelligence Agency, Durham, North Carolina. 
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ArPENDIX B, SECTION I 

GEMSIP PULSE CHARGE INITIATOR FIRE CHECK SYSTEM 
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Appendix B, Section I 

28VDC GND 
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Figure 33 — GEMSIP PUIBO Initiator Circuitry 
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GEMSIP FR-1, Volume 3»  Appendix B, Section I 

I. DESIGN REQUIREMENTS 

A. Provide 28 vdc firing circuit limited to 2 amps max. 

B. Provide independent 28 vdc destruct circuit without current limitation. 

C. Provide remote squib resistance check circuit current limited to 10 ma 

max. with a measuring range of 0 to 10 ohms and sensitivity of 0.050 ohms. 

II.   CIRCUIT DESCRIPTION (See Figure 33) 

A. CHECK CIRCUIT 

The check circuit is comprised of a Wheatstone-type resistance bridge 

utilizing 0.01% tolerance resistors. The bridge ratio is established at 100:1 by 

the fixed ratio of R5 to R6. Values of line and squib are measured directly by use 

of 10-turn precision potentiometers R7 and R8 equipped with direct reading dials. 

R3 provides current limitation at 10 ma max. The null indicator is 50-0-50 microm- 

eter protected by sensitivity resistor RU. The check power source is a 6.0 vdc 

mercury cell battery. 

B. FIRING CIRCUIT 

The firing circuit is a 28 vdc system current limited by resistor Rl to 2 

amps max. Firing relay KL is wired to apply a direct short to the squib until 

energized by manual fire switch. At fire switch, Kl shuttles to remove short and 

apply power in a break-before-make operation to prevent inadvertent grounding of the 

power source at initiation. Timer Tl provides a delayed sequence to engine ignition,, 

allowing pre-ignition of the pulse squib. Tl is a variable R-C timer repeatable to 

set within 0.005 sec. Squib firing current is measured and recorded by a current 

sensing galvanometer whose voltage source is the voltage drop across resistor R2. 
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II,  B, Firing Circuit (cent.) i.. 

Initiation time is measured and recorded by use of a voltage switch trace.    The 

firing circuit is protected from short circuiting by relay K3, which receives fire 

signal simultaneous with squib and disconnects power source within 7-rasec relay 

pick-up time. 

III.      THEORY OF OPERATION 
0 

A.  The check circuit is energized by the control room switch energizing 

relay K2, which cuts off the firing circuit and connects the resistance bridge. 

B. A direct short circuit is applied in place of the squib at the test 

stand. The squib dial is set to zero and the line dial is rotated to provide a meter 

null. The line dial is locked in this position. Line resistance is now irrevelant 

to the measuring circuit. 

C. The short circuit is now removed and the squib is installed. Step B, 

above, is repeated using the squib dial to obtain squib resistance. 

D. The check switch is cut off automatically at the engine sequence arm 

to prevent accidental firing into the measuring bridge instead of the squib which 

•would cause a system and test malfunction. 

E. Firing is automatically initiated by engine command fire switch and a 

manual destruct capability is provided after engine sequence arm switch to override 

firing circuit in case of a malfunction. 
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IV.   V^IATIOMS AVAILABLE 

A. Kl may be wired to receive initiation from a pressure sensitive switch 

(TCDS) foy applications of pulsing system at same fired Pc level. 

B. Additional pulse circuits may be gauged and timer sequenced to ignite in 

a series arrangement at either some preset time or some predetermined Pc levels. 
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Figure 3I+ — Installation of Fuel Single Pulse Generator on 91-5 

Engine 
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II. SINGLE PULSE GENERATOR 

Unstable combustion has often been attributed to disturbances in the 

propellant feed system. The early work of Summerfield explored in this direc- 

tion, and from these studies he developed a model for unstable combustion 

induced by feed system perturbations. It is now known that this is only one 

of the ways by which unstable combustion may be excited and that it is asso- 

ciated with the lower frequency chamber oscillations usually referred to as 

"chugging." 

No standard of amplitude, rise rate, or duration has yet been generally 

accepted for classifying the tolerance of rocket engines for feed system pulsing. 

For the GEMSIP Program, the requirement as set forth in Exhibit A, Paragraph B.3j 

states: 

"Pulsing tests of the engine feed system in both the fuel and 

oxidizer lines shall be conducted to evaluate the response and 

coupling characteristics of the feed, injection and combustion 

systems and to determine the effect on injector stability. 

This pulse . hall be 2Cffo  greater than the working pressure of 

the system at the point injected or the limiting pressure, 

whichever is less. The pressure rise rate shall be equal to 

or greater than 350,000 psi per second," 

Several techniques have been used for producing feed system perturbations, 

but no one has been recognized as heat for all occasions. For GEMSIP. two devices 

were developed — the continuous pulse generator, discussed in Section IIT of 

this volume, and the single pulse generator which follows here (Figure B^)« 

, . 

A search of the literature revealed that the Rocketdyne Division ol' North 

American Aviation had developed a single pulse generator that had been used for 

both the H-l and F-l programs. The Rocketdyne reports state that the pulse 

generator operated in the following manner: a smokeless powder charge, contained 

within a cavity behind a "hammer," was ignited electrically. When the burning 
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II, Sing] s Pulse Generator (cont.) 

charge had generated sufficient pressure, two hammer-holding pins sheared, per- 

mitting the hammer to impact upon the backside of a piston, the frontside of 

which was in intimate contact with the working fluid. The resulting compression 

of the liquid generates a high-energy short-duration pressure pulse. 

A.  DESIGN 

The single pulse generator (P/N 70^716) designed for use on the GEMSIP 

is similar to the Rocketdyne pulser in that it utilizes the mechanism of one 

piston striking another to produce a steep-fronted high-energy wave. However, 

high pressure nitrogen gas instead of a powder charge produces the driving force 

for the hammer. Figure 35 shows a cross-section of the GEMSIP single pulse 

generator. 

The single pulse generator consists of the following seven major com- 

ponents: anvil piston, hammer piston, trigger piston, housing, belleville washers, 

belleville washer adapters, and "dome." Figure 36 shows an exploded assembly of 

these components. 

The anvil piston (Figure 37) is machined from U3I stainless steel, 

which is heat-treated to a hardness of Rockwell C 38-^3» It is I.362 in. in 

diameter and I.85O in. long. Two grooves are machined in the anvil piston to 

accept butyl rubber 0-rings and Teflon back-up rings. 

The hammer piston (Figure 37) is also machined from ^31 stainless 

steel with a hardness of Rockwell C 38-^3. It is 1.183 in. in diameter and 

h.h21  in. long. Heat-treated AISI ^31 stainless steel was chosen to prevent 

mushrooming at the impact end of the piston. 
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Figure 36 — Exploded Assembly of Single Pulse Generator 
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II, A, Design (cont.) 
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Two O-ring grooves are machined, one at each end of the hammer piston, 

and another deeper groove is machined for insertion of the trigger piston (see 

Figure 35). Butyl rubber 0-rings with Teflon slipper seals are used for dynamic 

sealing in order to decrease the coefficient of dynamic friction. 

The trigger piston (see Figures 35 and 36) is machined from AISI kkOC 

stainless steel which has been heat-treated in the following manner: 

(a) Two hours at I85O0 to 1900oF; quenched in oil at 150 to 200oF. 

(b) Double stress-relieved at 350oF for 15 minutes; quenched with 

water. 

(c) Tempered at 1100 to 11500F for two hours to a hardness of Rockwell 

C 35-^5• The hardness of Rockwell C 35-^5 is required so that wear on the tip of 

the trigger piston will be minimized. The 1100 to 1150oF tempering temperature 

avoids the brittle zone (750 to 1050°F), so that the trigger piston will be 

relatively ductile. The AISI ^0C stainless steel was chosen because of its high 

strength which is required because the trigger piston is subjected to a high bend- 

ing - tension load. 

The housing is machined from AISI ^31 stainless steel, which has been 

heat-treated to a hardness of Rockwell C 38-^3 (see Figures 35 and 36). The 

hammer and anvil piston bores are ground to an 8-microin. finish; the trigger 

piston bore has a l6-microin. finish. This high surface finish is required to 

minimize sliding friction and wear of the dynamic seals. 

The belleville washers absorb the momentum of the an'ril piston after 

the pulse has been transmitted to the fluid. These washers are machined from PH 

15-7 Mo stainless steel, chosen because of its high modulus of elasticity, high 

tensile strength, and high fatigue strength. They are heat-treated to a hardness 

of Rockwell C ^2-^7. Figure 38 shows sixteen belleville washers. 
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II, A, Design (cont.) 

The belleville washer adapter contains the helleville washers and 

provides a means of bolting the generator assembly to the attachment point on the 

feed system.  (See Figure 39)• To prevent the possibility of mounting a fuel 

system pulse generator on the oxidizer circuit, or vice-versa, the belleville 

washer adapters for the two system units were fabricated with different bolt hole 

patterns. The adapter for the oxidizer unit has ten bolt holes and 3.00-l6UN-3B 

threads, while the fuel unit has eight bolt holes and 3'00-12UN-3B threads. Welded 

to the adapter are two AN8l6 unions, through which air can be bled from the belle- 

ville washer cavity after the unit has been attached to a feed system. The hole 

through the belleville washer adapter is 1.000 in. in diameter. 

The dome of the single pulse generator (see Figures 35 and 36) is 

machined from 3^-7 stainless steel designed for working pressures up to 1500 psi. 

B.  FUNCTIONING OF THE SINGLE PULSE GENERATOR 

The GEMSIP single pulse generator operates in the following manner: 

1. The dome and back side of the trigger piston are vented. 

2. The chamber portion between the hammer and anvil pistons and the 

front side of the trigger piston are pressurized. This causes the trigger piston 

to retract and the hammer piston to be forced up against the retainer nut. When 

the hammer piston is in the full-up piston, a microswitch is actuated (Figure ko), 

which verifies the position of the hammer by lighting a light on the control panel. 

3. With the front side of the trigger piston pressurized, the back 

side is then pressurized to drive the trigger piston forward to engage the hammer 

piston groove. (The trigger piston moves forward when equal pressure is applied 

1 the front and back because of the differential area). 
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Figure kO  — Mounting of Single Pulse Generator Microswitch 
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II, B, Functioning of the Single Pulse Generator (cont.) 

Q 

I 

■* 

h.       The dome is pressurized, and the chamber is evacuated. The single 

pulse generator is now ready to fire. 

5.  The back side of the trigger piston is vented, which retracts the 

trigger. This allows the hammer piston to travel down the bore at high velocity 

and strike the anvil piston, thus transferring energy to the anvil piston through 

impact. The anvil piston, in turn, transfers the impact energy to the fluid, 

producing a pulse in the feed system. 

C.  TRANSFER OF ENERGY THROUGH IMPACT 

Figure kl depicts the propagation of the impact wave through the hammer 

and anvil pistons. The velocity of an impact ■wave is dependent upon the velocity 

of sound in the material in which it travels. Since both pistons are made of the 

same material, the impact wave travels at the same velocity in both. 

y 

In Figure ^1, (l) is the hammer piston and (2) is the anvil piston. 

Figure klb  shows the impact waves traveling opposite directions, with each wave 

containing some finite energy, A. At the same time shown in Figure hid.,  the wave 

in (2) reaches the end of the piston exposed to the fluid and part of the wave is 

transmitted to the fluid,, while the remainder is reflected back into piston (2). 

Let KA equal the part transmitted to the fluid and (l-K) A be the 

reflected portion of the wave. The (l-K) A wave continues to travel through the 

anvil piston (2), passes into the hammer piston (l) and through the A wave. At 

the time shown in Figure kli,  the A wave reaches the contact end of the hammer (l) 

piston. At this time, the anvil piston (2) moves away from the hammer piston (l). 

Wave (l-K) A remains echoing in piston (l), losing some energy every 

time it is reflected from an end face, until it decays. 
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Figure Ui — Propagation of Impaot Wave 
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II, C, Transfer of Energy Through Impact (cont.) 

It is possible to calculate the magnitude of the wave transmitted to 

the fluid using the method described by Goldsmith*. 

Step 1. Calculation of the velocity of the hammer piston at impact: 

F  = M a = P A, or 

P A, 

Where: a 

F 

Ml 

P 

An 

M1 

= Piston acceleration 

= Force on back side of hammer piston 

= Mass of piston (l) = 0.03 lb - sec 
ft 

p 
= dome pressure = 1000 lb/in. 

o 
= Area of piston (l) = O.95 in. 

(1) 

(3) 

For the conditions above, and the following assumptions: 

a. 

b. 

c. 

Constant pressure during stroke 

No losses due to friction 

No back pressure buildup (i.e. evacuated "chamber") 

1/2 at or t = 
ZS 

where (k)  and (5) 

a = 31,600 ft/sec and 

s = stroke length = 0.18? ft. 

then 

t = 0.003^ sec - hammer piston traveltime 

V = at = velocity of hammer piston at impact 

V =9^.8 ft/sec 

*W. Goldsmith,  Impact (Edward Arnold Publishers:  i960) pp.  267-276. 
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II, C, Transfer of Energy Through Impact (cont.) 

LI 
1: 

Step 2.  Calculation of Stress at Piston Impact 

Stress = P V C = 83,700 U/in.' 
o      J    ' 

Where 

II 

P   = density of piston material = 15.3 lb/sec 
f fV 

G   = acoustic velocity in material = o,k00  ft 
sec 

V   = average velocity of two pistons at impact = 

(9^.8 + 0) ft/sec 
2 

Assuming elastic impact. 

Step 3:      Calculation of the stress transmittal ratio (amount of shock 

energy transferred to the fluid) 

2A   P  C 
Stress transmittal ratio = . *p -— . »—=— 

P P P   f f f 

where the subscripts p and f denote piston and fluid acoustic prop- 

erties respectively. 

Stress transmittal ratio = 6.75^ 

Step h:      Calculation of the magnitude of the  stress wave transmitted 

into the fluid caused by the initial impact of the pistons. 

Transmittal Wave = (stress transmittal ratio) x (impact Stress) 

= 5,650 psl 
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II, C, Transfer of Energy Through Impact (cont.) 

It is apparent that this predicted 5650-psi wave (pulse) would 

adequately fulfill the contractual requirement of a 20/0 overpressure at the 

point of applications because the nominal line pressures for the 91-5 feed 

system are approximately 1000 psi. 

D.  DEVELOPMENT TESTING 

The development testing of the GEMSIP single pulse generators involved 

three phases: (l) the functional testing of the pulsers on a calibrated line; 

(2) the calibration testing of the pulse generators on a 91-5 thrust chamber 

assembly consisting of a dome, injector, combustion chamber, and inlet elbows; 

and (3) an evaluation and demonstration series on a hot firing second stage Titan 

engine system. 

I 
1 
1 
1 
D 

1.  Functional Testing 

The functional testing phase involved the pulsing of a calibrated 

line (T605OII) in the Research and Development Shops Hydraulics Laboratory (Figure 

h2).    The line was flowed with water at nominal engine flowrates corrected to water 

flow with a back pressure of 1000 psi. The calibrated line is a straight section 

of pipe with approximately the same inside diameter as the engine propellant line. 

