UNCLASSIFIED

AD NUMBER

AD817981

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; JUN 1967.
Other requests shall be referred to Air
Force Institute of Technology,
Wright-Patterson AFB, OH 45433.

AUTHORITY

AFIT ltr, 22 Jul 1971

THIS PAGE IS UNCLASSIFIED




AIR UNIVERSITY
UNITED STATES AIR FORCE

3 THRUST VARIATION OF A
GASEOUS PROPELLANT

ROCKET ENGINE

THESIS

GAM/ME/67-5 Frederick J. De Groot
1st Lt USAF

SCHOOL OF ENGINEERING

WRIGNT=PATTEIRSON AIR FORCE BASE, OHIO




THRUST VARIATION OF A
SASEQOLIS PROPELLANT
ROCKET ENGINE

THESIS

GAM/ME/67-5 Frederick J. De Groot
1st Lt LisAr

THIS DOCUMENT 1S SUBJECT TO SPECTAL EXPORT
CONTROLS AND EACH TRANSMITTAL 7O FOREIGN
GOVERNMENTS OR FOREIGN NATIONALS MAY BE
MADE ONLY WiTH PRIOR APPROVAL OF THE DEAN,
SCHOOL OF oHGINEERING, (AFIT-SE),
WRIGHT-PATTERSON AIR FORCE BASE, QHIO 45433,

AFLC-WPAFB-JUL 87 3%

S




THRUST VARIATION OF A GASECLIS

PROPELLANT RODKET ERNGINE

THESIS

Presented to the Facully of the Schoo! of Englneering of
the Ailr Force Instilute of Technology
Aldr Unlversity
in Partial Fuifiliment of the
Requirements for the Degree of

Master of Sclence

by

Frederick J. De Groot, 8.5.
ist L.t UUSAF
Graduate Aerospace - Mechanical Engineering

Junae 1967




SAM/ME/E7-5

Freaface

This report renrssents the third investigation by an
AFRIT student in the area of rockel thrust variation., A
variable thrust gasecus propellant rocket engine incorporating
a variable area injector was designed, buill, and !ested_. This
engine represenis a significant Improvement over that of
previous designs attempled here zt AFIT and should prove to
be a stzbie and reliable tool for fiure invustigations in this
figld.

In this réport , | have assumed the reader has a
fundamental background in science as well as an acquaintance

with rocket propulsion the{:ry and terminology.

i wish to acknowledge indebtedness to my advisor,
ileutenant Colonel Hamﬁl!cn, for his timely support and
guidance; to Mr, Weife and his staff at the AFIT Machine
N | Shop: and to Mr. Parks, the lab techniclan, Finally, 1 would
‘~ iike to specially acknowledge and thank my wife, Jeannine,

who has coniributed much more o this effort than she hersel!

may suspeact.

F Frederick J. De Groot
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Absteact

The purpese of this thesis was 1o lnvestigate the
performance of a variable thrust roclket engine incorporating
a variable ares injector. The Injscior was designed, cons-
tructed, and assembled on an existing thrust chamber which
was lengthened and provided with water cooiling. Ulsing
gaseous hydrogen and oxygen as propeilants, an extensive
test program was completed at the AFIT Rockel Engine Test
Facliity. The thrust was varied over a continuous range from
11 to 75 pounds, resulting In a throttiing ratio of 6.82:1, while
the specific impuigse remained neanrly constant. The transient
response of the engine was fast, smooth, and accurate, and
no indication ol combustion instabliity was observed during the

investigation.
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THRLIST WARIATION OF &

CASEOUS PROPELLANT

ROCKET ENGINE

i. introduction

Background

Today's rapidly advancing space technology continually
demands more sophisticated hardware to accomplish its
expanding mission requirements. As missions increase in
complexity, a high degree of space vehicle control becomes
essential, Throltieable rocliet engines will be increasingly
utilized to achieve this control. The Apollo LLEM {(Lunar
Excursion Module) will make use of such engines to execute
its junar landing maneuvers.,