Welded to the calibrated line is a flange for attaching the single pulse generator. 

Figure h3 depicts the test set up. This calibrated line provided the capability 

for mounting six Microsystems PT3F-C2 high frequency pressure transducers at 

various locations down the line, and one Kistler 701 transducer directly opposite 

the pulser inlet. 

Initially, multirecording capability was not available in the hydro- 

lab; only one function at a time could be monitored on an oscilloscope with a 

Polaroid picture recording the trace. This method proved to be both inadequate and 

time-consuming. Therefore, a portable Ampex tape recorder was obtained and all 
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Figure ^3 — Setup for Pulse Generator Functional Tests 
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II, D, Development Testing (cont.) 

transducers were monitored simultaneously on tape. The  tape was played back at a 

reduced speed and the output was recorded by a standard oscillograph. This tech- 

nique had advantages of high readout speed, good resolution of pressure spikes, and 

the capability for producing filtered playbacks if necessary. 

During the functional tests with the fuel single pulse generator, 

the trigger piston failed as shown in Figure hk.    An analysis indicated that there 

was a crystalline or fatigue-type failure which was the result of a combination of 

two causes:  (l) an improper heat treatment resulted in a hardness of Rockwell C 28 

instead of. the required C 35-1*-5; and (2) during the first series of tests, the 

hammer piston was inadvertently pushed to the upper position while the trigger 

piston protruded through the wall (again refer to Figure 35) • This put a severe 

bending load on the trigger piston and accelerated a fatigue-type failure. 

To prevent repetition of the error, the control system was modified 

so that it now is impossible to move the hammer piston while the trigger piston is 

protruding into the chamber cavity. Subsequent firings of the single pulse generator 

have not produced another damaged trigger piston. 

Approximately 250 functional tests were conducted with the two 

pulse generators. During these tests, three belleville washers failed in the manner 

shown in Figure U5. This failure rate is unimportant since there is a total of l6 

of these washers in each unit, and they can be checked and replaced very easily. 

During the functional testing of the pulse generators, it was 

necessary to disassemble and reassemble the units several times. The assembly of 

the pulse generator can be accomplished by one man in about two hours. The major 

assembly problem is the installation of the trigger and hamme ■ pistons with the 

Teflon slipper-seals in place. Teflon is a light material and tears very easily. 

Installation of these slipper-seals is facilitated by applying a generous coat 

of Dow Corning Lubricant (DC-ll) and working the seals lightly with the fingers. 
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IIj D, Development Testing (cont.) 

A little pressure must be applied to seat the pistons into place. All the pistons 

should be completely packed with DC-11 and all seals coated liberally with the 

exception of the durabula gasket used between the housing and the belleville 

washer adapter. 

2.  Calibration Testing 

A 91-5 thrust chamber assembly was set up in the hydraulics 

laboratory for the calibration testing of the single pulse generators. The pur- 

pose of these calibration tests was to determine the amplitude and transmission 

characteristics of the pulse as a function of the pulse generator dome pressure. 

c 

Ü 

For the series of tests with the fuel pulse generators, the 

calibrated line was attached to the fuel inlet elbow, simulating the fuel dis- 

charge line to which the single pulse generator was to be attached during engine 

testing. Figure k6  shows the test setup. The system was flowed with water at 

Ilk  lb/sec which allowed to discharge to ambient pressure in the combustion 

chamber. Static pressure of 350 psi in the calibrated line was maintained by 

flow control valves. 

Data were recorded for pulser dome pressure varying from 100 psi to 

900 psi in 100 psi increments. The results of this test series are tabulated in 

Table 3 and represented graphically in Figure U7. It is evident that a pulser 

dome pressure of UOO psi will produce the required pulse of 20^ overpressure. 

For the oxidizer system tests, a 91-5 oxidizer dome was modified to 

accept the single pulse generator and Microsystem high frequency transducers as 

shown in Figure k%.    The system was flowed at 169 lb/sec of water, which produced 

a pressure of 300 psi in the dome. 
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1 Table 3 • -- Calibration Test Data For Fuel Pulse Generator 

1 
SPG 
Dome 
Pres, 

Pci -2C Pci -2D PfJ -IB PfJ -7F PfJ -3A 

■ Test 
■ No 

Spike 
Ampl. 

Press 
Rise 
Rate 

Spike 
Ampl. 

Press 
Rise 
Rate 

Spike 
Ampl,, 

Press, 
Rise 
Rate 

Spike 
Ampl. 

Press 
Rise 
Rate 

Spike 
Ampl. 

Press 
Rise 
Rate Remarks 

1 psig psi 

psi/ 
secv 
xlO6 psi 

psi/ 
secv 
xlO6 psi 

psi/ 
sec^ 
xlO6 psi 

psi/ 
sec/- 

x 10 psi 

psi/ 
3ec6 

x 10 
•> 

• -050 

-051 

100 

200 

206 

229 

1+.16 

3.85 

106 

159 

2.68 

5.3^ 

1+2.8 

57.1 

0.86 

1.92 

22.2 

32.2 

O.89 

1.08 

—   PfJ-3A is 
question- 
able 

1-052 300 238 h.Qo 219 7.35 73.5 I.85 ^5.1 1.81 35-2 1.1+5 

-053 

J-05^ 

500 203 11.3 217 10.9 Ilk 3.28 61+.1* 2.60 1+7 I.89 

700 182 6.16 212 11.7 lk3 1*. la 83.8 3.38 53.0 2.11+ 

-1-055 900 208 5.2^ 205 llU 183 k.62 100 338 76.5 1.93 

I 
1 

Pci-2B Pci-2A PfJ-lB PfJ-2A 

r 
Spike    Press      Spike    Press 

Test    Dome    Ampl.    Rise       Ampl.    Rise 
No.    Pres. Rate Rate 

Spike    Press, 
Ampl.    Rise 

Rate 

PfJ-3A 

Spike Press  Spike Press 
Ampl. Rise   Ampl. Rise 

Rate        Rate Remarks 

r psig    psi 

1 
0l+0 300 200 

-Ol+l 500 205 

'-OI+2 700 210 

oi+3 900 191 

psi/ 
sec,- 

xlO6 

11+.3 

20.7 

21.2 

19.3 

psi 

psi/ 
see/- 

xlO6 psi 

psi/ 
sec/- 

xlO6 psi 

psi/ 
secv 

xlO6 psi 

psi/ 
sec, 

x 10 

109 2.76 66 2.21 38 1.09 

150 1+.32 69 2.31 55 I.58 

180 6.07 88 3.5^ 82 2.07 

188 6.32 105 1+.23 62 2.08 

Pci-2A 
lost 
because 
of system 
short 

1 

i 

1 
I 

8JSK.SB.*U»I0»»»« 
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II, D, Development Testing (cont.) 

Again, the pulse generator dome pressure was varied from 100 psi 

to 900 psi in 100-psi increments. The results are tabulated in Table h  and 

represented graphically in Figure U9 where it is apparent that a pulser dome 

pressure of 500 psi will produce a contractually acceptable pulse. 

After the calibration test series on both the fuel and the 

oxidizer systems, an attempt was made to pulse the fuel system through the 

P -3A boss.  (P -3A measures the pressure of the fuel in Channel 17 of the 

injector). An adapter was fabricated to reduce the area of the hole through 
i 

the belleville adapter from 1.00-in. diameter to 0.007-In. diameter. The test 

setup is shown in Figures 50 and 51' 

This test series showed that the transmission losses through 

the 0.125 in. tubing attenuated the pulse so much that even at pulser dome 

pressures of 900 psi, P -7F, located 9 in. from P -3A, showed only a 10 psi 
U 1J 

increase in noise level. 

3.  Engine Tests 

The single pulse generator was used in conjunction with the 

GEMSIP early engine test series for two purposes: 

(1) To demonstrate the ability of an engine to absorb a per- 

turbation in the feed system without going unstable, when using a candidate 

injector with a tip-injecting baffle configuration. 

(2) To demonstrate the capability of the single pulse generator 

to produce the required perturbation in the engine feed system. 

Page 95 



- 

GEMSIP FR-1, Volume 5 

Figure 50 — SPG Mounted on Chamber 
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Figurs 51 — View of Pf .-3A Tap Connection 
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Calibration Test Data for Oxidizer Pulse Generator 

est 
No. 

Dome 
Press. 

psig 

PoJ 
Spike 
Ampl. 

psi 

-3 
Press. 
Rise 
Rate 
psi/ 
sec 
x 10° 

PoJ-2 
Spike Press. 
Ampl. Rise 

Rate 
psi/ 
sec 

psi  x 10° 

PoJ-1 
Spike Press. 
Ampl. Rise 

Rate 

psi/ 
sec 

psi  x IG6 

038 100 111 3.93 78.3 2.25 80 2.23 

oho 100 127.7 8.^9 83.5 2.62 99.7 3.1^ 

Okl 200 167.7 11.08 116.8 3.31 120 2.kl 

0h2 300 19^.5 12.9 139 IK 61 13M, 3.3^ 

0U3 koo 191 10.9 158.5 5.27 105.6 2.21 

.okk 500 212 10.U 180.5 5.13 171.3 3.57 

0U5 500 229 11.8 183 5.21 162.6 3.2^ 

•0^6 700 236 12.6 191 6.3^ 168.5 3.53 

■Okl 800 232 15.2 228 6.69 188.^ h.69 

OkQ 900 2kk 12.0 2^1+ 6.9»+ 19^ h.29 

■ohs 1000 229 12.9 223 7.33 197 k.36 
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II, D, Development Testing (cont.) 

For this test series, a second stage Titan engine was assembled 

with a special dome, combustion chamber, discharge lines, and suction lines which 

provided the capability for extensive high frequency instrumentation (see Figures 

51 through 56). 

For Test No. 1.2-01-TLA-001+, the fuel unit was attached to the 

fuel discharge line as shown in Figure 57. Prior to the test, fuel was bled 

down to the thrust chamber valves by opening the oxidizer and fuel high point 

bleed valves. The belleville washer adapter bleed on the pulser was also opened 

during this time to eliminate air from the cavity immediately adjacent to the 

anvil piston. The single pulse generator dome pressure wa$ set at 500 psi and 

the trigger piston actuation pressure was set at 900 psi. 

An electrical timer was used to signal the triggering mechanism 

at FS-1 +2.2 sec. However, a shutdown caused by the combustion stability monitor 

(GSM) occurred at FS-1 + 0.9^3 sec, which was prior to the actuation of the single 

pulse generator. An examination of the records showed the CSM shutdown to be 

caused by oscillating amplifiers and therefore invalid. 

For Test No. 1.2-01-TLA-005, the fuel unit was mounted on the 

fuel discharge line with the trigger actuation pressures set at 900 psi. The 

pulse generator was cycled three times with 500-psi pulser dome pressure prior 

to the test. Because the generator was actuated in a "dry" system (no propel- 

lant in the cavity of the belleville washer adapter), several belleville washers 

were cracked during these functional tests and had to be replaced. 

As in the first test, the pulser was sequenced to operate at 

FS-1 +2.2 sec. However, though the control unit for the trigger piston func- 

tioned properly, the trigger piston did not retract and, consequently, the 

pulser did not operate- 
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Figure 52 — GEM3IP Injector 
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II, D, Development Testing (cont.) 

m 

B 

0 
0 

■ 

1 

A visual inspection of the pulse generator revealed some scoring 

marks on the trigger piston bore, which were thought to have been caused by a 

sharp edge on the "aeck" of the trigger piston. The sharp edges on the trigger 

piston were removed, and 0.0005 in. of material was honed from the walls of the 

damaged bore to remove the scoring. 

The fuel pulse generator was attached to the fuel discharge line 

for Test No. 1.2-01-TLA-006. The trigger piston actuation pressures were set at 

1000 psi, and the dome pressure was set at kOO psi. A Teflon block was substi- 

tuted for the belleville washers to prevent further breakage of the washers, and 

the pulser was cycled successfully 15 times with no propellant in the lines. 

During one of these functional tests, all the high frequency 

transducers on the engine system were monitored on Ampex tape to determine if the 

transducers would be sensitive to the mechanical vibrations transmitted through 

the structure. The data showed that none of the transducers was sensing structural 

vibrations. 

The Teflon block was removed, and the belleville washers were 

replaced. The trigger piston was actuated at FS-1 + 2.2 sec, and the pulse 

generator fired at FS-1 + 2.^5 sec. The 0.25-sec delay can be attributed to the 

vent time of the trigger cavity, the time required for the trigger and hammer 

pistons to overcome inertial forces, and the travel time of the hammer piston 

prior to striking the anvil piston. 

The pulse generator produced a 326-ps:. pulse at P .-2C with an 

820,000-psi/sec rise rate as shown in Figure 58. None of the chamber pressure 

transducers showed the pulse. 
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Figure 58 — High Frequency Playback for Test No. 1.2-01-TLA-006 
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II, D, Development Testing (cont.) 

For Test No. 1.2-01-TLA-007, the oxidizer single pulse generator 

was mounted on the second stage Titan dome as shown in Figure 59« Because it was 

thought that the volume of the mounting flange might have an adverse effect on the 

91-5 engine start transient, a method was devised to offset this volume during start. 

A Teflon "orange-peel" hurst diaphragm was designed to fit on a serrated seat, 

located flush with the interior of the oxidizer dome contour (Figure 60). Prior to 

the test, the cavity between the diaphragm and the pulse generator was filled with 

nitrogen tetroxide at l+O-psi pressure. During the test, as the oxidizer dome pres- 

sure increased to 1000 psi, the diaphragm did not rupture because of the liquid 

prefill on the back side. However, at FS-1 +/1.8 sec, this cavity was vented 

through the belleville adapter bleed port, and the diaphragm ruptured because of 

the differential pressure. At FS-1 +2.0 sec, the bleed port was closed. 

1 
1 
I 

ilj 

The pulse generator was actuated with 1000-psi pressure on the 

trigger piston and 500-psi dome pressure at FS-1 +2.2 sec, and the pulse gen- 

erator fired at FS-1 + 2.l4-3^ sec. Figure 6l shows the playback of the high frequency 

records. As can be seen, PoJ-3F shows a 360-psi overpressure with a 3>500,000- 

psi/sec rise rate. Pc5E (a water dump Electro Optical Systems transducer) showed 

a slight increase ir. the combustion noise level. 

These test results show that the single pulse generators designed 

and developed for use in conjunction with the Gemini Stability Improvement Program 

are capable of producing significant (20% or greater) pressure perturbations, with 

high rit'.e rates, in the 91-5 feed system. 