The use of auxiliary systems to perform functions outside
the capabilities of constant-thrust, single firing devices represents
ioday!s solution to vehicle velocity control. This method could
conceivably be used to accomplish the intricate mansuvers
assoclated with lunar and interplanetary missions. However,

from the slandooint of over-all systern complexity and weight,
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use of a single propulsion device with sufficient throtiting and
rasiard capablily o perdorm &l of the required maneuvers is
sisardy preferabls 16 the use of a multiple clement system.,

The basic disadvaniage of providing rocket engines with a

throtiling capabliily le that gsuch aropulsion unils must be more

complex than constant-thrust rocket engines., Poor propeliant
mixing, combustion instabiiity, and nozzle separation are also
probiems which can arise. Therefore, research on the

throitling process is necessary for the deveiopment of efficient

and relfiable throtitling techniques,

~Probliem
The purpose of this thesis was to design, construct, and
test a rocket engine throtiling system. The design objectives -
were to improve the periformance of an exdsting throttieable
rocket engine and to provide an engine suliable for further
research on the throtiling problem., The test objective was to
evatuate the perdormance and response of the rocket engine with
respect to the throtiling process. The engine was to be tested
at the Air Force Institute of Technology (AFIT) Rocket Engine

Test Facilily, using gaseous hydrogen and oxygen as propellants,

g,

Existing equipment was to be utilized as rmuch as possibie,

S Previous Work

Very little work has been done on the throitling of gaseous
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propetiant rockets, liquid propellant rockets having rocsived most
ot the theotiling attention.  However, in recen! years, there has
been some work done al AFIT on rockst thrust variation, us'ng
SRSEOUS oxygen and gaseous hydrogen as pronellants because of
their ready avaiiabitity,

The tirst work on thrust variation at AFIT was done by

Watkins {Ref 9}, who examined four generai throttling tech-

niques: a) Throttling valves in the propellant supply lines,

b} contamination of the propellants with irert constituents, o}
throatl area variation, and d) injector area variation. After
concluding that Injector area variation held the mos; promise for
gaseous propellant rockel engines, he designed a variable area
injector for instaliation on a small fim-cocled gasecus rociet
engine which had been designed and built by Ow (Ref 4).
Watkins also generated a series of theoretical performance
curves for this engine, using a computer program wpitten by
Anderson {Ref 1},

Following Watkins’ work, Smith {(Ref 7) evaluated the
design, found several disadvantages, and then designed a
different throtiling system, still using the technigque of Injector
area variation. The injector area for each of ihe propellanis
was varied by means of a metal plate which could be moved

back and forth over a fixed orilice plate., The movabie plates

were connecied to a shall which in furn was connecied to a

throltie arm,
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Ferablem Analvsis

Alter rovieedng the srevious work done in this field,
particulariy that of Waiking and Smith, it was decided that an
oxtension of Smith's ogerimenial work was ihe mogt logloal
approach 1o the problem. Sewmithis experiments verified that
injector area variation Is an effective maeathod of controlling the
thrust of & gaseous propellant vocket engine. Mis report
Included data for nine steady state runs which were conducted
at eight different fixed throttle positions. Four transient runs
were reporied, but there was no instrumentation provided which
wouild indicate the throitie position or the injecior area as 2
function of time., In fact, throttle slippage was observed during
some of the runs, thus precluding even a&n estimate of Injector
area. Therefore, it was decided io more thoroughly investigate
the throtiling process as it afiects the periormance and transient
response of a gaseous propeilant rocket engine,

Smith's design incorporated several salient festures:

1. The orifices, each of which consisted of a flat brass
plate, were removabie and uasily meade, “Thus, with & set of
different orifice plates, one could vary the mixture ratio from
PR 1o AN,

2. The doors which slide across the orilice plates were
jocated on the inside of the propeliant manifolds. Thus, they

were held against the oritice plates by the differential pressure
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across them and hgipged maintaln an effective seal,

3. The throltle was comrplately varlable to any position
frore fully closed to fully open.,

4. The desigr wis simple and contained only 2 minimum
of moving parts,

There were several shoricomings In Smbh's design which
could not be corrected by modification of the existing equipment,
Therelore, it was decided to design a new throtiting meachanism
Incorporating the desirable features of Smith's design, and using

as much exdsting squiprment as possible,
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Egquipment Deslon and Construciion

The overall degign of ihe throfiling mechanism was kepl as
simple as possible. Basicaliy, 1 consiate of an Injector incor-
porating two separale orifices, one for hydrogen and one for
axyger. The areas of the propellant orifices are varied by

means of two pilates which slide aver the orlfices. The move-

‘able plates are connected to a singla throftle shaff, and thersefore,

move slvultanecusly as the shafi is irned by a throitle arm.
The delails of the Injector can be easlly seen on the photographs
in Figures 1 through 5, and on the drawings contained in
Appendix A,

The throttle machaniam is acluated by a hydraulic slave
unit which is connected 0 a command unit in the contrel room.
This system provides positive manual control of the throltling
mechanism during asngine gperation. A schematlc diagram of
the hydraulic conirol system and a brief culllne of the procedures
used to prepare it for cperation Is conlained In Appendix B.

The similarities between this design and Smith!'s design
are peadily apparent, However, this design correcis several
shordcomings or improves upon several aspects of Smith's
design. Since this redesign could not be accomplished by
modification of the existing squipmant, the design and coratruction

of a new Injéctor wis necessary. The desire to utilize as much

&
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axisting equipment as possible in the Interests of sconomy armd
firme led o ihe design of an inlsctor whish bolis dipecily io the
exinting thrast chamber, The face of the Inlector s fat with
otie opening In the cenier through which the oxygen is injectesi.
Ten holes through which the hydrogen (s Injscied ars arpranged
in a circle arcund the central hole, The kydrogen is injecied
at an angle of 30 degress fo the centerline of the chamber and
impinges ot the oxygen flow approximately bweo inches hrom the
infector face. The impinging fow injector design was chosen
o promoie belter mixing of the propellanis, and thus; to increase
the cornbustion efficiency of the engine. Aldso, this design
compietaly eliminates the rmomentum problems encountered during
the pirevious investigation. There i3 o need o calcuiate the
momentum of the propeliant fiows at any mixiure patio, The
oxygon flow has only axially dirested momantum and because

of the symmetrical arrangemer of the hydrogen injection holes,
the radial components of momentum of the hydragen flow cancel
aach other for any flow rate or mixture rafio. Thus, the
injection gecmetry tends to keep ithe center of combustion away
from the chamber walls and the injector face, and by so doing,

reduces the possibility of hot spots or burnout. This injection

‘schema necessitated the addition of propellant manifoids down-

stream of the throtiling orifices, thus increasing the welghi of

the injector. HMowever, considering the use of the system only
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&z & laboratory pesearch fool, the weight penally wias considered
minor In view of the adveniages io be galned.

The propeliam orifices, sach of which consists of a Hat
braass plate, are removabie and easlly mede. This fealure
pormits experimeniation with difleres mixture ratios angd flow
rates simply by changing orifices. For this iﬁv&aﬁg&ticﬁn, the
arifices were lengthened and significant changes 1o thelr gsometry
were made. The orifice openings of the cid design werse
rectangular in shape witlh length to width ratios of 14.1:1 and
&, 5:1 for the oxygen and hydrogen orifices, respectively.
Also, the lengths of the twe opsnings were not egual. This
configuration resulled In a varying oxygen to fuel injection area
ratic as the throitle plates plvoted over the propellant openings,
which caused the mixture rallo io change with throttie position.
The new orllice openings were of the same lehgth and were
curved to coincide with the are swung by the throtitie plates,
This modification resulted in a consiant area ratio befween the
iwo openings over the entire throtiliing rangs. The length lo
widih ratios of this orifice design are 25.8:1 and 12.8:1 for
the oxygen and hydrogen orifices, respectively, The thinner
orliice openings allowed more precise control of the propellant
fiow areas.