■ 

: 

i 
0 
i 
i 
i 

E.  CONCLUSIONS 

As a result of the development testing of the GEMSIP single pulse 

generators, the following conclusions have been made: (l) the GEMSIP single 

pulse generators are capable of producing significant (20fo or greater) pressure 

perturbations, with high rise rates, in the 91-5 feed system; (2) a pulser "dome" 
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Handling 
Ring 

Single Pulse 
Generator 

Teflon Burst Diaphram 

91-5 DOBB- 

Figure 60 — Installation of Teflon Burst Diaphraiß 
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II, E, Conclusions (cont.) 

pressure of hOO  to 500 psi is sufficient to produce a significant perturbation; 

(3) a trigger actuation pressure of 1000 psi insures high reliability of pulser 

operation; (h)  extreme care should be taken in the installation of the Teflon 

slipper seals on the hammer and trigger pistons — because of close tolerances, 

any scoring or tearing may cause the seals to bind or fail; and (5) the belleville 

washers may crack when subjected to heavy loading or an extreme number of cycles, 

but this failure is of no consequence because the bellevilles are easily replaced. 
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III.       CONTINUOUS PULSE GENERATOR  (FLOW MODULATOR) 

Some 91-5 engine test firings exhibited what appeared to be a correlation 

between low frequency {hOO to 500 cps) oscillations and subsequent damaging 

instabilities.    To assist  in establishing the exact role of the oscillations  in 

instabilities, a device to introduce controlled perturbations was designed and 

fabricated so that the stability sensitivity of the combustion process to oscilla- 

tions and the dynamic response characteristics of the feed system could be 

determined. 

! 

\ 
3i 

A.  DESIGN REQUIREMENTS—CONTINUOUS PULSE GENERATOR 

1: 
M f 

i I, 

A literature search revealed that both Bell Aircraft Company and 

Rocketdyne had fabricated pulse generators for use on rocket engine feed systems. 

The work done by Bell Aircraft was for small-scale engines with flowrates less 

than 1 lb/sec. Their pulse generator was a simple "ball valve" mechanism pro- 

ducing frequencies up to 500 cycles per second. 

The Rocketdyne pulser was mentioned briefly in a final report for the 

Atlas Program giving i'ew details. Arrangements, therefore, were made for two 

members of the Combustion Dynamics Department to meet in Canoga Park with 

Rocketdyne personnel and discuss the design and development of their continuous 

pulse generator. It was learned that the Rocketdyne pulser produced measurable 

oscillations only at discrete frequencies and the maximum amplitude was 50 psi 

peak-to-peak with an operating propellant line pressure of 60Ü to 700 psi. 

u 
The primary objective was to design a device that would introduce a 

sinusoidal pressure oscillation into either the fuel or oxidizer circuit at fre- 

quencies ranging from 100 to 1000 cps, the amplitude of the perturbation to be 

sufficient to I discernible above normal combustion and. "flow noise." 

\ 
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A,   Electrically Driven 
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B»  Vibrating Reed 

C.. Mechanically-Driven 

Figure 62 — Area Change of Prqpellant Line 
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B 
III, A, Design Requirements—Continuous Pulse Generator  (cont.) 

To fulfill the requirements, four concepts were considered; 

H 
I 

1. Intermittent variation of the  internal flow area of the propellant 
feed line. 

2. Intermittent increase of the propellant pressure. 

3. Intermittent injection of propellant  into the lines. 

k.      Intermittent release of propellant overboard. 

Of the four concepts considered. No.  1 had the most advantages  in that 

line geometry changes would be minimum and closer correlation to actual engine con- 

ditions would be realized.    It did, however, present power media and sealing diffi- 

culties.    The various concepts and the results of the analysis are listed: 

1.      Internal Flow Area Change 

Rotating Butterfly (Figure 62a)  studies conducted indicate that 

the amplitude of the pressure oscillation would meet requirements only if two 

lobes were used.    This would necessitate 30)000 rpm and result in cavitation. 

2.      Vibrating Reed 

I 

1 
1 

This concept (Figure 62b) showed considerable promise; however, 

preliminary studies indicated that the amplitude of the pressure oscillation was 

a function of the transverse motion of the reed, which in turn was a function of 

the length of the reed. If the reed was driven by the energy of the stream, its 

vibrating (natural) frequency was also a function of its length. It thus became 

evident that it was necessary to drive the reed by some other means to control both 

its transverse motion and its length. Laboratory models demonstrated the concept's 

feasibility, but considerable development work was necessary. 

i 
1 
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Propellant Line 
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To Chamber 
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Figure 63 — Piston Displacement of Fluid 
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1 
III, A, Design Rpquirements--C'ontinuouü Pulse Generator (cont.) 

Magnetically DT-iven Rotor 

wik 

.. 

Preliminary studies were conducted to determine the feasibility 

of using an orificing rotor inside the feed line (Figure 62c). The rotor would 

turn when driven by fields located outside the periphery of the propellant line. 

The rotor would be hexagonal in cross-section and would be matched by an insert 

of the same shape in the feed line. Then, as the rotor turned one revolution, six 

pulses would be produced. To control the speed of the rotor, the frequency of the 

supplied current would be varied. In a laboratory model, an ac variable speed 

motor with a commutator mounted on its output shaft provided a means of alternating 

dc current at a variable frequency. Using a bank of fixed capacitors, the concept 

proved feasible. Verying the capacitance with the frequency proved to be impracti- 

cal with available equipment. Because of development time necessary, the concept 

was discarded for use in the GEMSIP program. 

k.      Intermittent Pressure Increase 

An analysis was conducted to determine whether varying the pro- 

pellant pressure was feasible in this application (Figure 63a). It showed that 

the power requirements would be excessive, 

5. Intermittent Increase in Propellant Flow Rate 

This concept proved to be practical with low power requirements 

(Figure 63b). It did, however, require an additional propellant source which made 

it undesirable. 

6. Overboard Release System 

Of all the concepts considered, the overboard release system 

appeared to be the most practical. It consisted of a tee in the propellant line 

through which intermittently a metered amount of propellant would be released 

1 
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III, A, Design Requirements—Continuous Pulse Generator (cont.) 

producing local pressure perturbations. Parametric studies showed that release of 

up to 50 lb/sec of the propellants was possible. Design effort was concentrated 

en this device using the experience derived from the work of others in the industry 

that had tried the overboard bleed. 

i • 

1 1 

B.  DESIGN PARAMETRIC STUDY 

In a chemical rocket engine, the feed system configuration determines 

the injection rate response to pressure changes in the chamber shown by the transfer 
w 

function, G = -,. G is determined by the feed system configuration. To determine 

G at the injector, It is necessary to know the value of G at some point in the 

system and how it can be extended through the system to the injector. 

I II 

The transfer function G can be extended through a duct using one 

dimension wave theory.* It is possible to start at the propellant tankage, where 

G is known, and extend G to the injector face, except that little is known about 

the effect of the pump on G. It is, therefore, necessary to measure G somewhere 

downstream of the pump. This can be accomplished by using the continuous pulse 

generator to force a weight flow oscillation in the system. 

Since there are no readily available methods of measuring weight flow 

oscillations directly, pressure measurements can be used to obtain the transfer 

function, G, utilizing the relationship shown in Figure 6k  for a constant cross- 

sectional area line: 

(b & 

Figure 6^--Line for Constant Cross-Sectional Arer. 

»Discussion contained in ETDR 96^5-010, "Low Frequency "'-ability Analysis," 
by R. C. Waugh. 
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III, B, Design Parametric Study (cont.) 

cosh Tw 

where; 

u 
C i   sinh Tw 

Ag 

pl 
= Pressure at 1 

p? 
= Pressure at 2 

L = Distance from 1 to 2 

A = Area of line 

c = Speed of sound in fluid 

g = Acceleration due to gravity 

T = L/c = Period of oscillation 

f •= Frequency of oscillation 

(0 = 2 irf 

(1) 

It is, therefore, necessary to measure two pressures in a constant 

area line to determine the transfer function at some point in the feed system. 

For this reason, a set of 91-5 pump discharge lines instrumented with high 

frequency Microsystems pressure transducers was fabricated. 

The orifice size and spacing were determined using the method shown 

in Figure 65, for quasi-steady state conditions. 

Figure 65 -- Orifice Size and Spacing 

i 
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III, B, Design Parametric Study (cont.) 

where the parameters are defined as; 

w 

wr 

D 
K 

numinal flowrate 

bleed flowrate 

chamber pressure 

pressure in propellant line 

total area of the bleed line 

area of partially opened orifice 

pressure at 1 

pressure at 2 

velocity at 1 

velocity at 2 

discharge coefficient 

effective adiabatic bulk modulus 

density of propellant 

effective area ratio 

P - P = K,, (w - wj' o   c   CO v n   B' 

w PU2Ap 

P - P, u, - u o   1 ^ 1   o 
K       C 

?i - p? ui     r i 

A„ 

] 

U1 = U2^ 

(1) 

(2) 

(3) 

*From W. A. Woods; "Method of Calculating Liquid Flow Fluctuations in Rocket Motor 
Supply Pipes," ARS Journal, November 196lj PP I56O-I567. 
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III,  B, Design Parametric  Study  (cont.) 

When; 

K 
F
0-

P
C 

" "  (w  )2 v  n' 

Examining (1+) and solving for U ^ 

P. - P. 
Ui2 = 2c2 (iLp) iJL^) 

1 -P 

Since U =0 (3) may be rewritten 

P - P,  U^ 
o   1 ._ 1 

(7) 

(8) 

K 
(9) 

J 

! Squaring (9) and solving for U, 

2 

\2-^ K-\f do) 

1 

! 

I  i! 

Setting (10) equal to (8) and gathering terms, 

Let 

2 r 2K   0" 
p/  -P.       2 Pn + ^   V  2 

1 T     L      0      1 -   02 
+ 

B = - I 2 P.  + 
2Yi   tf 

1-   ^ 

r 2K P    0 ^   -. 
D =        P    +  Vo- L 0 1 .    02     J 

•P    - -B -   (B2 - to)l/2 
..P1 - 2 

P    + 
2K P2   0' 

7^ (ID 

(12) 

si 

I 
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Figure 66 — Waveshape for One Cycle 
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III, B, Design Parametric Study (cont.) 

And substituting (6)  into (k) 

u2 = C [ 2  '
Pl " *2' 

K 
(1 t2) 

f /2 
(13) 

*B - U2  P Ap 

Knowing these equations it is possible to increment A and calculate 

a new P each time. Hence, the pressure and flow waveshape for a time varying 

orifice may be approximated. Using this method, a computer program was written 

from which it was determined that the rotor openings should be made 0.350 in. wide 

by 2.220 in. high. 

.. 

It was also determined from the computer progn.m that, if the rotor 

opening and the stationery orifice are the same width, the waveshape during the 

"open path" portion of the cycle would appear as shown in Figure 66. It followed 

that the openings in the rotor would have to be. spaced ^Cü apart in order to 

approximate a sinusoidal waveshape as shown in Figure 67. 

Using the method described below, it was determined that the flow 

through a time-varying orifice is in phase with the pressure drop and the orifice 

open area (that is, independent of frequency) for frequencies less than 1200 cps. 

Assume that the open area of the orifice. A, is increased by an amount 

dA. The problem is to find out how long it takes the fluid to accelerate through 

the channel, dA, to full port velocity, Ao. The fluid being accelerated has a 

length approximately equal to the hydraulic diamete1" of the port. Then 

1 g  dt  "r " 2g (1) 

I 
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Figure 6? — Waveshape for More Than One Cycle 
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III,  B, Design Parametric Study (cont.) 

Or 

U 

This integrates to 

dU   at 
2 _ ^ - 2L (2) 

o 

U ot 
2L (3) 

or 

TT u + U   i. , /- otN - = tan]. (^-) 
o 

W 

Since these two functions have the same origin and asymptotes, and are 

equal at t/t  =  1, this is the same as: 

U = 1 - e -tA 
(5) 

Where: 

-  2L 
^ " 1.1+3 U (6) 

Now for U = 1000 fps, L = O.35O in., T = U.l x 10 , the port area increment will 

contribute usefully to the flow if T is on the order of l/lO the time the increment 

is open. The average increment may be open about half the cycle. Then an upper 

frequency limit is on the order of 

f = 1/20 T 

f = 1200 cps u      r 
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III, B, Design Parametric Study (cont.) 

Since engine operating parameters are affected by bleeding off propel- 

lant during the run, the Systems and Controls Division was requested to use the 

YIiR91-AJ-5 analytical model to predict engine component performance for the 

following conditions: 

1. Oxidizer bleed at pump discharge 

2. Oxidizer bleed at injector dome 

3. Fuel bleed at pump discharge 

k.      Fuel bleed at cooling jacket inlet (torus) 

The amount of oxidizer flow rate dumped overboard was varied from 

0 to 50 lb/sec and the fuel flow rate from 0 to 25 lb/sec-at either tap-off loca- 

tion. Table 5 presents a brief steady state history of engine component perform- 

ance for various flow rates of propellant discharged overboard. It may be 

concluded that these amounts of propellant bleed will not drastically affect engine 

performance.* 

C.  DESIGN 

The final design of the continuous pulse generator used high pressure 

propellant piped through a "Y" to diametrically opposed slots on the outside of a 

housing assembly. A rotor, supported on two sets of matched high angular-contact 

stainless-steel radial ball bearings, turns inside the housing and is driven by a 

protruding shaft (Figure 68). Openings in the periphery of the rotor are spaced 

so that a path for propellant' flow is alternately opened and closed as the rotor 

turns. Side loads on the rotor are opposite and cancelling. 

To prevent longitudinal oscillations, the rotor is designed so that 

the longitudinal center of gravity is located between the support bearings. Also, 

the pulsed stream of fluid is directed so as to impinge between the support bearings 

*From "Continuous Pulse Generator Analysis," Memo from C. K. Leeper to 
D. E. Robison, dtd 26 December 1963. 
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Ills  C, Design (cont.) 

i: 

on the rotor (Figure 69) and Is Reflected at right angles by the rotor.    The rotor 

contains 20 slots around the periphery, producing 20 pulses for each revolution. 

The frequency of the transmitted pulses is controlled by regulating the speed of 

the slotted rotor.    To control the orifice sizes during or between runs, a sliding 

gate moves to vary the orifice area  (Figure 68).    The discharged propellant is 

carried through piping to catch tanks. 

The driving system requirements were met by a commercially available 

7-l/2-hp explobion-proof variable-speed electrical motor with a vari-drive speed 

controller capable of accelerating the unit from 352 to 3000 rpm (producing 1000 cps 

in the pulse generator at full speed)  in 2.^ sec (Figure 70).    The motor was manu- 

factured by U.S. Motors, Model No. VE-JV-GH, Frame No.  kk-2^kV-kl. 

Details of the continuous pulse generator design are as follows: 

0 

Ü 

D 

r 
:; 

I 
I 

Rotor 

The rotor is an overhung type with a protruding conical surface. 

The fluid travelling through the slots strikes the conical surface and deflects 

downward.    The rotor was machined from ORES Type ^16 and was heat-treated to a 

hardness of Rockwell C 39-^3 prior to final machining.    It weighed 18 lb upon 

completion. 

2.      Shaft 

The shaft was designed to withstand the torsional loads imposed 

by the severe acceleration.    It was fabricated from ORES Type hl6 (heat-treated to 

a hardness of Rockwell C 39-^3)■ 
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III, C, Design (cont.) 