The propellant manilolds were mads larger to allow the

thrrcitie plates to clear the propellant orifices before striking




CAM/ME/ 875

the manifold wall, The throtiie shalt was made 172 inch In
dismeter and a . 188 inch diameter hole was provided sadisily
al the center of the shall. A 2 1/2 inch machine sorew
nseried axigily through the center of ihe thioltlle arm i e this
hole and sliminated ihe throtlle slipping which ctsurred in the
prévigus design,

The use of separate manifokis for the hydrogen and oxygen
eliminated the dangese of propellant crossleskage. Thus, no
internal sealing was reguired In the injfestor. Two O-rirgs,
held in place by steel pressure plates, provided the external
gealing where tha throltle skall entered the propeliamt manifolds,
This shait seal was the only dynamic seal redquired in this
design.

Twe modificalions were made to the chamber:

1. A 1 3/8 inch sleeve of the same material as the
chambar was Inserted between the &ft end of the chamber and
the nozzie. This resulied in a 20% Increase in the characteristic
charnber length (L¥). This change was made in the interest of
attaining complete combustion ol the propeilants within the
combuustion chamber, thus making the assumption of frozen flow
through the nozzie more valid., Optimizing L.* was not considered
to be important for a laboratory test engine of this type.

2. A water cooling capabilily was added to the combustion

chamber in the form of three separate colls of 1/4 Inch copper

i
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wibing which were wrapped around and soldered io the chamber.
Thiz tublng Is In addliien o the tubing previousiy instalied on the
ozzis. The use of four smalier coils Insicad of one large ool
peauils v & grealer mass flow rate of coclant without the
additional complexdly of a sressurization syvsism or the walsr
coolant supply. The buliding water supply pressure is approxi-
mately 80 psig at the test facility. The cooling was provided 1o
help maintain wall temperatures within safe lHimits and also 1o

reduce the time period rewquired for cool-down between runs,

Constryction

The injector components were built and assembied in the
AT Machine Shop. The basic siructure of the injector was
made of type 304 stainless steel because of its high temperature
properties and resistance to oxidation. The components of the
basgic structure, the base plate, the manifold jackels, the mani-
fold apacer, and the injector covers were arc welded togethenr.
Thig construction technique insured nc crossieakage of
propeilants.,

The combustion chamber extension was made of type 1060
cold rolied steel, the same type as the chamber Iiseil. This
lvpe steel has slightly lower sirength and melting poirt charac-—
teristics than stainless steel, but it offers the advantage of
higher thermal conductivity. This feature increases the ability

of the cooling system to limit the chamber wall temperaturae.

10
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Asbestos guaskels were used az seals betwesnh the engine

components, which were assembled with high sirength alroraf

bholtr,

11
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11, Thermoghersics! Dists

Theopetical Performance

The engine performan-e st a mbdure ratlc of 2.0 with &
chamber pressure of 250 poia was chesen as the il dhwodde
base line perdormance with which to compare the eflects on
periormance of the designed throttiing method., This mixiure
ratio and chamber pressure were picked v be the same as
in the previous design so that the same thermochemical data
would apoly. This mixture ratic was chosen in the previous
study to limit the flame temperature (2075°), thus reducing the
possibliity of burnout, The chamber pressure is well within
the salfety limils of the equipment and was selected in the interest
ol piropellani economy.

The nozzle has a U.514 inch throat diameter and an exit
tt throal area expansgion ratio of 4.24:1 with a 15 degree half~
angle of divergence, Uising & computer program written by
Andetrson, Waikins genherated thesoretical periormance data for
this nozzle at vericus mixture ratios and chamber pressures
(Refe 1 and 8}. The basic rocket performance parameters
of C¥, C

t

givan nozzie expansion ralio into an ambient pressure of 14.5

, and isp were caiculaled for expansion over the

psia {the average ambleni pressure at the test facility} rather

than for expansion to a specific nozzie exit pressure, which is

12
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ihe cormmmaon practice when prasenting theoretical performance,

with this lype of calcuiation, the theoretical data can be compared

direciiy with the experimental rasulis.

ML EKey |

The assumptions used to obiain the theoretical performance

PAZR

daia are the following:

The combustion process is adiabatic.

%
-t
»
R R AT A

2. Combustion occurs at constant chamber pressure,

3. The propellants are introduced into the chambepr In
gasecus form at a temperature of 298.15%K,

4. Homogeneous mixing of the propetlants is atlained,

§. Thermal and chemical equitibra exist in the combustion
‘ chamber,

6. The products of combustion have zero bulk velocity

in the combustion chamber.

7. All species behave as ideai gases.
8. Dalton's lL.aw is applicable.
9. Nozzle fiow is steady, isentropic, and one dimensiconal.

10. The relative concentrition of the combustion products

remains constant dupring the nozzle expansion (frozen

flow) .
These assumptions are generally accepted in the field as
‘ appropriate for theoretical calcllation of rocket engine perfor-

mance {Ref. 8).

13
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Experimental -Data
Adl data was coliected on & Consolidated Ejectronics

Copporation recorder and reduced on the AFIT IBM 1620

compiiter, using a simpililed version of & program weitten by

Anderson {ses Appendix C). The program output date .
Inciuded the foilowing quantities: Run number, throttie position,

"'-__'_ g thrust, mass fow rates, mixtupre ratic, chamber pressure,

characteristic exhaust velocily, thrust coefficient, and specific

- ¥ Impulse,
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i V. Experimentation

Test Objectives

The purpose of the axperimental affart was o determine
the performance of the vapriable thrust rocket sngine through iis
throttling range for the designed mixiure ratioc of 2,0, These
resuyits were to be compared with the engine periormance
predicted by the theoretical analysis in oerder io determine the
effect of the throttliing method on the actual rocket engine
performance. The maximum throftiing capability of the engine
was 1o be demonsirated. Finally, the translent response of

the engine was to be determined.

ﬂgga ratus

The experimental testing of the variable thrust engine was
conducted at the AFIT Rocket Test Facility, Building 79-D,
Wright Patterson Air Force Base. The major components of
the facility Include:

1. Two propellant manifolds for gaseous hydrogen and
gaseous oxygen and » gaseous nitrogeri manifold to provide a
purge and conirol system.

2. A conirol room {Figure 6) with a test consocle o
control and synchronize the test sequence, and a Consolidatec
Electronics Corporation recorder ior recording test dsia,

3. A propeilart control system {Figure 7} with check

13
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valves, dome pressure reguisting valves, and solensid valves
for coniroiiing e mass flow rates and oressures.

&, “Two Herschel veniuri melers with associated pressurs
iraneducers ek thermoooupies for measuremsnt of he dalg Fom
which ihe propellant mass flow rales were calouiated,

5. Necesgary piping, wiring, Instrainentstion, and

caiibration equipment,

A detalled description of the above components Is presented
in the Facility Operations Manual {Ret 3},

The throttle was set manually lor sach steady siate run.
The hydraulic control was used only during transient runs at

which time the throttie position was measured by masans of an -

electric potenticmeter atiached direcily toc the throitie arm.