3.  Bearings 

The bearings were assembled to the shaft in such a manner as to 

oppose longitudinal oscillations during utation. Because only three sets of 

stainless steel Class 7 bearings were available, one pulse generator was assembled 

using standard weld steel bearings. 

Seals 

To seal against the corrosive attack of the propellants, slotted 

Teflon O-rings (produced by the Parco Engineering Co.) were utilized. To prevent 

possible leakage, two O-ring seals were used in parallel. The lips of the seals 

were mounted with the lip on the liquid side. 

5. Gate 

The gate was machined from CUES Type ^16 and heat-treated to a 

hardness of Rockwell C 28-32. 

6. Bearing Housing 

The housing was made from CRES Type hl6 heat-treated to a hardness 

of Rockwell C 28-32. It had a conical surface to match the inside of the rotor. 

Because the design required two seals in parallel, it became necessary to provide 

a means adjacent to the bearings for venting between the sealsv This would in 

effect minimize both the possibility of pressure building up between the seals and 

provide a path for heat to escape from the bearings and lubricant. 
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III,  C, Design (cont.) 

7.      Position Indicator 

A linear potentioinater was mounted on the outside of the pulse 

generator.    A shaft which extended into the bearing was connected to the potentiome- 

ter by a connecting link.     It was thus possibüe to detp.rmine the position of the 

gate remotely at any time during the run. 

D.      DEVELOPMENT TESTING 

0 

0 

11 

Fabrication of the two pulser units  (PN 705930-9 and 70593O-I9) was 

completed in the Aerojet-General research and development shop in July 196^. 

Figure 71 shows pictures of some of the major components.    The development testing 

phase involved the pulsing of a calibrated line  (T-605OII) in the resear h and 

development hydraulics laboratory.    The line was flowed with water at the nominal 

engine flow rate (corrected to water flow) and with a back pressure of 1000 psig. 

(See Figure 72 for test setup.) 

The calibrated line is a section of straight pipe with approximately 

the same internal diameter as the engine propellant line.    Welded to the calibrated 

line is a flange for attaching the continuous pulse generator connecting lines. 

This calibrated line provided the capability for mounting six Microsystems PT3F-C2 

high frequency pressure transducers at locations calculated to be the quarter wave- 

length of various discrete frequencies between 200 and 1000 cps (Figure 73). 

The oxidizer unit was the first continuous pulse generator to be tested. 

Early developmental testing of the unit revealed serious flow and actuation problems. 

The gate that controlled the flow area jammed in the housing and would travel only 

25% of its intended distance, that is, the gate traveled only between 75% and full- 

open.    At this gate setting, the flow rate through the pulser varied from 119 to 

132 lb/sec of water.    A flow rate of this size would mean that, if the pulser were 

installed on the engine feed lines during a hot firing, the engine performance would 

L 
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Figure 72 — Test Set-up of Continuous Pulse Generator 
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III, D, Development Testing (cont.) 

m 

I: 

L 
Li 
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1. 

I 
1 
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i 

be affected drastically, and severe hardware damage would result. However, at these 

high flow rates, pressure perturbations up to 80 psi and frequencies from 200 to 

kOO  cps were transmitted successfully to the calibrated line.  (See Figure 7^ for 

typical oscillograph trace.) 

The unit was therefore sent to the assembly shop and disassembled to 

see why the regulating gate was jamming. It was found that the ball between the 

gate and the housing (used to prevent the rotation of the gate) had gouged some 

material from both the gate and the housing because the slot it traveled in was of 

improper size. At this time it was decided to remove the requirement for the ball 

from the assembly print and operate the pulsers without the ball. Both units were 

disassembled and then reassembled without the ball. 

The second series of hydraulics laboratory tests began when the fabrica- 

tion of the fuel circuit pulser was complete. The testing of the fuel unit showed 

that the operation of the gate was satisfactory without the anti-rotation ball, and 

that the flow of fluid through the pulser could be controlled to a satisfactory 

quantity; however, at these low bleed flow rates the magnitude of the pressure per- 

turbations in the calibrated line was not sufficient. The pulses ranged from a 

low of 9 psi at acceptable flow rates to a high ho psi at nonacceptable flow rates. 

Tables 6 and 7 contain the tabulated results of these tests. 

This test series also showed that water was leaking into the rotor 

bearing cavity in both pulsers because the vent plug had inadvertently been left 

in while the unit was running. This oversight caused both seal and bearing failure 

in one unit but only seal failure in the other. The bearings in the fuel unit had 

to be replaced because of corrosion caused by the above mentioned leakage. (These 

bearings were not made of stainless steel as listed on Drawing 705930 because of the 

unavailability of the proper stainless steel bearings.) 
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Flow 

OPEN" Position 

i Flow 

'Q fMor    (\\ _ 
'CLOSED" Position r 

Figure 75 — Unmodified CPG Configuration 

D 

Flow 

"OPEN" Position •CLOSED" Position 

Figure 76 — Modified CPG Configuration 
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III, D, Development Testing (cont.) 

Studies were conducted to determine modifications to the pulser that 

would produce higher pressure perturbations within the limit of acceptable bypass 

flow rates. These resulted in a design change requiring the welding of restrictor 

blocks into the pulser housing and the machining of two inlet holes in the gate. 

(Refer to Figures 75 and 76.) This modification permits a much more restricted 

path to the fluid flowing through the pulser and eliminates the excessive bleed 

between the housing and the rotor that occurred with the original design. The 

full open condition low occurs when the gate is in the upper position rather than 

in the lower positioi and prevents the flow of any frep fluid between the housing 

and the rotor. 

The fully modified oxidizer continuous pulse generator was returned 

to the hydra.ulics laboratory for the third series of checkout and functional tests 

on 21 September I96U. The setup was complete 23 September 190+. The calibrated 

line was flowed at 169 lb/sec of water at 1000 psig back pressure. Flow and gage 

readings were taken for future flow calculations. 

The noise level of the pulser with the modification was much higher 

■than it had been before, and the pulses being transmitted to the calibrated line 

were causing the line and entire system to vibrate severely. The vibrations 

backed nuts off flanges on the line that were originally tightened to 300 to 500 

in.-lb of torque. Before the recording oscillograph could be actuated to record 

the perturbations in the line, galvanometer adjustments had to be made. 

Visual observation of t .e perturbations being received by the oscillo- 

graph showed the range to be over 2 in. of deflection on an adjusted scale of 

100 psi/in. of deflection; or a perturbation in excess of 200 psi peak-to-peak. 

These perturbations were seen with the pulser shaft turning 600 rpra, thus giving 

an effective pulse frequency of 200 cps. This pulser operation was not permanently 

recorded because of a structural failure of one of the housing inlet elbows. 
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1 
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III, D, Development Testing (cont.) 

The faulty elbow cracked in a longitudinal direction and across the 

weld between PN's 705975-9 and 706099-I. The crack is approximately 2-in. long 

with a maximum gap of approximately l/8-in. at the midpoint. The crack apparently 

started in the weld joint between the parts listed and propagated into the parent 

material of the adapter, PN 706099-I, and along the weld joint of the elbow, 

PN 705975-9« This failure could have been caused by a discrepant weld; however, 

previous weld penetration inspections and proof tests on the unit before it was 

assembled tend to discredit this theory. 

Li 

D 
0 
1". 

A more likely explanation of the failure would be that the crack was 

the result of severe vibrational loading while the pulser was operating, causing 

fatigue In the weld joints. Before the continuous pulse generators are run again 

at pressures above 600 psig, a thorough inspection of the welds on the inlet lines 

should be made to assure the soundness of all welded joints. On September 10, 196^, 

all development testing of the continuous pulse generator was cancelled because of 

program redirection. 

The last test series on the oxidizer unit (S/fo 002) also developed 

leakage through the shaft seals and into the bearing cavity. This condition has 

existed on all tests to date. It was noted after the first test series that the 

Teflon shaft seals had caused a 0.001 to 0.002~in. scoring on the rotor shaft. 

Because of this scoring, there may have been insufficient compression on the Teflon 

seals, which resulted in leakage. Before these units are operated again, a detailed 

inspection should be made of the rotor shaft and the Teflon shaft seals measured 

accurately. 

n 

Test results indicate that the overboard bleed concept is a feasible 

method for producing oscillations in the 91-5 feed system, but the GEMSIP pulse 

generators are not ready for use with a fireable engine. The bearing seal and 

inlet elbow problems must be solved and further development testing in the hydraulics 

laboratory would be necessary before these units would be completely functional. 
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APPEMPIX,  SECTION III 

FINAL DISPOSITION OP HARDWARE 
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GEMSIP FR-1, Volume 5» Appendix, Section III 

I. UNITS SENT TO SUBSTORES 

A.      OXIDIZER UNIT 

Oxidizer unit PN 705930 was sent intact to Substore No.  11.    It is 

recommended that this unit be disassembled, cleaned, and reassembled prior to 

operation again. 

B.       FUEL UNIT 

r 
The following components of the fuel unit were sent to Substore No. 11: 

i . 

PN 

705923-1 

705921+-1 

705925-1 

705926-1 

705927-1 

705927-3 

705928-1 

705977-9 

705932-1 

705933-1 

706280-9 

Name 

Shaft 

Bearing Housing   : 

Rotor 

Bearing Cover 

Bearing Spacer 

Bearing Spacer 

Gate 

Body and Flange 

Nut 

Positioning Rod 

Manifold and Housing Assy 

L 
The unit requires the following parts to complete assembly. 

11 

I 
i 

PN 

706276-1 

706277-1 

706278-1 

SSQHOL06DT-S5 

52821 

50807 

1+8502 

Page 1^9 

Name 

Retainer 

Plate 

Retainer Plug 

Bearing (2 sets required) 

Hub 

Ring 

Clamp 
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II. SPARE PARTS ON ORDER 

The following is a list of all spare parts ordered for the assembly of the 

continuous pulse generators that are presently on band in Substore No.  11. 

m 

PRP2103-^^5 

PRP2103-146 

PRP2103-W7 

PRP2103-010 

PRP9020-3 

PRP9020-U 

PRP9020-5 

PRP568-1+U5 

PRP568-^6 

PRP568-L37l 

PRP568-266 

PRP568-OIO 

PRP9020-2 

PRP2120-023 

PRP2120-029 

MS35337-80 

MS35337-81 

MS35337-82 

MS35337-83 

MS2U392-3 

m2k392-h 

MS2U391-2L 

NAS625-H6 

AN^UCTA 

Name 

Teflon Ring 

Teflon Ring 

Teflon Ring 

Teflon Ring 

Teflon Ring 

Teflon Ring 

Teflon Ring 

O-Ring 

O-Ring 

O-Ring 

O-Ring 

O-Ring 

O-Ring 

O-Ring 

O-Ring 

O-Ring 

Lockwasher 

Lockwasher 

Washer 

Lockwasher 

Union 

Union 

Plug 

Bolt 

Bolt 

Page 150 

Quantity 
on Hand 

Quantity 
Required 

for Assembly 

23 2 

22 2 

23 2 

120 2 

79 1 " 

76 1 

7^ . 1 

9 1 

10 1 

10 1 

12 1 

11 1 

79 1 

79 1 

8 1 

16 2 

k2 6 

Ik 2 

kQ 6 

177 2k 
10 1 

2 (8 on order) 1 

3 1 

8k Ik 
16 2 

B 

D 
D 

[ 

i; 

'i aitMiftfeili 
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II, Spare Parts on Order (cont.) 

■ 

i: 

PN 

AN520C8P.5 

AN507C836RU 

ANS^OCS 

M315C3R 

AN5CH10A 

MS172207 

MS20913-1CR 

AN381-H-2U 

AN96O-C-IIH6 

AN315C11+R 

AN^CH7A 

M122719 

Name 

Screw 

Screw 

Nut 

Nut 

Bolt 

Washer 

Plug 

Pin 

Washer 

Nut 

Bolt 

Dowel Pin 

Quantity- 

Quantity 
Required 

121+ 
1+ 

106 2 

20 2 

20 2 

0 (1+8 on order) 8 

23 
1 

19 
1 

106 1 

12 1 

12 1 

1+8 6 

10 2 

Both U.S. Motors Varidrive units and frames were sent to D-Area stores  (hut 

actually stored at the City Annex). 

'• 

I 
1 

Q 

0 

8 
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IV. TWO-DIMENSIONAL MOTOR 

T 

r 

i 

LI 

1 D 
0 

0 
y 
c 
i 

The objective was to design a 2-dimensional motor which could be used to 

study visually the combustion phenomena and the interaction of induced pressure 

perturbations on the combustion process. The gross properties of the combustion 

phenomena were to be made variable by utilizing several different inj ection con- 

cepts and both unbaffled and uncooled baffled injectors.  (See Figure 77.) 

A.  DESIGN APPROACH 

The motor was to duplicate or simulate the full-scale TCA as closely 

as possible in the following respects: 

a) Mass flow rate per unit of cross sectional chamber area. 

b) Chamber pressure. 

c) Valve mixture ratio. 

d) Cross-sectional size md shape. 

e) Injector pattern variation capability. 

In addition, the motor design was to encompass the following features: 

a) Interchangeable, replaceable, transparent side walls. 

b) Interchangeable, replaceable, instrumented side walls. 

c) All pressure instrumentation to be of the high frequency response 

type. 

d) Rugged construction. 

e) Maximum access for instrumentation, perturbation, and viewing. 

f) On-stand replacement of windows 

g) Propellant lines and thrust attachments to mate with IR91-AJ-5 

TCA and test stand. 

i 
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IV, A, Design Approach (oont.) 

The basic concept of the motor was an axial cross section of the full- 

scale combustion zone with a finite depth. The assembly was envisioned as a 

rugged "boilerplate" design, employing large safety factors, manufactured from 

commonly available materials. A working pressure of 2000 psia was selected, based 

on the nominal chamber pressure plus possible pressure overshoot multiplied by a 

safety factor of two. The most conservative approach to the stress analysis was 

taken with all components. Mild steel was selected as the material to be used on 

all components of the motor where its use would not compromise the main objectives 

of the program. Other materials would be selected as applicable. 

0 

0 

0 

0 

It was decided to conduct a material evaluation study to determine the 

most suitable material for use as the observation windows  (See Section II B).    The 

high frequency response pressure transducers selected were the Photocon Model 352A 

for the hot gas transducers and Microsystems Model PT3JC2 for the propellant 

circuits.    The locations of the transducer bosses was selected for best correlation 

of pressure data with visual observations and the motor designed around the boss 

locations.    The adapters for the perturbing devices were designed to fit the 

standard Photocon boss. 

C 

D 

The perturbing devices selected were the tangential pulse gun and a 

nondirected bomb of a new design. 

In order to keep the mass flow rate per unit cross-sectional area 

constant, the throat "diameter" had to be increased.    The forward-end contour was 

kept identical to the full-scale chamb«r, and the convergence angle increased to 

allow for the decreased throat "diameter." 

Lj 

0 

Ö 
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IV, Two-Dimensional Motor  (cont.) 

B.      COMPONENT DESCRIPTION 

The simulatorj or 2D motor, Figure 78, was designed as an assembly of 

fuel and oxidizer manifolds, Figures 79 and 80; injector. Figure 8l;  simulator sub- 

assembly, Figure 82; clamp assemblies. Figure 83; windows and/or cover plates, 

Figures Qk and 85; bolt assemblies, Figure 86; bolt spacers, Figure 87; thrust 

mount. Figure.88; window supports. Figure 89; clamp spacers. Figure 90; and window. 

Figure 91. 

The design incorporated all the required design parameters with emphasis 

placed on simplicity of fabrication and durability of the structure. All components 

were designed to yield at an internal pressure of 2000 psia. 

A thickness of 3.0 in. was selected for the combustion zone; a compromise 

between (l) the thin width desired for photographing the combustion phenomena,  (2) 

the thick width desired for reducing the boundary layer effect, and (3) the physical 

size required to accommodate the Photocon pressure transducers and sufficient 

elements in the injector pattern to produce a gross simulation of the full-scale 

pattern. 

All threaded connectors were through bolts with nuts wherever possible. 

Internally threaded holes were only used in locations where clearances made the 

use of through bolts impossible. 

The injector simulator subassembly interface was sealed with a standard 

size butyl 0-ring.    The simulator subassembly-to-window (or cover plate) interface 

was sealed with, a silicon 0-ring extrusion protected by trowelled-in RTV-60 rubber. 

The detailed design parameters selected for the motor are shown in 

Ta'ole 8.    Figure 92 shows a typical section through the assembled motor. 
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Figure 92 — Cross-Section of Assembled Motor 
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IV, B, Component Description (cont.) 

TABLE 8 

OPERATING PARAMETERS,  TWO-DIMENSIONAL THRUST CHAMBER ASSEMBLY 

Parameters Units Symbol Value 

Chamber Pressure (steady- state) Psia Pc 826 

Thrust lb F 15-20K 

Oxidizer weight flow lb/sec Wo 5^.7 
Fuel weight flow rate lb/sec wf 29.2 

Total weight flow rate lb/sec *t, 83.9 

Mixture ratio — MR 1.87 

Contraction ratio — e 
G 2.1+9:1 

Expansion ratio -- e 2:1 

Throat Area in2 At 17.3^ 

Characteristic Exhaust velocity ft/sec C* 5500 

1,  Observation Windows 

I 

During the conceptual phase of the motor design it was found that 

acrylic plastic had been used as the transparent hot-gas-side material for most of 

the previous work that had been conducted with motors having large viewing areas. 

It was felt that the acrylic plastics burned during the combustion process, and 

the flame obscured the combustion of the propellarts.    A material survey was con- 

ducted to evaluate alternative' materials for fhe viewing window.    The materials 

that were evaluated and their properties are listed in Table 9« 

I 

The evaluation wag conducted by lining hollow acrylic cylinder? 

with the various materials, testing them by hot firing using the same propellant 

combination used by GEMSIP, photographing the combustion with high speed cameras^ 

and evaluating the photographic dt a.    The primary candidates for selection as 

the inner liner, based on the results of the evaluation program, were: 

Q 

Q 
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TABLE 9 

ALTERNATIVE MATERIALS FOR VIEWING WIMKW 

Material 
Cost for 
h"  Window«» 

Melting 
or 

Soft Point 
Other 

Tout Experience Advantap.os Disadvantages 

Optical Quartz .t3000 2800- 
3300oF 

None Good opt-^s, high 
melting tei,.p. 

Cost 
6-8 weeks lead 

Industrial Quartz .t.1200 2800- 
3300oF 

Quartz etched 
durinc firing 

High meltinc temp, 
lower cost 

Poor optics 
6-8 weeks lead 

Vycor .1:3000+ 2500oF None Best optics 
Rich temp. 

Cost 
8-10 weeks lead 

Acrylic (Lucite)* * 1* 150-200OF Most experience 
llißh erosion rate 
Crows when hot 

Most test experience 
cheap 

High erosion rate 
Glows when hot 

Pyrcx» •t. 5 1500'JF Cracks -Jr sec into 
firing 

Cheap 
Fair temp. 

Susceptible to thermal 
shock 

Kel-F» ■t 80 39r/0F None lligh temp plastic 
Price 

— 

Teflon, Ft:P» ■t 50 550oF None Rich temp plastic Only fair transparency 

Polycarbonatel, t 12 3000K None High temp, than 
lucite 

Low temp. 

Mica * 80 11000F None Rich temp. 
Cheap 

No information availab. 

Epoxy» 1 IP. >500oFA None Cheap 
Good ablative 

Poor transparency 

Gilicono Rubber* ■t 50 6OO
0
FA 'None Cheap 

Easy fabrication 
Poor transparency 

h 

*  Tested during micromotor test program. 
**  Material oaJy. 
A Material door, not melt but ablates at this temp. 
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IV, B, Component Description (cont.) 

1) Teflon 

2) Pyrex 

3) Vycor, in areas of particular interest where the high cost 

would be justified for experimental reasons. 

The observation window was conceived as a two-part design consisting 

of a massive re-usahle acrylic plate for structural support, and an expendable 

assembly composed of a special purpose liner, and a machined acrylic liner carrier. 

The liner carrier contained the sealing surfaces for the window-to-simulator sub- 

assembly interface, and the main portion of the combustion zone cavity. The special 

purpose liner was attached to the carrier with a transparent adhesive. 

The assembly was designed so tUat different combinations of liners 

could be utilized on the same or separate tests. Provisions were made for using 

silica-reinforced phenolic ablative panels in areas of high heat flux or little 

interest (e.g. throat and divergent segment of the nozzle). The sizes of the 

components of each liner part were mainly determined by the sheet sizes that were 

commercially available. Test results with the two-dimensional motor indicated that 

smaller sheets of the more brittle liners slicild be used to stop crack propagation 

through the liner. 

2.  Injector 

9 

f I 
1 
I 

/ 

The injector was designed to be recessed into the simulator sub- 

assembly with the face in line with the forward edge of the observation window. The 

assembly was a weldment of Series 300 stainless steel plate and sheet stock. ORES 

type 3^-9 weld rod was used throughout. The injector face was designed to have the 

same contour as the full-scale injector except that the curvature was a segment of 

a cylinder instead of a sphere. 
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IV, B, Component Description (cont.) 

The fuel and oxidizer manifolds on the back side of the injector 

simulated the oxidizer dome and fuel pies of the full-scale injector.    Sheet metal 

baffles were installed directly under the propellant inlets to reduce the velocity 

effects on the injector plate feed slots under the inlets.    The injector face 

propellant channels were milled across the injecl ir and the feed slots were milled 

through the plate into the propellant manifolds in a manner similar to that used for 

the Gemini injectors.    The channels were milled into the injector face with the center 

line of the milling head, and therefore the channel walls, perpendicular to the face. 

On the full scale injector the walls are parallel to the axial centerline of the TCA. 

This change was made to simplify fabrication of the injector. 

{" 

The channel cover plates were designed as U-shaped segments of AISI 

3^7 stainless steel plate. The ends of the U closed the opeh ends of the channels, 

while the base formed the injector face. This technique was utilized to avoid the 

close-tolerance weld preparation associated with a conventional cover plate design. 

Li 

The outer fuel face plates were milled from bar stock and maintained 

the same shape as the full-scale Channel 17 ring in order to introduce film coolant 

and wall impingement coolant. Two additional channels were added to the center of 

the injector to maintain the propellant mass density in that area. On the full 

scale injector, the circular area enclosed by the first channel is O.897fo of the 

total projected face area. However on the two-dimensional injector, because the 

channels are not arc segsents but straight, the area between the first channel is 

3.19^ of the total projected face area. It was felt that serious recirculation and 

face erosion problems would be encountered if some propellant were not injected in 

this area. Two fuel channels were added to supply a mass flux at the center and to 

simulate the absence of oxidizer in this zone on the full scale injector. 

The fuel and oxidizer inlets on the injector were set above the 

injector mounting flange to allow reworking if the sealing surfaces were damaged 

during the test program and to eliminate the need for finish-machining the entire 

top surface of the injector to obtain a sealing surface. 
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IV, B, Component Description (cont.) 

The manifold volume on the backside of the injector was reduced, to 

simulate full scale conditions, hy welding channels to the splitter, side plates, 

and flange plates of the injector. 

Six patterns were designed for the injector. All used the quadlet 

injection element, and a flat mixture ratio distribution. They were: 

1) 100 lb/element, flat mass distribution, Figure 93, 

2) 300 lb/element, flat mass distribution, Figure 93, 

3) 100 lb/element, flat mass diatribution, long impingement 

distance, Figure 93» 

k)     100 Ib/elemr.nt, hump mass distribution. Figure 93, 

5) 100 lb/element, r.cp mass distribution. Figure 93j and 

6) 100 lb/element, flat mass distribution, with provision for 

a simulated baffle hub. Figure 93« 

A design pressure drop of 120 psig was used for both circuits, and 

the amount of film coolant per linear inch was kept identical to the full-scale 

patterns. Since the total face area of a 3-in.-thick segment of the 2D injector is 

approximately twice as large as two pie-shaped segments of the full-scale injector 

having the same arc length, and the total mass flow rate per unit area was held the 

same, the percent of total fuel flow rate used as a film coolant decreased from 

'13.70$ in full-scale operation to 8*22^ in the 2D motor. 

The point-by-poinb magnitude of mass distribution of the two- 

dimensional injector also deviated from the full- scale injector when the distribu- 

tion was not flat, because of the face area differences. The slopes of the hump 

and the ramp mass distribution curves were the same as the corresponding full- 

scale patterns. 
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Thrust/Element 100-lb 
Plat Distribution 
No Baffles 
&td. Impingement 

B 

Thrust/Element 300-lb 
Plat Distribution 
No Baffles 
Std. Impingement 

Thrust/Element 100-lb 
Plat Distribution 
No Baffles 
Long Impingement 

Thrust/Element 100-lb 
Steep Ramp Distribution 
No Baffles 
Std. Impingement 

h 
V 
L 

[ 

E 

Thrust/Element 100-lb 
Steep Bamp Distribution 
No Baffles 
St. Impingement 

P 

Thrust/Element 100-lb 
Plat Distribution 
1 Injecting Baffle and 
1 Noninjectlng Baffle 
Std. Impingement 

U 
;: 

Figure 93 — Injector Configurations—Two-DLmensional Chamber 
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IV, B, Component Description (cont.) 

Fuel and oxidizer manifolds were designed to channel the propel- 

lants from the LR91-AJ-5 valve interface to the injector inlets. The material 

selected was AISI 3^7 stainless steel for corrosion resistance. The tubing was 

sized to provide fluid velocities on the order of 30 fps or lower to reduce the 

dynamic pressure losses in the system. The upstream flanges were designed to mate 

with the downstream face of the LR91-AJ-5 propellant lines and the seal glands were 

sized for "RACO" seals or butyl 0-rings as an acceptable alternate. 

I 

L 

3.  Simulator Subassembly (Chamber) 

The simulator subassembly was designed as a weldment of chamber 

halves, end plate, and injector housing. All components were fabricated from mild 

steel plate. After welding, the bosses for Photocon water-cooled high-frequency- 

response pressure transducers were machined in the contour walls of the subassembly. 

The window mating surfaces were machined flat, and the contour seal grooves were 

cut. Clearance holes for the clamp bolts were drilled through the L-supports of 

the chamber halves. 

lb 

The chamber halves were designed as L-segments with supporting ribs 

spaced to support the pressure load on the contour plates and to carry the load from 

the contour plates to the clamp assemblies. Other concepts considered were box 

beam, weld assembly and bolted assembly, and I-boam support. The I-beam concept 

was discarded since Photocon bosses were required down the center of the contour 

plates. The box beam concept was discarded because the physical limitations of 

placing the Photocon transducers into the box structure with enough space for 

wrench access required a bolted box beam assembly. 

I 
I 
I 
Q 

The L.lted assembly was not attractive from the viewpoint of 

fabrication, because, compared to the L-structure, additional machining would be 

required to insure mating of the components, and on-stand assembly would be 

complicated by requirements for bolting the assembly together. 
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IV, B, Component Description (cont.) 

The spacing of the supporting ribs was dictated ty space require- 

ments for the Photocon transducers and the ttilowable free span of the observation 

windows. 

- ■ 

k.      Cover Plate and Spacers 

The cover plate was designed for use in place of a window on either 

side of the simulator sub-assembly to provide the capability for locating pressure 

transducers or nondirected bombs. The material selected was mild steel. The plate 

was a weldment assembly of two machined plates which was recessed into the simulator 

sub-assembly to produce, with the opposite side of the chamber, the desired 3-in.- 

thick combustion zone depth. Ten bosses, all of which were capable of accepting 

transducers or nondirected bombs, were machined into the plate. 

In order to provide access to the bosses, the spacers were bolted 

to the cover plate after the transducers, bombs, or plugs were installed in the 

bosses. An all-welded concept was discarded when it was shown that the number of 

bosses would have to be reduced to allow wrench access to the bosses. 

5.  Bridge Clamp Assembly and Window Support 

The bridge clamp assembly secured the windows and/or cover plates 

in place and transmitted the pressure load to the bolt assemblies. A high strength 

weldable steel with good impact resistance was required to keep the size of the 

clamps to a minimum so that the largest window area would be available for viewing. 

The original concept utilized separate clamps with welded on 

bolting plates. The material selected was U.S. Steel "T-l" regular quality quenched 

and tempered alloy steel. "T-l" plate, up to 2| in. thick,has a yield strength of 

100 ksi and a wel-^d joint efficiency of lOOfa in the as-welded condition. The high 

weld efficiency in the as-welded condition was desirable for the original concept. 

r 

[ 
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IV, ß, Component Description (cont.) 

It became apparent that a -welded assembly of all the clamps and two common retaining 

plates was much easier to handle and assemble into the motor, so the design Mas 

changed as shown. 

The distance between the clamps in the assembly was determined by 

the allowable c'pan of the window assembly. The maximum height of the clamps was set 

at k  in. because, if the clamps were higher, parallax would cause restricted views 

of the window area between the clamps. To reduce the bending moment on the clamps, 

the clamp bolts were placed as close to the contour walls as possible, ana the clamps 

were pre-loaded by 0.750-in.-dia machine screws through the ends of Lhe clamps 

bearing on the stringers and the simulator sub-assembly. Notches were machined in 

the window side of the clamps to accept the window support bar, which was designed 

for positive clearance above the clamp, and insured even loading of the contour seal 

between clamps. 

6.  Bolt Assemblies and Bolt Spacers 

The bolt assemblies and bolt spacers were designed as a unit since 

a through bolt could not be used between the clamp assemblies because of interference 

with the Photocon transducers in the contour walls of the simulator sub-assembly. 

The bolt assemblies were buildups of commercially available 

0.875-in.-dia threaded rod, and lock nuts. The locking action of the nut against 

the stud threads was sufficient to hold the nut on the stud during assembly and 

disassembly of the motor. 