Procodure

1. Leak Check: The thrust chamber assemrbly, as
or:ainally designed, was checked lor {eaks afier pligging the
nozzle and pressurizing the chamber to 73 psig with nitrogen,
L.eskage was noted at all gaskel surfaces when the leak test
sclution was applied, and leakage past the throitie shaft O-
rings was excessive and considered dangerocus. The chamber

leakage was corrected by sealing the chamber joirts with

sfectric heater element cemsnt, but allempts to stop the .

throttie shaft lezkage by using larger and stronger sesi plates

16




BAMIME /875

ware unsuccessiul. Therefore, the inlector was disassermblod
and 800 inch inslde diamater, (100 inch haight rubbep O-rings
ware Instsiled airoung the throtile shall ingide the propsiiant
manifolds. The O~rings were countergsunik into the manifcid
welis {See Figure 18 in Appendix A}, held In place by brass
plates, and lubricaled with Alrco #20 Lubricant whieh is suil~
able for oxygen service. The engine was then reassembied
and leak tested at chamber pressures in excess of 300 psig
with no leakage detected.

4 2. Cold Flow Runs: The lirst set of runs consisted of

nine (9) fuli-throtile cold flow puns in which the propellants
B were flowed through the engine simultanecusiy bt were not
’ ignited, This serles of runs was accormplished In order to
make an initial determination of the propeliant supply iine

prassures and the pressure pregulator loader seitings required

to obtain the desired propellant rmass flow rates,

- 3. Steady Siate Mot Filow Runs: A series of approxi-

mately twenty {20) full throttle runs were made in which the

propellants were gnited in order o determine more exactly the

required propellant supply iine pressures and the pressure

raguiator loader seftings. Once the proper line pressures
\ ' were determinad, they wers held constant throughout the

remainder of the experimental lesting program.

1?7
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The firsl fow runs verdfled that the water cooling was
adogiiste,; since ull threlile rung of up o 7.5 seconds duration
resulied in ho damage io the engine. Since only 3.5 sscomvds
wers roguired for the propellart mass flow rates and the
engine performance paramsters to rsach steady values, a
standard run time of approximailely § seconds duration was
establishead,

During this initlal set of runs, an occasional "pop® sound
was heard over the iest cell intercom monitor during the purge
sequence. [nvestigation revealed that the hydeogen propsiiant
line was hot In the vicinity where the purgs gas entered the
propeliant iine, Indicating that the air which had been subsii-
tuted for nitrogen because of its ready availabliity, arnd hydrogen
were igniting in the propeliant line, in the inlerest of salety,
the use of air as a purge gas was dizconlinued, and it was
replaced by nitrogen. No further difficuiiies with the equipment
were encountered during the remalnder of the investigation,

Following the inltial set of runs, eighty-eight {88} sieady
state runs were made at various throlile seitings whiie
altempting to hold the line pressures at 324 peig and 282 psig
forr the hydrogen and oxygen, respectively.

4, Transient Rung: The hydraulic throitle sontrol was
activated and ten {10} runs wers mads with gyeoling of the

throltle selling during each run while propellant supply pressures

18
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were agaln keld constant, Fun tmes of & seconds allowed
asteady siaie condilions o be reached at the Initfal throtile seiting,
and permitied 2 saconds for throtiling in onch diraection, Some
rung were rmade in which the thiolileo was moved through e

range in only 1 second.
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V. Ressulte and Disoussion

The steady siste daia ars lebulsied and presenied iIn

Takias | through Wi, one iahle for sach of the eioht throltle
ssllings used. Each table includes the results of eleven {11}
runs made af that particular throtile gefiing and the average

of the results for thogse eleven runs., The average thrust,
mixiure ratio, characteristic exhausi velocity, thrust coelfictent,
and specific Impuise are plofted versus throtlile sstiing In
Figures 8 through 13,

The effacts of injector area vanriation as & method of thrust
variation on the performance of the gaseous propeilart rocket
engine used in this study are readily apparent from Figures 8,
8, and 10. The characteristic exhaust velocity rises slightly
at the lower end of the throtliing range while the thrust coeffi-
clent drops slightly, Thease two eifects tend to counter each
other, thus causing the overali performance parameter, the
specilic impuise, to remain nearly constant throughout the entire
range of throtiling,

The mixture ratio {(Figure 11} does not remain constant
over the throliling range as was desired for the investigation,
The Injecotr was desighed so that the ratic of the two propetiant

arifice areas rem_qined constart throughout the throtiling range.