The bolt spacers were designed to carry the bolting load around the 

Photocon transducer in the contour walls of the simulator sub-assembly. The 

material selected was mild steel. Clearance holes for the Photocon water cooling 

lines and electrical connections were provided in the bolt spacer blocks. The bolt 

spacers were inserted after installation of the Photocon transducers> and the bolt 

assemblies threaded into the spacers through the clamp assemblies. 
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IV, B, Component Description (cont.) 

7.  Thrust Mc .t Assembly (P/N TOSl^) 

The thrust mount was designed to carry the thrust load from the 

motor to the test stand and to partially support the weight of the motor while mounted 

on the test stand. The material selectee1 was Series 300 stainless steel plate and 

tubing. Stainless steel was selected to minimize corrosion problems which could 

result from potential propellant leakage from the manifolds and propellant transfer 

lines. ■ 

The assembly was designed as a machined weldment of tubing and plate 

which was bolted, through the main injector flange, to the main flange of the 

simulator sub-assembly. Clevises were provided for the attachment of LR91-AJ-5 

dummy gimbal actuation rods for additional support. 

8.  Auxiliary Components 

In addition to the main components of the motor, several auxiliary 

components were designed. These include plugs for the instrumentation bosses, an 

adapter for the tangential pulse gun, and stringers to distribute the clamp preload 

along the side of the simulator subassembly. 

The instrumentation boss plugs were designed to plug the bosses 

that were not in use during hot firings, and provided the capability of using low 

frequency response Tabor transducers if desired. The material selected was 

Series 300 stainless steel for corrosion resistance and to eliminate thread galling. 

The pulse gun adapter utilized Inconel 718 high strength nickel 

alloy. This materia.i. was selected for the high strength required in the compara- 

tively thin adapter walls needed for clearance in the 2D motor. 

L 
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IV, B, Component Description (cont..) 

The material selected for the stringer was AISI Ul30 steel. This 

material was selected so that it could be heat-treated to a high surface hardness 

to take the concentrated load applied by the clamp preload bolts. 

C.  PHOTOGRAPHIC INSTALLATION 

An isometric drawing of the photographic installation is presented in 

Figure 9^. Nine cameras are employed. Five are used to obtain streak films, both 

in the visual and in the infrared regions, through long narrow slits mounted on the 

cameras. These are focused on the sides of the chamber from a distance of 3 ft, 

instead of mounting the slit directly on the chamber wells. This permits greater 

flexibility in selecting the field for observation and likewise eliminates many of 

the technical difficulties arising from the heat rejected by the chamber. Three 

slits are parallel to the chamber axis—one down the middle and the other two near 

the wall. Two slits normal to the axis are employed--one near the injector face, 

the other 2 in. downstream. One general observation camera is used. 

The remaining cameras are used to obtain special effects, such as: (l) 

examination of the operation of a single injector element, (2) determination of the 

size and rate of vaporization of an individual droplet, and (3) the study of 

recirculation regions. 

I Ü 

In the hope of obtaining a better idea of the actual droplet formation 

and combustion mechanism involved in the rocket engine it was decided to investi- 

gate the possibility of providing a backlight source better to illustrate the 

combustion process immediately forward of the injector face. The source envisioned 

would have to meet the following requirements: 

I 
a 
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GEMSIP FR-1, Volume 5 

IV, C, Photographic Installation (cont.) 

1) Extremely high intensity. 

2) Collimated beam approximately 6 in. in diameter. 

3) High degree of portability, light weight, compact. 

k)      Spectral emission primarily in the visible portion to prevent 

excessive heating of the subject. 

Since budgetary limitation precluded the purchase of backlighting 

equipment an effort was made to find existing sources. To this end, a high-intensity 

light source was borrowed. The source, the Mole-Richardson 356 line flash is a 

compact mercury-vapor lamp. This lamp operates on direct current and is overloaded 

to give an extremely bright flash of light over a period of several seconds. Under 

rated conditions, the light source has a brightness of 35jOOO candles/cm and a 

luminous efficiency of about k'J  lumens/watt. 

Cadmium vapor is added to the lamp to improve the spectral distribution, 

which otherwise would be we- k in the red end of the spectrum. The spectrum of the 

source is discontinuous and consists mainly of yellow, green, and blue lines super- 

imposed on a relatively weak continuous spectrum. With the addition of the cadmium 

vapor, a pov/erful red line in the spectrum is produced and gaps in the blue-green 

region are filled by additional lines which give the spectrum a better balance. A 

fixed, rather than variable, focus ensures that the light output from the unit is 

constant so that the photographic exposure can be repeated accurately by setting the 

lamp at predetermined distances from the subject. 

A reciprocal relationship exists between the power that can be supplied 

to the lamp and the duration of the flash. For use with the two-dimensional motor, 

the flash was set for l-aec duration at 10 kw. At that power consumption the lamp 

provides 150,000 ft-candles at a distance of k  ft from the light. 

i 
i 
t 
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IVj Two-Dimensional Motor (cont.') 

D.  TESTING 

A system of seven basic high-speed cameras was selected. Five 

of these cameras were to record the images of a particularly located slit; two were 

to record framed images of the whole thrust chamber and the injector. To compare 

the Teflon window and the Pyrex window, it was decided that the "basic system of 

seven cameras would be used on the Teflon side of the thrust chamber (the south 

side) and that additional cameras would be placed on the north side with the purpose 

of evaluating the Pyrex. 

Page I9U 

I 

1.      Test Objectives 

Only one test was performed before the program redirection caused 

stoppage of the two-dimensional motor effort.    The basic objectives of this test 

were: f 
1 ( 

a. Window Material Evaluation f 

1 
It was hoped that high speed motion pictures taken during this 

test would show a clear reason for selecting between the two candidate materials, 

FEP Teflon and a form of Pyrex. Each material had shown promise as a window through 

which to view combustion. A decision was made to try both materials in hopes of ( 

making a selection from the results of the balance run. 

b. Camera System Evaluation 

\ 

The mechanical complexity of the camera system has meant in 

the past that many runs were necessary in order to set up the system so that good 

data were obtained. An effort was initiated to design the camera system in advance 

of the test data so that the necessary material could be procured without delay to 

the test and so that the first setup could be as highly optimized as possible. 
I 
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IV, D, Testing (cont.) 

Ceonera position, image size, image clarity, image readability, 

exposure, choice of film, the efficacy of the timing lights and the means of photo- 

graphing through the Teflon and Pyrex, were all to be evaluated. The basis of 

evaluation was to be "how well the camera system accomplished the objectives stated 

on Sketch 9756-6U-I526." This sketch was not fully employed, and so the means of 

evaluation must be altered and the cameras evaluated on an individual basis. 

c. P Rise and Mixture Ratio Selection 
c 

Determination of an acceptable pressure rise rate for the thrust 

chamber assembly and verification of the chosen pressure values for staging of pro- 

pellant tanks were desired. 

d. Development of the Seal Design 

Two methods or potting gaps which are inherent to the design 

were employed. It was hoped that the first hot firing would show one of these 

methods to be superior. 

Several techniques incidental to the previous objectives were 

employed for the purpose of proving the techniques themselves. These were the use of 

an 8000-frame/sec Fastex camera for obtaining images of the propellant droplets, the 

use of slits behind the lens in the streak cameras to serve the same purpose as 

those formerly placed at the thrust chamber assembly, and the use of slits in the 

framing cameras in order to obtain sharper images. 

2.  Data Obtained 

An evaluation of the success achieved on each of the objectives 

follows. 
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IV, D, Testing (cont.) 

a.  Window Material Evaluation 

The condition of the FEP Teflon after shutdown varied along the 

axis of the thrust chamber assembly.'" Grooving occurred at the injector area. These 

grooves follow the propellant path downstream. Rippling occurred from a distance 

five inches below the injector to the convergent section of the thrust chamber 

assembly. The throat piece of the Teflon was completely gone at the end of the 

run. 

b.  Camera System Evaluation 

The basic coverage (seven cameras) of the Teflon window may 

be evaluated as follows: 

through a 0.125-in. slit at f/ll at a voltage which would expose llOOO-frames/sec on 
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L 

The condition of the Pyrex window after the test reveals that | I 

the bonds employed are satisfactory.    Most of th? Pyrex remained attached after 

shutdown, but it was crazed and cracked extensively.    No movies were obtained of the 

Pyrex window because of camera malfunction.    The Teflon window shows a great deal of 

erosion; the bottom part is missing altogether. 

Framed pictures of the Teflon are not of sufficient image size 

or clarity of focus to determine whether the Teflon is an acceptable material.    The 

results are not conclusive and do not point to a definite course of action.    Certain 

modifications in the Pyrex design will be used to reduce the cracking.    New camera 

techniques will be required to photograph the Teflon window so that an acceptable 

image is obtained. 

0 
0 
L 

0 

lJ 
(1) Longitudinal Slit (Upper) - FiM No. LSSokj.    In this [ 

streak film there was not a clear Indication of the position of the injector, and so 

no distances along the axis of the chamber could be determined. The film was taken       1 ( 
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IV, D, Testing (cont.) 

a framing camera (110 volts ac). The film image was severely overexposed. The 

images of the bars are disproportionately sharp compared to Film No. Ii66olt9j 

indicating that the camera was not sharply focused when loaded. The slit size should 

not be used again because it is too large and causes too much rewrite of information. 
I 

is 

ii 

D 

f! 

1 

B 
0 

Timing lights were recorded on this film. The whole run was not recorded. 

(2) Longitudinal Slit (Central) ~ Film No. L660I45. In this 

streak film timing lights were recorded, but they were of an erratic nature, the 

light failing to de-ionize several times and firing erratically. The slit size was 

0.010 in. and the image was sharp, but the image was overexposed. No accurate 

position for the injector face can be established so that some artificial fiducial 

marks will have to be employed. The flashbulb which indicated FS-1 received a 

disproportionately small exposure compared with other films of this test. The whole 

ytest was not recorded. This film achieved a velocity of 107 ft/sec. 

(3) Longitudinal Streak (Lower) - Film No. l£Gohk.    No timing 

lights were recorded on this film. The film was overexposed, out of focus and did 

not record the whole run. The slit size was 0.125 in. 

i}\)    Transverse Streak (At injector) - Film No. L660I+3. This 
l\ fiM did not get timing lights, and is over exposed. The edges of the thrust chamber 
air j, 

are not discernible from the background fog. The whole run was not recorded. 

i  I 
(5) Transverse Streak (At PcAl) - Film No. L66oH6. NO timing 

lights were obtained on this film. The slit size was stated to be 0.030 in., but 

the exposure was so vastly different from the others that it is probable that the 

actual size was 0.003 in. Exposure on this film was very close to the ideal value, 

but slightly over. This film did not record the whole run and the end of the run 

(the end of the film) was ruined by exposure to sunlight. 
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IV, D, Testing (cont.) 

(6) Framing Picture of Injector - Film No. L660I18. This film 

is overexposed, but is satisfactory in most other ways. Timing lights are recorded 

as red blips. A distinct image was not achieved. 

(7) Framing Picture of TCA - Film No. L660^1. This film was 

recorded at 1000 frames/sec. This film is only useful for possible failure analysis 

at that rate. It is recommended that this requirement be deleted (as originally 

requested at U000-frames/sec) to be replaced by a lOOO-frameyfeec film of the whole 

thrust chamber for purposes of analyzing failures. This would relieve a scarcity of 

Fastex cameras which would occur should Fastex be required for this job. 

The timing system initiated in this test does not appear to 

be any more reliable that that formerly used. Exposure appears to be determinable 

from the films obtained, and it is anticipated that a correct exposure can be used 

on future thrust chamber assembly tests. Black and white film will be advantageous 

for all photographic records. Exposure latitude is larger and this also allows a 

process of selective filtration to be used. In many cases the image was out of focus, 

indicating too little attention paid to this detail. The 8000-frame/sec cemera 

failed to function properly. 

In no case was the full firing recorded, and the timing 

sequence must be checked to be sure that a correct one is being used. 

r 

i; 

o 

ü 
0 
D 

Fiducial markings will have to be employed to make the images 

recorded on the streak films meaningful. It is not yet clear what distances are 

recorded. 

The longitudinal streak film (Film No. L660I+9) taken of the 

Pyrex window showed no timing lights and was overexposed. Image sharpness appears 

to be good. As before the images show dimensions rather poorly and readings can be 

made only with poor accuracy. The slit size was 0.125 in. 

0 
11 
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IV, Testing (cont.) 

jg Slits were not available to use in the framing cameras. 

Behind-the-lens slits appear to be most feasible for obtaining streak data in this 

program. 

c.  Mixture Ratio and Pressure Rise Rate 

The mixture ratio was nearly achieved. Measured MR was 2.071 

and the shutdown pressure was 802.83 psia. A spike of 1500 psia occurred on startup. 

The pressure rise rate will be revised to accommodate less time at full P and a more 

I 

gradual rise rate. 

d.  Development of Seal Design 

:; 

1 
1 

- 

1 

1 

A method of potting has been selected and will be employed in 

test two. Potting will fill all possible gaps in the thrust chamber assembly. 
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1 V. ACOUSTIC TESTING m   ■   
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The following section summarizes the experimental work to evaluate various 

baffle configurations. This work was conducted during the interval from June to 

November 196^. The acoustical technique described originated because of a need for 

an experimental procedure to replace the cold pulse tests originally proposed for the 

injector candidate screening. It was found that the cold pulse tests were inadequate 

for defining the damping characteristic of a baffle configuration because of the diffi- 

culty in analyzing the data. The cold pulse tests were also damaging to the hardware 

and required that the injector be reworked prior to subjecting the baffle configuration 

to firing. 

The principal objectives were: 

1) To develop an experimental procedure for evaluating candidate baffle 

configurations for the purpose of selecting the "best" configuration based on acoustic 

test results. 

2) To determine the validity of the technique as a means for comparing 

the stability characteristics of various baffle configurations. 

A.  HESCUSSION OF APPARATUS 

The acoustic test setup is shown in Figure 95• Testing was conducted at 

ambient conditions using both the full and half-scale models of the Gemini combustion 

chamber. Figure 96 is a schematic of the system used in the various procedures. 

The initial requirement was to determine the resonant frequencies of the chamber. 

This was accomplished with a variable frequency oscillator feeding through an amplifier 

and driving a speaker mounted through a hole in the chamber. The frequency of the 

oscillator was increased at a logarithmic rate throughout the frequency range to be 

investigated, while the response of the chamber cavity to this signal was picked up 

by a microphone mounted in the chamber and observed on an oscilloscope. 
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Figure 96 -- Schematic of Acoustic Test Setup 
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V, A, Discussion of Apparatus (cont.) 

T 
... 

'I 

7 ■ 

i 

I. 

After all the resonant frequencies were recorded, the mode at each 

resonance point was identified. This was done by setting the oscillator signal at 

a resonant frequency of the cavity with the speaker positioned at an appropriate point 

in the chamber. The nodal and antinodal points were then located by traversing the 

chamber in three directions; radially, axially and circumferentially (see Figure 97). 

The type of mode was determined by the direction of microphone traverse and its order 

identified by counting the nodes. 