20
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Howeverr, the rejative mass fow rates of the propsliants vary
somewhat 2z the pressures drop across tha orifloss s inoreased
at e lower thriust levels,

The thrust veraus threoitle position curve {Figure 12} is
nen-linear and Indicates that most of the thrust vapiation occcurs
over the fower half of the throtlle range. As a demonstration
of the throtiling capability of the system, two runs were made
with the throttie In the closed position. In this configuration,
the engine idlad smoothly and showed no signs ;:af cornbustion
instability while producing 11 pounds of thrust. This results
in a demenstrated throtiling ratio of 6.82:1, & significant
improvement over the 4:%1 throtlling ratic of the previcus design.

The experimental steady state performance parameters
are plotted versus chamber pressure and are comgared with
theoretical performance paramelers in Figures 13 through 16.
The experimental thrust versus chamber pressure curve
{Figure 13 } Is about 3 pounds higher than the theoretical
curve except at the lower chamber pressures where the two
curves converge. It is suspected that the effect of the assumption
of zero bulk wvelocity of the gases in the combustion chamber
{pg. 13) causes the two curves to diverge at the higher

: chamber pressures, because 3 pounds of thrust are produced

when the propeilants are run through the engine at full throille

without ignition,

>
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The sxperimental chapacterisiic exhaust velooity
{Figure 14 } decreases from 92%2.6% of theorelionl = 1/8
throttle (o 86.3% of theoretical at full threlile. This pesuil is
probably caused by more complete combustion of the propeliants
at the lower throtiie sellings due lo the longer stay times at
the lower thrust levels, Silay time is defined as the average
timie spent by each gas molecule within the chamber volume
{Ref, B).

The experimental thrust coelficient Is higher than the
theoretical thrust cosfficient over the entire throtiiing range
(Figure 15}, When this result was observed, ervor in the
experimental data was suspected, so the chamber pressure
and thrust instrumentation was recalibrated; however, no
deviations rom the previcus calibration curves were detected.
The data reduction computer program was aiso checked and
found to be correct., Thus, there is either error in the cai.
culation of the theorelical data or invalid assumptions were
made. The comparison of experimental fo theoretical specific
impuise {Figure 16) is, of course, merely the combination of

the two previous resuits discussed,

Transient Operation

The Investigation of the transient response of the

throitieable engine was concerned with determining how closely
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the thrust variatlon followed the throftle position,

The thrust and throttie positionh measurements wera
obtained directly from electrical signals which are nearly
instantansous in contrast to the pneumatic signals involved in
obtaining the chamber preasure and fiow rate measuremaents,
The thrust curves for the transieni runs are pictied and
compared o the steady state thrust profile in Figure 17 . No
difference in the transient resuits could be detected between
the one second or the two second transient runs. It was noted

that the force of the hydraulic actuator on the throttle arm added

to the thrust reading while the throttle was being opened, and

that the thrust was reduced while the thiottie was belng closed.
it was impossible to accuprately measure this effect, so it is

mmientioned here gqualitatively and not accounted for in the plotted

RO S N O S L T e

values of transient thrust,
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Vi. Conglusisng

t. The pregulis of thizs investigation veprily that the iypes of
Injecier ares variation used in this study is & satisfactory
meihod of varying the thrust of a gaseous propeliant rockat
engine.,

2. “The thrust of the engine can be varied continucusly
from 11 to 75 pounds while s speciiic impulse remains nearly
constant,

3. The engine demonstrates rapid and accurate response
and gives no indication of combustion instability.

4. The water cooling provided sufficiently limits wall
temperatures for runs up to at |east 8 seconds duration,

5. The systam provides a stable and reliable tool for
further research on the throttiing problem.

6. The mounting of the throttle actuator on the itest stand

prevents an accurate determination of the transient thrust curve.