The decay rate of each mode was measured by driving the mode at Its 

resonant frequency, stopping the oscillator signal by shunting the driver circuit, 

and then measuring the decay of the oscillations. These data were used to compare 

the relative damping rates of the various baffle configurations for the acoustic 

modes of the chamber cavity. 

B.  FREQUENCY 

The identification of the resonant frequencies for the various acoustic 

modes was not considered to be of major significance because past experience had 

indicated that these could be calculated with a fair degree of accuracy.    However, 

measurements made during the acoustic tests showed a shift in the resonant frequencies 

for nearly all modes as a function of baffle length, the most noticeable changes 

being associated with the transverse modes.    Experimental results for the transverse 

modes showed that for the tangential modes the variation in frequency was a function 

of the height of the radial baffle legs, h,-, and to some extent the hub height, II, 

while for the radial modes it was a function of hj, (see Figure 98).    For the longi- 

tudinal modes the change in the resonant frequency was a function of uoth the baffle 

height, h-,, and the baffle area normal to the chamber axis. 

In the case of the transverse modes the frequency is depressed below that 

of the transverse resonant frequencies for an unbaffled Injector-chamber assembly. 

1 
1 

i 
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Figure 97 — Traversing Fixture 
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V, B, Frequency (cont.) 

There are exceptions to this rule. If the wavelength for the resonant 

frequency is such that the half wavelength (-4"-) is of the same order as the mean 

distance between baffle legs, in the case of the tangential modes, the frequency is 

not significantly altered from that of the unbaffled configuration. For the radial 

modes the distance between baffle hubs and between the baffle hub and the chamber 

are significant. As a special case, if the baffle configuration is compatible with 

the transverse mode, such as the one shown in Figure 99 wa-ß with the first tangential 

mode, no significant frequency depression is obtained. 

Figure 99 - "Banana"-Baffle 

Figure 100 shows the correlation between resonant frequency for the first 

tangential mode as a function of baffle length for the baffle configurations shown. 

For baffles which have a trailing edge which is not parallel to the injector face, 

an effective height was determined by the following relationship: 

M »r'-r  C w* 
=   Surface area of baffle leg 

=   Radial length of baffle 

i. 
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V, B, Frequency (cont.) 

-I 

r'-i 

Shi? coordinates for Figure 100 have been made nondlmenslonal In order that both full 

and half scale ambient tests as well as hot test data could be presented on the same 

graph.    In terms of actual frequency depression experienced during hot testing, the 

.unbaffled frequency would be *»1900 cps, while with a 5-lnch baffle (h_ = 0.15) the 

first tangential frequency would be *» 1200 cps. 

Based on the observed effect of baffles on the transverse modes, an 

analytical model (see Appendix, this section) of the injector chamber assembly was 

developed.    The basic assumptions made in developing the model were: 

L 

1) The baffle cavities can be replaced by a highly compartmented 
structure which allows only axial or longitudinal oscillations 
in the baffle pocket. 

2) The admittance is zero at the injector face and the chamber throat. 

3) No mean flow. 

The chamber cavity between the baffle tip and the chamber throat was 

analyzed using the three-dimensional wave equation.    The boundary condition at the 

baffle tip was defined by a one-dimensional analysis of the baffle cavity to determine 

the admittance at the baffle tip.    This admittance was matched to the axial (Z-directlon) 

admittance of the chamber cavity by varying the frequency in both relationships until 

a match of the admittance at the baffle tip was obtained.   This then defined the 

resonant frequency.    In general, the calculated frequency agreed within % of that 

actually measured. 

1; 

L 

The analytical model is limited in that it makes no distinction between 

baffle configurations having different numbers of blades. The degree of agreement 

between the calculated and measured values is improved (+ 2%)  if the calculated 

values are normalized by the ratio of the measured to the calculated values to the 

calculated values for the unbaffled case. 

[ 
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V, B, Frequency (cont.) 

Indications are that the accuracy of the calculated values could be 

further improved by consideration of the area changes in the chamber normal to the 

chamber axis at the baffle tip as well as consideration of the concave injector face 

in the calculation of the baffle admittance. However, it is felt that the degree of 

complexity introduced by the latter consideration is not warranted. The former 

consideration would be easily introduced and will be applied in future applications 

of the analysis. 

i. 

In the case of the longitudinal mode, it was noted that the introduction 

of the baffle resulted in the harmonics of the longitudinal mode no longer being 

approximately interger multiples^ of the fundamental frequency. Analysis showed 

that such a variation in the resonant frequencies for the longitudinal modes is mainly 

due to the area change normal to the chamber axis introduced by the baffles and the 

location of the area change along the chamber axis. Shown in Figure 101 is the 

measured variation in frequency from that of the unbaffles case as a function of the 

baffle length, in terms of wave lengths, for the area change indicated. 

I      5f 

These data were obtained from a half-scale model of the Gemini chamber using 

the baffle configurations indicated. A simple one-dimensional analysis of a closed 

tube with an area change as shown in Figure 102 can be used to show the variation in 

the longitudinal frequencies as a function of locations of the area change for a tube 

of constant overall length. The results give good qualitative agreement with the 

measured data. Refinement of the analysis to include the nozzle admittance should 

greatly improve the quantitative agreement. 

i I 

i 

p- 

s 
a 

Included in Table 10 are the measurements of resonant frequency and decay 

rate for a number of baffle configuration. These data are questionable from the 

* The harmonics of the longitudinal mode are not exact intergers of the 
fundamental because of nozzle effects. 
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V, B, Fi'equency (cont.) 

standpoint that the identification cf modes other than the first tangential was not 

completed because of discontinuation of the program. 

J Work on other development programs (M-l and Apollo) has shown that 

extreme care must be used in identifying the resonant modes because of the complications 

introduced by the baffles. Results of these programs has confirmed the observations 

mentioned previously and has shown that the frequency depression of the first tangential 

mode experienced during the GEMSIP program will also occur with the higher order 

transverse modes. 
I. 1 n 
' i : C.  EFFECT OF BAFFLE ON DECAY RATE 

One of the major parameters which is a measure of the effectiveness of a 

baffle is decay rate. No analytical treatment has yet been devised which will predict 
r 

the effect of baffles on decay rate; for this reason, the experimental procedure 

presented here represents a valuable tool in the development of baffles. During the 

GEMSIP program no attempt was made to explain why one baffle configuration exhibited 

better decay characteristic than another. The tests were not intended or designed to 

give basic information as to how baffles work and by what mechanism they suppress 

instability. 

1 The major emphasis was placed on obtaining the decay rates for the various 

modes and using these data as a yardstick for measuring the effectiveness of the 

baffles. Particular emphasis was placed on the effect of the baffle configuration on 

the first tangential mode since this was the major problem area for the injectors under- 

going test. Decay rate measurements made for the higher order transverse modes are 

in question because of the insufficient identification of the modes for reasons pre- 

viously mentioned. 

'1 

, The data in Table 10 are presented only as a matter of record in hope 

i     that future investigations and analytical treatment of baffles will prove these 

i 

i 
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V, C, Effect of Baffle on Decay Rate (cont.) 

data useful. All reference to particular modes of resonance has been labeled as 

questionable with the exception of those cases where such identification is warranted. 

The discussion to follow will be limited to the effects of the baffle configurations 

evaluated for the first tangential mode of Instability. 

Extension of the correlations to higher order modes would be without 

basis. Even in the case of the first tangential mode, extension of the trends indi- 

cated would be questionable for baffle configurations which deviate significantly 

from those tested as can be seen from the results with the "banana" baffle. 

The decay rate as a function of baffle length is shown in Figure 98b 

for the configurations indicated. It is interesting to note that for a baffle 

configuration which is compatible with the first tangential mode, ("banana" baffle) 

there is no measurable change in the decay rate, which would indicate that the 

additional surface area introduced by a baffle does not contribute significantly 

to the damping of the system. 

I 
: 

: 

c 
— — 

1. 

This information, coupled with the observation that baffles which are 

not compatible with the transverse modes tend to force longitudinal oscillations 

into the baffle pocket would Indicate that the major contribution of baffles to 

the damping of a system is the scattering of energy to the longitudinal modes. 

Some theoreticians consider this simply coupling between a transverse mode and a 

longitudinal mode occurring in the baffle pocket. However, the baffle does not 

alter the characteristics of the transverse mode in that it has still the character- 

istic modes and antlmodes; it is only it frequency which is changed. No mechanism 

for transfer of energy from the transverse to the longitudinal modes is proposed. 

However, the longitudinal oscillations in the baffle cavity were observed directly 

and the possibility of such a transfer was indicated, not demonstrated. This 

mode of oscillation apparently has a greater ability to dissipate the energy. 

The source of this dissipation is not known and will require further Investigation. 
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V, Acoustic Testing (cont.) 

D.  CORRELATION OF HOT TESTS Wim ACOUSTIC TESTS 

1.  Frequency 

! I 

The correlation between the hot and cold test frequency depression 

as a function of baffle length is shown in Figure 100. The degree of correlation 

leaves no doubt as to the ability of the acoustic tests to predict and explain some 

of the observations made during the hot testing of the various baffle configurations. 

In this respect the acoustic tests were of significant value in explaining the insta- 

bilities which were identified by the phase relationships of the various transducers 

as a first tangential but had a significantly lower frequency. The positive identi- 

fication of this mode of instability gave additional confidence in the corrective 

action taken. The discovery of the phenomena also brought to light a possible 

effect of baffles not previously considered, that being that they can provide phase 

stabilization or destabilization by altering the resonant frequency of the chamber 

cavity away from or toward the peak response frequency of the comb-istion process. 

This suggests a fruitful line of approach for further investigation. 

Decay Rate 

I. 

t 1 

.. 

•■ 

The results of hot tests concerning the various baffle configurations 

tested confirmed the observations made as to the effect of increasing the baffle 

length on the decey rate of the system. The data presented in Figure 103 shows that 

the measured increase in decay rate as a function of baffle length had the expected 

effect, in that a stable configuration was obtained at a certain minimum length and 

configurations above this length were all stable for the 200-lb-thrust-per-element 

injector. In the final phases of the development program, data obtained on baffles 

of various profile (modified "wing" baffles) was extrememly useful in optimizing the 

baffle from the standpoint of hydraulic considerations without compromising stability 

characteristics. 

1 
1 
I 

hi 

Additional evidence of the validity of the acoustic tests in 

defining the relative damping characteristics of various baffle configurations can 

be found in measurements of the decay rate of stable baffle configurations during 

hot test. The hot test data reflect the same trend in the decay rate of the system 

as the acoustic tests. 
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Figure 103 — Effect of Baffles on First Tangential Mode 
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APPTCNDTX.   SECTION V 

ANALYTICAL MODEL OF INJECTOR CHAMBER ASSEMBLY 
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GEMSIP FR-1, Volume 5, Appendix, Section V 

The following is a discussion of the analytical model developed to investigate 

the effect of haffles on the frequency response of a combustion chamber cavity. 

The analysis makes the following assumptions; 

I 

1) The baffle cavity is equivalent to a highly compartmented structure 

which allows only axial or longitudinal oscillations in the baffle pocket. 

2) The admittance at the injector face and the nozzle throat is z.e.ro. 

3)  The effect of mean flow is negligible. 

k)      In the chamber cavity between the baffle tip and the chamber throat the 

three dimensional wave equation applies. 

Based on assumptions 1, 2 and 3» the acoustic admittance at the baffle tip 

can be calculated from the relationship for a closed - open tube 

GB -^" 
tan T co 

Eq.(l) 

Where 

f" 
, 

: T 

i 
i 

G_ = admittance at baffle tip 
B 
A = Area of baffle normal to chamber 

axis (thickness of baffles negligible) 

c = speed of sound in medium 

h = height of baffle 

03 = frequency in radians/sec 

For a three-dimensional analysis of the chamber cavity it is necessary to 

define a curvelinear coordinate system T , ^,  and « as defined in Figure lO'l 

where T is the local radius (r) divided by the radius to the wall (r^) at that 

axial location. 
w' 
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At the chamber wall Y = 1, 9 is the same coordinate as in the cylindrical coordinate 

system, the angle between r and the x - z plane in carteasian coordinates.  Ö is 

orthogonal to the other two coordinates. 
■ 

Any differential element dl can be expressed as: 

(dl)2 = (ds)2 + (dn)2 + (dm)2 Eq.(2) 

where 

ds is the differential element _L to the ? constant surface 

dn is the differential element X to the Y constant surface 

dm is the differential element JL to the 9 constant surface 

for the coordinate system shown in Figure 10^ 

dm = rde  = tr^) de ; 

dn = dr = rw(x) d ^ . 

Eq.(2a) 

Eq.(2b) 

i. 

c 
1. 

In order to simplify the analysis it is assumed that the 0.constant planes 

represent planes of constant pressure potential. 

dP      dP 
Then   ^ = ^   giving dx = d? 

For an arbitrary orthogonal coordinate system 

Eq.(2c) 

[ 
(di)2 = (hcP)2(dcP)2 + (h^)2(d^)2 + (h e)2(de)2 

Substituting Equations (2a), (2b), and (2c) into Equation (2) and solving for 

h «P, h t and h 9 gives 

h^ = r(x), h 9 =1, and h 0 = ^ rw(x) I 
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GEMSIP FR-1, Volume 5, Appendix, Section V 

The Laplacian " p can be written in terms of an arbitrary orthogonal 

coordinate system h ^, h Y, and h 6 as 

v2p = h?hTirB" a cp l   h 9     aw     a 9 I h ?       a vy 

9    /h^hl   _lPN 

a e v h e      a e. 

giving 

y2      a 2
P    _i      a p     1      a2p       1 Q 2p 

V P=    a?2     r
2^     "9^     r

2     a^2     r2   ¥2       aG2 * 
w w w 

The acoustic wave equation for a sinusoidal oscillation is 

V CP + —^-   P = 0. 
c 

The acoustic wave equation in our new coordinate system becomes 

9 P +  1 

39 2  r 2 9 

9 P   1 
"al?  2 

a 2
T 

w w a ^ 

a ^p    co2 

■ + —^ p = 0. 
2 ■ r 

2 >lr2   3 ^ ■ c2 
w 

Eq.(3) 

; -•     Using the separation of variable technique to solve the equation we assume a 

solution of the form 

P = R(9) $ (^) 8(0). 

1 ?• 

Substituting the assumed solution into Equation (3) and separating variables, three 

ordinary differential equations are obtained: 

0 " + A1 9 = 0, Eq.(U) 

T 
i 

1 
i 

■ 
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GEMSIP FR-1, Volume 5> Appendix, Section V 

Cü2     A2 
2--T    R = 0' 

and ^ 2$" +     ty J'  + (^2A2 - A^    $'= 0. 

Equation (k) has a solution of the form 

6=0,  e    ^l6   +0„e-^ie      , 

for A1> 0 

§ = (^ sinh Vl^ 9  + C2 cosh ^TÄ^   9  , 

for A. < 0 

9 = oj sin «/AT    6 + C    COS STT   6   , 

For a tangential mode at   0=0,  = 0. 
6 6 

Differentiating Equation (7a) gives 

9 9 
  = C,  N/X  cosh -/T 9   + n   ^/X sinh ■/X    9 . 

_a911 1 21 1 

Evaluating this derivative at   9=0 yields 

0 = ^"7"^ + 0 

giving   =»   C^ = 0, 

9 = 0    cosh ^^Ä^   9   . 

Since 9 is everywhere finite and as 9    —> oo Cosh »J~k^Q ->oo => c2 = 0 making 

Equation (7a) a trival solution. 

Eq.(5) 

Eq.(6) 

Eq.(7) 

Eq.(7a) 

Eq.(7b) 

0 

T 

c 
c 
c 

c 
c 
c 
i; 

■ 
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GEMSIP FR-1, Volume 5, Appendix, Section V 

Differentiating Equation (7b) gives 

36) 
-g-g- = -c „/A cos -/ Ai + C2 «/A Sin »/^ 6 . 

Evaluating 

89 

Therefore 

-g^- at   6 = 0 ^Cj^ = 0. 

Q = c cos «yx  e. 

A1 = (n) where n equals the order of the tangential mode, i.e., 

n = 1 for 1st tangential, n = 2 for 2nd tangential, etc. 

I   7 " 

I 

The solution to Equation (6) is 

$ = C3 Jn (^A2^) + C^ Yn (NTA^) 

Since $ is everywhere finite and Y (sTAgiO-^oo as ^ — 0 implies C^ = 0. 

giving $ = C3 Jn (^Agi). 

From the boundary condition 

af 
t = 1, -^- = 0 = J; (^A2), 

ornJn (STA^  = ^ Jn+1 {S^,)   . 

1 f 
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GEMS IP FR-1, Volume 5, Appendix, Section V 

Equation (5) is of the same form as the one dimensional wave equation with the 

exception that it contains r which is a function of x, the axial location. w 
In order to solve this equation it must be integrated numerically treating r as a 

constant for small increments of x. 

2                   CO 2  A2 
Assuming r  = constant and letting —= p = ^ 

w 

the solution of Equation (5) is 

R =: C^ cosh i JK^ + C2 i sinh i ^ ^ ; 

R1 = i (^ JK sinh i ^ 9 - C2 ^ cosh i -S/K 9 . 

Prom the momentun equation the flow in the axial direction is given hy 

where A = area of chamber 

W9\,. 
Def:'.ne the admittance G cp = 

iA_g 
Gm   = " _£1 £1 

Cü  R 

Gcp  = 
i^g 

(0 

C i «/K sinh i «/K 9 - C2 :;. s/lc cosh i </K 9 

C. cosh i VK 9 + C i sinh i ^ 9 

The constants C. and C- can be determined by considering the value of admittance 

at 9 = 0: 

9=0 

or 

iAcg      C ,^ 

CD 0i    ' 

G9=o " 
x/K Acg 

L: 

I. 
1. 
c 

c 

- - 

L 
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GEMSIP FR-1, Volume 5> Appendix, Section V 

If s/"K 9 = 0 (0.1) cosh i NTK 9 «= 1 and 

sinh i ^ 9 * i -/K 9 the equation then becomes: 

Gcp = - CD 

9= o Ü)i VI 

- K 9 -  *rK A. 

1 + 

G(p=0 CüiVK9 

VkAc6 

Gcp= G.p^ 

1 + 
iAcg K9 

"% I 0 
1 + 

G^To1^ 
Acg 

The method of solution is then to assume a particular mode in the chamber, 

thus defining n. Once n is defined Ap is solved for. A- is multivalued parameter, 

the value of kp being dependent on the presence or absence of a radial mode 

component and the order of the radial mode. Once Ag is determined it is possible 

to integrate Gcp numerically — the resonant frequency for that mode being the 

frequency for which Gcp = G^. 

I 
I 
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GHCIP FR-1, Volume 5, Appendix, Section 

TABLE 11 

List of Symbols 

Admittance at baffle tip 

Area of chamber normal to chamber axis 

Density 

Speed of sound 

Height of baffle leg 

F-  .ncy (rad/sec) 

Radius of chamber as a function of x 

Axes of orthogonal coordinate system 

Sequence roots of metric coefficients for an arbitrary orthogonal 

coordinate system 

Eigenvalues 

Integration constants 

Interger defined by acoustic modes of chamber 

CÜ' 

uw 
Admittance of nozzle chamber cavity in 9 direction 

Oscillating weight flow 

Oscillating pressure 
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VI.        FLOW CONTROL SERVO SYSTEM 

In order to develop a dynamically stable injector for the Gemini second stage 

propulsion syste, Aerojet-General undertook an extensive program consisting of a 

series of thrust chamber assembly static test firings.    This program required a TCA 

test stand capable of providing repeatahle start transient characteristics identical 

to those generated by the complete propulsion system.    To accomplish this, a method 

for controlling propellant flow rate was mandatory; ntsther, both transient and 

steady state flow control was required.    To this purpose^Ht was desirable that both 

engine start transient simulation and steady state chamber pressure and mixture ratio 

control be realized with the same control hardware.    Two concepts were investigated 

for the control of propellant flow rates:    namely, propellant tank pressurization 

control and propellant flow rate control by servo valves. 

0 The propellant tank pressurization control technique was analyzed b^th in 

terms of control response specifications and system modifications required.    It was 

concluded that extensive modifications would be needed to provide sufficient gas 

if low rates, particularly during the TCA start transient.    Further, gas pressurization 

I control being inherently slow, this system would not be capable of producing a 

simulated engine start transient at normal rise rates and, moreover, pressure and 

|t mixture ratio control would be difficult to achieve. 

The direct propellant flow rate control technique also involved modifications 

to the existing system.    In particular, modifications to the existing propellant feed 

systems were required, together with the installation of fuel and oxidizer flow 

control valves, close-coupled to the thrust chamber.    The direct flow rate control 

f system, however, would be capable of producing rapid and well controlled variations 

in pressures and flow rates. 

Based upon the control criteria and an analysis of modification costs, the 

direct propellant flow control concept was mechanized on Test Stand 0-1. 
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VI, Flow Control Servo System (cent,.) 

The generalized philosophy employed in the C-l control system is illustrated 

in Figure 105. An electrical signal is applied across the input terminals of an 

Aerojet-designed servo controller. The servo controller output drives a Raymond- 

Atchely servo valve that is hydraulically coupled to an Annin flow control valve 

actuator. Flow control valve position feedback is used to stabilize the inner loop 

against gain or dynamic variations in the open-loop canponents. In general, control 

valve modulation produces dynamic effects in the downstream line. 

The appropriate downstream parameter (flow rates or pressure) is sensed with 

an applicable transducer; the transducer output signal is then conditioned in the 

servo controller, and forms the source of primary feedback. Note that an on-line 

analog computer is included in the loop mechanization. The use of this device 

(Electronic Associates, Inc., PC-12) was employed to generate the control valve 

excitation ccsnmand for transient TCA testing, and also was programmed to mechanize 

the required feedback signal compensation for closed-loop testing. 

During start-transient control, the outer feedback paths were electrically 

eliminated from the loops so that the systems functioned to position the control 

valves in accordance with preprogramed command voltages. In the closed-loop or 

steady state control mode, however, the outer feedback paths functioned to maintain 

both mixture ratio and chamber pressure parameters. In this context, the PC-12 

analog computer was used to generate the required system compensation. 

Based upon the control system of Figure 105, a detailed analysis of the test 

stand and thrust chamber assembly was performed to define the overall system 

mathematical model. The model was then simulated on an IEM 709^ digital computer; 

in particular, the computer was employed to allow the investigation of a wide 

variety of start transient control modes. The automatic machine approach to analysis 

was necessary, in the present application, because of the large number of nonlinear 

differential equations that were required to construct the system model. 
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VI, Flow Control Servo System (cont.) 

The computer effectively solved the differential equations, while simulta- 

neously closing the control loops into the model.    Based upon the computer simulation, 

an open-loop mode of start transient control was selected.    The closed-loop mode was 

rejected because of the uncertainties associated with dynamic and control hardware 

matheaatical formulations.    The final computer design simulated a Gemini engine start 

transient as illustrated in Figure lo6.    Sequencing of the control valves, thrust* 

chamber valves, and dump valves werf defined by the computer study. 

[ 

i: 

i 

Following the installation of the control system, a series of flow tests were 

conducted to determine the Annin valve flow resistances as a function of lift. 

IXiring this preliminary period, a number of problem areas were discovered.    Because 

of difficulties associated with the hydraulic pressurization system, control valve 

fluctuations were reflected into the actuator supply system, markedly degrading the 

control valve dynamic response.    In addition, it was experimentally verified that 

the control valves tended to cavitate for small values of lift.    This cavitation 

problem had been anticipated. 

Transient valve characteristics were experimentally deduced by subjecting the 

valves to a series of dynamic response tests.    The resulting data were then matched 

with those of an analytical third-order system on the analog computer; i.e., a 

general transfer function of the form 

G(s)    = 
K (W )' v u 

S  (S2 + 2 l; WS + WN2) 

was mechanized for computer simulation, and the valve gain ( K ), undampad natural 

frequency ( wn ) and damping ratio ( 5 ) selected so as to match the experimentally 

derived valve data. Results of the tests were as follows: 
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VI, Flow Control Servo System (cont.) 

Oxidizer Va Ive Fuel Valve 

K 11.5 12.0 

Wn 97. 117. 

K 0.635 0.5^5 

These data were required in the design of both the open-loop start transient control 

system and the closed-loop mixture ratio and chamber pressure controller. 

Based upon the preliminary system design, three transient test firings were 

conducted. Three distinct problem areas were discovered during initial teatiig: (l) 

an extremely high hydraulic gain existing across the Annin valve because of f^e C 

vs lift characteristics of the valve; e.g., a 0.3% change in valve position resulteC 

in a 5fo variation in flow rate; (2) a valve position "zero-shift" problem due to the 

use of soft valve seats; and (3) failure to simulate the initial rise rate charac- 

teristics of the Gemini second stage engine in the thrust chamber assembly tests. 

A typical thrust chamber assembly start transient is illustrated in Figure 107. 

Note the close agreement between the predicted data of Figure 106 and the achieved 

data of Figure 107, 

The high Annin valve hydraulic gain was reduced by re-contouring the valve 

plugs to produce exponential rather than linear 0 vs lift characteristics, and the 

zero-shift difficulty was obviated by providing a metal-to-metal valve seat. It was 

thought that the initial rise rate engine ignition condition could be achieved by 

sdmulating the pump flow transients that exist prior to engine ignition. The TCA 

sequencing was thus varied to simulate more accurately the second stage turbopump 

assembly flow environment in the transient mode. Following additional calibrations 

of the flow control valves, a test firing with the new method of sequencing produced 

an acceptable simulated engine start. 
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VI, Flow Control Servo System (cont.) 

Because of the difficulties encountered with valve sequencing in the open- 

loop start transient mode, a closed-loop pressure mode was considered. A series of 

flow tests to determine the effects of modulating valve position based upon thrust 

chamber valve inlet pressures led to the conclusions that this method of control 

was indeed feasible. However, problems associated with hardware and test scheduling 

precluded the application of this technique; the open-loop mode was maintained for 

start sequence testing with excellent results. 

I 
I 
I 
1 
1 
1 
| 

i 

After acceptable transient conditions were achieved, a closed-loop steady 

state control mode analysis was initiated. Analog computer simulation was employed 

to design a system capable of simultaneously controlling both chamber pressure and 

mixture ratio in the steady-state operational mode. As illustrated in Figure 108, an 

electrical signal proportional to the desired value of steady state chamber pressure 

is impressed across the command terminals of the fuel valve servo controller. The 

achieved chamber pressure value is sensed by a pressure transducer. An error 

between the desired chamber pressure and the achieved chamber pressure then drives 

the fuel flow control valve in the direction to reduce the error. Integral compensa- 

tion is employed such that, in the steady state, the error signal degenerates to 

zero and the correct value of chamber pressure is established and maintained 

automatically. 

Simultaneous control of mixture ratio is realized by the oxidizer flow 

control valve servo system. Both fuel and oxidizer flow rates are sensed with 

Potter turbine system. Both fuel and oxidizer flow rates are sensed with Potter 

turbine meters. The turbine meter produces an electrical signal with a frequency 

proportional to volumetric flow rate. Because the loop oper^+es in a dc mode, the 

ac flowroeter output is transformed into a dc electrical signal through the use of 

an ac-dc converter. Electrical signals, proportional to fuel and oxidizer flow 

rates, are balanced in the mixture ratio servo controller. The servo controller 

input gains are established in accordance with the desired predetermined mixture 

ratio value. Integral compensation is again employed in the mixture ratio control 
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VI, Flow Control Servo System (cont.) 

loop. In the steady state, after all transients have died out, the two loops will 

control both mixture ratio and chamber pressure to predetermined values. These 

values can. now be varied with time, during the firing, to evaluate TCA performance 

over a selected range of mixture ratio and chamber pressure. 

Representative start transient and steady state test data are illustrated in 

Figures 109, HO, and 111. Start transient data with a typical open-loop indicate 

that an excellent simulation of the engine start-transient characteristics can be 

obtained. The initial high chamber pressure rise rate phenomenon is clearly 

illustrated in the typical Test Stand C-l start transient data. 
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Figure 109 illustrates the benefits derived from the closed-loop P /MR control 

mode. Note that a large error exists in mixture ratio at the point in time at which 

automatic closed-loop system control is initiated. The control system senses this 

error, however, and immediately adjusts the system to the correct mixture ratio. 

Three distinct values of mixture ratio were evaluated at a constant chamber pressure 

during this run. Excellent control was established, while the steady state mixture 

ratio errors were negligible. 

The effects of varying mixture ratio at a constant value of chamber pressure 

is again illustrated in Figure 110. A total of five distinct mixture ratio steps 

were attained during this typical firing with excellent steady-state accuracy. The 

small variations noted in chamber pressure correspond to the transient modes 

occurring at each step-level change in mixture ratio. However, the steady-state 

chamber pressure remains at the constant preselected value. 

Figure 111 illustrates the effects of varying chamber pressure at a constant 

value of mixture ratio. A total of six useful and accurate data points were obtained 

during this static test firing. Note that the errors in mixture ratio occurring 

during the chamber pressure step-level transients are not'severe; further, the system 

automatically adjusts to the correct steady-state value of mixture ratio. 
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VI, Flow Control Servo System (cont.) 

These tests were part of the Cooled Baffle Development diacussed in Volume 2, 

Section II. 

From the previous discussion, the following conclusions can be drawn: 

1) The use of open-loop control during start transient engine simulation 

testing on test stand C-l produces a TCA ignition transient very similar 

to that of the second stage engine. 

2) Closed-loop pressure-feedback control during the simulated engine start 

transient is feasible. 

3) Closed-loop steady state control of mixture ratio and chamber pressure 

has been demonstrated. In all cases, accurate and repeatable TCA 

performance data were acquired. 

k)     A considerable cost saving can be realized through the use of the closed- 

loop P /MR control system; through appropriate programming, a large 

number of data points were obtained in a small number of static tests. 
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