24
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Vvii. Recornmendations

Operational throllagble rockasl engines will probably employ

regenerative cooling technigques., This may present severe heai

3

iransior probleme at low thrust levels when the prosellant

{which is also the coolant} mass flow rates greatly decrease

and the flame temperatlire remains nearly constant. Assuming

that the iuel is used as the coolant, it would be desirable to

mixture ratlos at higher thrust settings. Therefore, it is
suggesied that siudies be made to develop mixture ratio programs

and that they be tested on the existing engine,

3

|

|

E operate at lower mixture ratios at low thrust sstlings and higher

§

§ Attempts should aiso be made t¢ improve the thrust profile

g of the engine to make the thrust linear with respect to the

throtile position., BRoth of the above suggestions couid be

achmlished by redesign of the propellart orifice geometries.
The existing englne could aiso be used for a variety of

nozzie design studies. I any such projects are attempted, it is

suggested that a smaller throat diameter be used in order to

conserve the test facility gas supply.

Finally, in the interest of obtalning more accurate

experimental data, a method of controling the throttle position

. 1] '
AR SR
*

- without influencing the thrust measurement should be designed,

This could be done by mounting a hydraulic or electric actuator
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on the engine liself as opposed to mounting it on the lest siarmd

as |t was during this nvestigstion, .
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5
15
Figure 3
Rocket Engine Assembled on Test Stand
|
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Figure 5

Injector, Chambe;., and Nozzle
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Appendix A

Injecter Drawings
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f Appendix B

L. Hydraulic Control Mechanism
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Figure 27

Hydraulle Control Schematic

Hydraulic Control System

The hydraulic exactor control system consists of a
iransmitter and a receiver connected by two 1/4 inch copper
ubes as shown schemaiically above. This system provided
positive manual control of the throttling mechanism,; and proved
to be well suited for iis application in this investigation, A
briel outline of the procedure used to prepare the system for
operation follows, as an &id {o anyons choosing to use the
apparatus In future investigations,

To il the lines andd silminate ail air from the system, =&
hand operated hydraulic pump was used. Valves 1, 3 and £
were opensd and fluid was pumped through the lines unilli no

avidence of air was present In the discharged fluld., \Valves 1




SAMIME/67~5

arnd 2 are hex socket screws localed az shown in figure 27,

Vaive | was then ciosed, vaive 2 opened, and fuld was
again pumpsd through the lines to oliminaste air., Then valve 3
was closed and the system was pressurized (o approximately
§0 psig, or unill the fempersture compensaling hdiostor on the
transmitter indicated aprroximately the amblent femperature of
the system., Finally, valves 2 and 4 were ciosed and the

pump was removed.
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Appendix C

Data Reduction FProgram
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GAM/ME/67-5

DATA REDUCTION PROGRAM DE GROOT

FORMAT IS sFRa1sF e lsFtatisF5a2:F6.13F8DsF5:29F bl
READoNoPAHG s Fs PG+ PHE+DPHPOG +DPD o THe TOPT
AMSPAHGH 4491

PC=PLGHAM

PH=PHG+AM

PO=POG+AM

RADI=PHHDPHES560./TH

FMHz o D01419% {1 e =0 L4 4XDPH/PHI*SQRT{RADL
RADZ2=PO%DPO*550./70
FMO=4001419%3,98% 1 1~ 644 %DPO/POI*SQRT(RADZ)
FMTaFMO+FMH

FMR=FMO/FMH

AT=3414159%:514%:514 /4,

CETRX=PCHATH32,1T4/FMY

CFX=F/{2CRAT)

SIMPX=F/FM¥T
PUNCHTOLsNsPTsF s FMHFMOsFMRyPCCSTRX s CF X2 SIMPX
GO TO 100

END
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